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Microlocal lifts and quantum unique ergodicity

Paul D. Nelson

We prove that arithmetic quantum unique ergodicity holds on compact arithmetic quotients of GL,(Q,)
for automorphic forms belonging to the principal series. We interpret this conclusion in terms of the
equidistribution of eigenfunctions on covers of a fixed regular graph or along nested sequences of regular
graphs.

Our results are the first of their kind on any p-adic arithmetic quotient. They may be understood as
analogues of Lindenstrauss’s theorem on the equidistribution of Maass forms on a compact arithmetic
surface. The new ingredients here include the introduction of a representation-theoretic notion of ““p-adic
microlocal lifts” with favorable properties, such as diagonal invariance of limit measures; the proof of
positive entropy of limit measures in a p-adic aspect, following the method of Bourgain—-Lindenstrauss;
and some analysis of local Rankin—Selberg integrals involving the microlocal lifts introduced here as well
as classical newvectors. An important input is a measure-classification result of Einsiedler—Lindenstrauss.
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1. Introduction

1.1. Overview. Let p be a prime number. This article is concerned with the limiting behavior of eigen-
functions on compact arithmetic quotients of the group G := GL,(Q),,). A rich class of such quotients is
parametrized by the definite quaternion algebras B over (D that split at p. A maximal order R in such an
algebra and an embedding B < M>(Q),,) give rise to a discrete cocompact subgroup I" := R[1/p]* of G.
Fix one such I'. The corresponding arithmetic quotient X := '\ G is then compact; in interpreting this, it
may help to note that the center of I" is the discrete cocompact subgroup Z[1/p]* of Q. In adelic terms,
we may identify X with B*\Bx /BX [ ], R/ (see Section 2.1 for notation).
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Keywords: arithmetic quantum unique ergodicity, microlocal lifts, representation theory.

2033


http://msp.org
http://msp.org/ant/
http://dx.doi.org/10.2140/ant.2018.12-9
http://dx.doi.org/10.2140/ant.2018.12.2033

2034 Paul D. Nelson

The space X is a p-adic analogue of the cotangent bundle of an arithmetic hyperbolic surface, such as
the modular surface SL,(Z)\H. It comes with commuting families of Hecke correspondences 7, indexed
by the primes £ # p (see Section 3.1). To zeroth approximation, the space X is modeled by its minimal
quotient ¥ := X /K =I"\G/K by the maximal compact subgroup K := GL,(Z,) of G. That quotient ¥
comes with an additional Hecke correspondence T),. To simplify the exposition of Section 1.1, it will be
convenient to assume that

(the torsion subgroup of I') = {£-1}. (D)

Then Y may be safely regarded as an undirected (p 4 1)-regular finite multigraph (see [Vignéras 1980;
Serre 2003; Lindenstrauss 2006b, §8]), whose adjacency matrix is 7),. The simplifying assumption (1)
holds when the underlying quaternion algebra has discriminant (say) 73, in which case the graph (Y, 7))
may be depicted as follows when p =2, 3:!

&
®

—— 0O

Such graphs and their eigenfunctions appear naturally in several contexts, and have been extensively
studied since the pioneering work of Brandt [1943] and Eichler [1955]; they specialize to the p-isogeny
graphs of elliptic curves in finite characteristic [Gross 1987, §2], provide an important tool for constructing
spaces of modular forms [Pizer 1980], and their remarkable expansion properties have been studied and
applied in computer science following [Lubotzky et al. 1988].

To study the space X at a finer resolution than that of its minimal quotient ¥, we introduce for each
pair of integers m, m’ the notation m..m’ := {m,m+1, ..., m'} and set

nonbacktracking paths x = (x,;, = X1 —> -+ = Xi)

2

Yo m = . ) .
indexed by m..m" on the graph (Y, T,)
We will recall in Definition 10 the standard group-theoretic realization of Y, ,- as a quotient of X. We
may and shall identify Y o with Y. For m..m’ 2 n..n’, we define compatible surjections Y, v — Y.
by forgetting part of the path. For example, if N > 0, then the map Y_n_ny — Yoo =Y sends a path x as
in (2) to its central vertex xo. We define L2(Y,, ) with respect to the normalized counting measure, so
that the maps Y, ,» — Y, are measure-preserving.

We wish to study the asymptotic behavior of “eigenfunctions” in L?>(Y,, ) as |m —m'| = oo. From
the arithmetic perspective, there is a distinguished collection of such eigenfunctions, whose definition is

! The images were produced using the “Graph” and “BrandtModule” functions in Sage [2015].
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analogous to that of the set of normalized classical holomorphic newforms of some given weight and

level:

2

sew Ymm) € L2(Y,, ) denote the space of functions ¢ : Y, ,» — C

Definition 1 (newvectors). Let L
that are orthogonal to pullbacks from Y, ,» whenever n..n’ C m..m’. Let F, v C Lﬁew(Ym“m/) be an

orthonormal basis consisting of ¢ for which:

o the pullback of ¢ to X =T"\G generates an irreducible representation of G = GL,(Q),) under the
right translation action, and

* ¢ is an eigenfunction of the Hecke operator 7, (see Section 3.1) for all primes £ # p.

It is known? then that |Fpp | =< | Y | =< p"”_”’/| for |m — m’| sufficiently large. To simplify the
exposition of Section 1.1, we focus on the symmetric intervals —N..N. Fix n € Z>g. Let N > n be
an integral parameter tending off to oo. Denote by pr: Y_y ny — Y_, , the natural surjection. For
¢ € F_n..n, We may define a probability measure p, on Y_, , by setting

1 2
(E) = ——— (x).
He Y_n.nN| Z i

xeY_n nipr(x)eE

For example, in the instructive special case n = 0, the measures ., live on the base graph Yy o =Y and
assign to subsets £ C Y the number
1 2
E)= x),
e (E) Y ] > lol”(x)

x=(x_y—-—>xnN)EY_N NXoEE
which quantifies how much mass ¢ : Y_x ny — C assigns to paths whose central vertex lies in E.

Question 2. Fix n € Z>(. Let N > n traverse a sequence of positive integers tending to co. For each N,
choose an element gy € F_y_y. What are the possible limits of the sequence of measures j,, on the

space Y_, ,,?

The following conjecture has not appeared explicitly in the literature, but may be regarded nowadays
as a standard analogue of the arithmetic quantum unique ergodicity conjecture of Rudnick—Sarnak [1994]
(see [Sarnak 2011; Nelson et al. 2014]).

Conjecture 3. In the context of Question 2, the uniform measure on Y_,, , is the only possible weak limit.
In other words, for any sequence oy € F_y .y andany E CY_, ,,

lim g,y (E) = _IEL
N—00 1Y —n.nl
2 One may verify this by applying the trace formula for LZ(F\G) to an element f € CZ°(G), as in [Nelson 2017], that defines
the orthogonal projection onto L%ew(Ym_.m/), or alternatively by appealing to the Eichler/Jacquet-Langlands correspondence,
which identifies F,,, ,, with the set of normalized weight two newforms on I"g( p|m*m,|d B), with dp the discriminant of B, and
appealing to standard formulas for dimensions of spaces of newforms.
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Conjecture 3 predicts that for any sequence ¢y € F_ .y, the corresponding sequence of L2-masses Moy
equidistributes under pushforward to any fixed space Y_,_,. One can formulate this conclusion more con-
cisely in terms of equidistribution on the compact space lim ¥Y_,, ,, of infinite bidirectional nonbacktracking
paths, or equivalently, on the space X =T"\G.

We note that the quantum unique ergodicity conjecture of Rudnick—Sarnak [1994] includes the case of
nonarithmetic compact hyperbolic surfaces, while Conjecture 3, as formulated here, is specific to the
arithmetic setting. We indicate in Remark 31 how one might formulate it more generally.

By explicating the triple product formula [Ichino and Ikeda 2010], one can show that Conjecture 3
follows from an open case of the subconvexity conjecture, which in turn follows from GRH; the latter
can be shown to imply more precisely that

|E|
Y.l
for fixed n. There are nowadays well-developed techniques (see for instance [Nelson 2016, §1.4]) to
establish that:

Iy (E) = + O (p~HoIN/2) 3)

« the prediction (3) holds for ¢y outside a hypothetical exceptional subset of density o(1),

« if (3) is true, it is essentially optimal, and

» Conjecture 3 holds for gy outside a hypothetical exceptional subset of extremely small density
|F_n.n|~/#°M _ (This may be understood as a very strong form of “quantum ergodicity,” which

would assert the analogous conclusion with density o(1); compare with [Anantharaman and Le Mas-
son 2015; Le Masson and Sahlsten 2017].)

The problem of eliminating such exceptions entirely (in the present setting and related ones) has proven
subtle.

For context, we recall some instances in which the difficulty indicated above has been overcome;
notation and terminology should be clear by analogy.

Theorem 4 [Lindenstrauss 2006b]. Let I''\H be a compact hyperbolic surface attached to an order in
a nonsplit indefinite quaternion algebra. Let ¢ traverse a sequence of L?>-normalized Hecke—Laplace

eigenfunctions on T'\H with Laplace eigenvalue tending to co. Then the L*-masses Wy equidistribute.

Theorem 5 (N, N-Pitale—Saha, Hu [Nelson 2011; Nelson et al. 2014; Hu 2018]). Fix a natural number qq.
Let g traverse a sequence of natural numbers tending to oc. Let ¢ be an L*>-normalized holomorphic Hecke
newform on the standard congruence subgroup I'y(q) of SLy(Z). Then the pushforward to I'g(go)\H of
the L?-mass of ¢ equidistributes.

We may of course specialize Theorem 5 to powers of a fixed prime:

Theorem 6 (N, N-Pitale—Saha, Hu [Nelson 2011; Nelson et al. 2014; Hu 2018]). Fix a prime p and
a nonnegative integer ng. Let n traverse a sequence of natural numbers tending to co. Let ¢ be an
L?-normalized holomorphic Hecke newform on To(p"). Then the pushforward to To(p")\H of the
L?-mass of ¢ equidistributes.
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Conjecture 3 is in the spirit of Theorem 6, save a crucial distinction to be discussed in due course
(see Remark 19). Unfortunately, the method underlying the proof of Theorem 6, due to Holowinsky—
Soundararajan [2010], is fundamentally inapplicable to Conjecture 3 due to its reliance on parabolic
Fourier expansions, which are unavailable on the compact quotient X. We will instead develop here a
method more closely aligned with that underlying the proof of Theorem 4.

To describe our result, we must recall that the elements of 7_y_x may be partitioned according to the
isomorphism class of the representation of G = GL,(Q),,) that they generate. Any such representation
has unramified central character,® and for N sufficiently large, is (isomorphic to) either:

« a (ramified) principal series representation (see Section 5.3), or
« a (supercuspidal) discrete series representation.

(See for instance [Schmidt 2002].) A (computable) positive proportion of elements of 7_y_y belongs
to either category. The dichotomy here is analogous to that on SL,(Z)\ SL,(R) between Maass forms
(principal series) and holomorphic forms (discrete series).

Theorem 7 (main result). The conclusion of Conjecture 3 holds if o belongs to the principal series.

Theorem 7 represents the first genuine instance of arithmetic quantum unique ergodicity in the level
aspect on a compact arithmetic quotient and also the first on any p-adic arithmetic quotient. It says that
for a sequence ¢y € F_y. v belonging to the principal series, the corresponding L>-masses equidistribute
under pushforward to any fixed space Y_,, .

Remark 8. Our result might be described concisely as arithmetic quantum unique ergodicity on the path
space over the fixed regular graph (Y, T,) and as contributing to the growing literature concerning quantum
chaos on regular graphs (see [Brooks and Lindenstrauss 2010; 2013; Anantharaman and Le Masson
2015]). Alternatively, one could fix an auxiliary split prime £ # p, regard (Y_n_n, T¢) as traversing an
inverse system of (£ 4 1)-regular graphs, and interpret Theorem 17 as a form of arithmetic quantum
unique ergodicity for such a sequence of graphs.

Remark 9. Assuming the multiplicity hypothesis that an element ¢ € F_y_y generating an irreducible
principal series representation of G is automatically an eigenfunction of the 7y for £ # p (which is inspired
by analogy from the conjectural simplicity of the spectrum of the Laplacian on SL,(Z)\H), Theorem 17
may be understood as telling us something new about individual finite graphs (Y, T},), such as those
pictured above, together with their realization as I'\G /K.

As indicated already, the proof of Theorem 7 is patterned on that of Theorem 4. An important ingredient
in the proof of Theorem 4 is the existence of a measure p on I'"\ SL,(R), called a microlocal lift, with
the properties:

o lifts the measure lim;_, 5 fty;, on I'"\H.

3 One may verify that “unramified central character” implies “trivial central character” in the present setup, but this special
feature will not play an important role for us.
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 w is invariant under right translation by the diagonal subgroup of SL,(R).

* (ig;)j > w is compatible with the Hecke operators (see [Silberman and Venkatesh 2007, Theorem
1.6] for details); this third property is that which is not obviously satisfied by the classical construction
via charts and pseudodifferential calculus.

The known construction of p with such properties, due to Zelditch and Wolpert (see [Zelditch 1987;
Wolpert 2001; Lindenstrauss 2001]) and generalized by Silberman—Venkatesh [2007], relies heavily upon
explicit calculation with raising and lowering operators in the Lie algebra of SL,(R), which have no
obvious p-adic analogue. One point of this paper is to introduce such an analogue and to investigate
systematically its relationship to the classical theory of local newvectors. (The restriction to principal
series in Theorem 7 then arises for the same reason that Lindenstrauss’s argument does not apply to
holomorphic forms of large weight: the absence of a “microlocal lift” invariant by a split torus.) The
resulting construction may be of independent interest; for instance, it should have applications to the test
vector problem (see Section 1.5 and Remark 50).

A curious subtlety of the argument, to be detailed further in Remark 26, is that the “lift” we construct
is not a lift in the traditional sense (except against spherical observables, and even then only for p # 2).
It instead satisfies a weaker “equidistribution implication” property which suffices for us. This subtlety is
responsible for the most technical component of the argument (Section 6.3).

In the remainder of Section 1 we formulate our main result in a slightly more general setup (Section 1.2),
introduce a key tool (Section 1.3), give an overview of the proof (Section 1.4), interpret our results in
terms of L-functions (Section 1.5), and record some further remarks and open questions (Section 1.6).

1.2. Main results: general form. In this section we formulate a generalization of Theorem 4 in representa-
tion-theoretic language, which we adopt for the remainder of the paper.

Definition 10. Define the compact open subgroup

o p "

Ko 1= |:pm 0 ] , 0i=1Lp,pi=pL, 4)

of G. Each such subgroup is conjugate to Ky _, for n =m’ —m > 0, which is in turn analogous to the
congruence subgroup I'g(p") of SL,(Z). Assuming (1), one has compatible bijections

X/Knw =T\G/Kp > ) S
—J
LgKm.m > (Xm = X1 —> -+ = X)) Where x; :=T'g (p 1) K,

with Y, v as defined in (2).

Definition 11. The space A(X) of smooth functions on X consists of all functions ¢ : X — C that are
right-invariant under some open subgroup of G. An eigenfunction on X is an element ¢ € A(X) thatis a
T,-eigenfunction for each ¢ and that generates an irreducible representation of G under the right translation
action g@(x) 1= preg(g)@(x) := @(xg). The uniform measure on X, denoted simply f - 1s the probability
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Haar coming from the G-action. An element ¢ € A(X) is L?-normalized if f x |¢|? = 1. In that case, the
L?-mass of ¢ is the probability measure iy on X given by pu (W) == [ ¥ |¢]?. Convergence of measures
always refers to the weak sense, i.e., lim, » i, = p if for each fixed ¥ € A(X), lim,,—, o pn (V) = p(¥).
A sequence of measures equidistributes if it converges to the uniform measure.

Definition 12. We denote by # C End(A(X)) the ring generated by pre(G) and the Ty, so that an
eigenfunction in the sense of Definition 11 is an element of A(X) that generates an irreducible H-
submodule. We denote by A(X) the set of irreducible H-submodules of A(X), by Ag(X) € A(X) the
subset consisting of those that are not one-dimensional, and by Ap(X) € A(X) the sum of the elements
of Ag(X), or equivalently, the orthogonal complement of the one-dimensional irreducible submodules.

A theorem of Eichler/Jacquet-Langlands implies that each w € A(X) occurs in .A(X) with multiplicity
one, so that A(X) = @HGA(X) m and Ap(X) = EBneAO(X) . The one-dimensional elements of A(X)
are given by C(x o det) for each character y of the compact group @; /det(I"), thus A(X) = {C(x o
det)} || Ao(X).

Definition 13. Let yx : @; — C* denote the central character of w. For m € A¢(X), the conductor
of 7 has the form C () = p°“™, where c(rr) is the smallest nonnegative integer with the property that
7 contains a nonzero vector ¢ satisfying go = x,(d)g for all g = (I j;) € Ko, (r) [Casselman 1973a;
Schmidt 2002].

Definition 14. Let 7 € A¢(X). For integers m, m’, a vector ¢ € = will be called a newvector of support
m..m' ifm'—m =c(w) and g = x, (d)p forall g = (I :}) € Ky Local newvector theory [Casselman
1973a; Schmidt 2002] implies that the space of such vectors is one-dimensional, so if ¢ is L?-normalized,
then the L>-mass 1 depends only upon v and m..m’, not ¢. A vector ¢ € m will be called a generalized
newvector if it is a newvector of support m..m’ for some m, m’. (We include the adjective “generalized”
only to indicate explicitly that we are not necessarily referring to the traditional case m..m’ = 0..c(7),
which will play no distinguished role here.)

Remark 15. The newvectors of support m..m’ that generate representations with unramified central char-
acter may be characterized more simply as those eigenfunctions ¢ € A(X) (in the sense of Definition 11)
which:

(1) are K, n-invariant, or equivalently, descend to ¢ : Y,, ,v — C, and
(2) are orthogonal to pullbacks from Y, ,» whenever n..n” C m..m’.

(The proof of this characterization is the same as the proof that local newvector theory [Casselman 1973a]
recovers classical Atkin—Lehner theory [1970].) Under the torsion-freeness assumption (1), “orthogonal”
can be taken to mean with respect to the normalized counting measure on Y, ,; in general, one should
take that induced by the uniform measure on X. In this sense, Definition 14 is consistent with Definition 1.

Definition 16. We say that 7 € Ay(X) belongs to the principal series if the corresponding representation
of G does (see Section 5.3).
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Theorem 17 (equidistribution of newvectors II). Let ; € Ag(X) (j =1, 2,3, ...) be a sequence with
C(mj x mj) — oo. Assume that 7t belongs to the principal series. Let ¢; € 7; be an L?-normalized
generalized newvector. Then w,; equidistributes as j — 0.

Theorem 17 specializes to Theorem 7 upon requiring the central character of 7r; to be unramified and
restricting to newvectors of support m..m’ = —N..N for some N.

Remark 18. Unlike earlier works such as [Nelson 2011; Nelson et al. 2014; Hu 2018], we have allowed
arbitrary central characters in Theorem 17. We note that the case of the argument in which the conductor
of the central character is as large as possible relative to that of the representation is a bit more technically
challenging than the others; see (26) and following.

Remark 19. Cases of Theorem 17 in which m..m’ is highly unbalanced, such as the most traditional case
m..m" = 0..n analogous to Theorem 6, are easier: they follow, sometimes with a power savings, from the
triple product formula, the convexity bound for triple product L-functions, and nontrivial local estimates
as in [Nelson et al. 2014; Hu 2018]. Cases in which m..m’ is balanced, such as the case m..m’ = —N..N
illustrated in Section 1.1, do not follow from such local arguments and require the new ideas introduced
here. This phenomenon is comparable to how the mass equidistribution on a hyperbolic surface I'"\H of a
weight k vector in a principal series 7 < L?(I'"\ SL,(R)) of parameter t — oo follows from essentially
local means for ¢/ k = o(1) but not for k = 0, or even for k < ¢; see [Zelditch 1992; Reznikov 2001] for
some discussion along such lines. See also Remark 30 and footnote 12.

1.3. p-adic microlocal lifts. We turn to the key definitions that power the proof of the above results. We
develop them slightly more precisely and algebraically than is strictly necessary for the consequences
indicated above.

Let k£ be a nonarchimedean local field with ring of integers o, maximal ideal p, normalized valuation
v:ik— ZU{+o0}, and q :=#o/p. (The case (k,0,p,q) =(Q,, Z,, pZ,, p) is relevant for the above
application.)

To a generic irreducible representation w of GL,, (k) one may attach a conductor C(mw) = q"(” ). with
c(m) € Z>o; we recall this assignment in the most relevant case n = 2 in Section 5.3 and Section 5.5. One
also defines c(w) for each character w of 0*; it is the smallest integer n for which w has trivial restriction
too*N14p".

For context, we record the local form of Definition 14:

Definition 20 (newvectors). A vector v in an irreducible generic representation 7 of GL; (k) is a newvector
of support m..m’' if m" —m = ¢(7r) and

_ _ a b 0 p—l’ll
7 (g)v = x.(d)v for all g = (c d) € GLy(0) N |:p’"' o ] .

A generalized newvector is a newvector of some support.

Fix now for each nonnegative integer N a partition N = N| + N, into nonnegative integers N, Ny
with the property that Nj, No — oo as N — oo. The precise choice is unimportant; one might take
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N :=|N/2], N := [N /2] for concreteness. Using this choice, we introduce the following class of
vectors:

Definition 21 (microlocal lifts). Let & be a GL,(k)-module. A vector v € & shall be called a microlocal
lift if:

e it iS nonzero,

« it generates an irreducible admissible representation of GL;(k), and

o there is a positive integer N and characters w, w, of 0™ so that c(w;/wy) = N and

N
m(g)v = wi(a)wy(det(g)/a)v for all g = (i Z) € GLy(0)N |:p7v2 IJU :| .

In that case, we refer to N as the level and (w;, w;) as the orientation of v.

The observation that the special case w; = 1 of Definition 21 is similar to Definition 20 leads easily
to the following characterization of microlocal lifts as twists of generalized newvectors from “extremal
principal series” representations “1 H x” (see Section 6.1 for the proof):

Lemma 22. An irreducible admissible representation w of GL,(k) contains a microlocal lift if and only
if w is an irreducible principal series representation m = x1 H xo for which N :=c(m @ w)/2 =c(x1/x2)

is nonzero. In that case, the set of microlocal lifts is a disjoint union C* ¢4 UC*¢_, where

C* @y = {microlocal lifts in 7 of level N and orientation (w1, @;)},

C*@_ = { microlocal lifts in 7w of level N and orientation (w;, w) },

with w; := x;|ox. Explicitly, C* @ is the inverse image under the nonequivariant twisting isomorphism
T=>1Q® )(1_1 =1H X1_1X2 of the set of nonzero newvectors of support —N1..Np. The set C*¢_ is

described similarly, with the roles of w; and w; reversed.

Remark 23. We briefly compare with the archimedean analogue inspiring Definition 21; a more complete
exposition of this analogy seems beyond the scope of this article. Let 7 be a principal series representation
of PGL; (R) of parameter t — 400 with lowest weight vector ¢ corresponding to a spherical Maass form
of eigenvalue ‘l‘ + % on some hyperbolic surface. The Zelditch—Wolpert construction* of a microlocal lift
@1 of g is given up to normalizing factors in terms of standard raising/lowering operators X" forn € Z
(see [Wolpert 2001; Lindenstrauss 2001]) by ¢ := Zn:lﬂléh X" o, where |t| = t1t, with ¢, t, — 00 as
|t| — oo. The choice ¢2 1=, ., 1<, (—1)" X" ¢o also works. The analogue of (|t], ¢1, @2, |.|", |.]~)
in the notation of Definition 21 and Lemma 22 is (¢", vi, v2, x1, x2) With ¢ := #o/p and v, v, € 7
microlocal lifts of respective orientations (w;, w;), (w2, w1). The analogy may be obtained by comparing
how GL,(0) acts on vy, vp to how the Lie algebra of PGL,(R) acts on ¢y, ¢». The factorization |¢| = #,1,
is roughly analogous to the partition N = Nj + N,. It is also instructive to compare the formulas for
@1, @2 in their induced models with those of Section 6.2.

4 We discuss here only the “positive measure” incarnation of that construction rather than the “distributional” one.
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Remark 24. Le-Masson [2014] and Anantharaman-Le-Masson [2015] have introduced a notion of
microlocal lifts on regular graphs and used that notion to prove some analogues of the quantum ergodicity
theorem. Definition 21 serves different aims in that we do not explicitly vary the graph (except perhaps in
the second sense indicated in Remark 8); it would be interesting to extend it further and compare the two
notions on any domain of overlap.

For the remainder of Section 1.3, take k = Q,, so that GL, (k) = G. Definition 21 applies to & € Ag(X).

Theorem 25 (basic properties of microlocal lifts). Let N traverse a sequence of positive integers tending
to 00, and let ¢ € w € Ag(X) be an L*-normalized microlocal lift of level N on X with L*-mass Mgt

* Diagonal invariance: Any weak subsequential limit of the sequence of measures [y is a(Qp)-

invariant.

« Lifting property: Suppose temporarily that p # 2, so that v(2) = 0. Let ¢’ € w be an L*>-normalized
newvector of support —N..N, and let ¥ € A(X)X be independent of N and right-invariant by
K :=GLy(Zp). Then

m (g (V) — pg (W) = 0.

o Equidistribution implication: Suppose that |, equidistributes as N — oo. Let ¢' € w be an
L?-normalized generalized newvector. Then Wy equidistributes as N — oo.

Theorem 25 is established in Section 7 after developing the necessary local preliminaries in Section 5
and Section 6. The proof involves uniqueness of invariant trilinear forms> on GL; and stationary phase
analysis of local Rankin—Selberg integrals. Theorem 25 is essentially local, i.e., does not exploit the
arithmeticity of I' < G, and is stated here in a global setting only for convenience; see Theorem 49 for a
local analogue.

Remark 26. The “lifting property” of Theorem 25 has been included only for the sake of illustration; it
is not strictly necessary for the logical purposes of this paper. We have assumed p # 2 in its statement
because the corresponding assertion is false when p = 2. For general p and nonspherical observables W,
there does not appear to be any simple relationship between the quantities 11, (V) and p, (V) except
that convergence to |’ x W of the first implies that of the second (the “equidistribution implication™). The
“lifting” relationship here is thus more subtle than that in [Lindenstrauss 2006b].

1.4. Equidistribution of microlocal lifts. Our core result (from which the others are ultimately derived)
is the following:

Theorem 27 (equidistribution of microlocal lifts). Let N traverse a sequence of positive integers tending
to oc. Let ¢ € A(X) be an L?>-normalized microlocal lift of level N on X. Then Wy equidistributes.

5 It should be possible to avoid this comparatively deep fact in the proof of the first part of Theorem 25, but it is required by
the application to subconvexity (Theorem 29), and the calculations required by that application already suffice here.
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The proof depends upon an analogue of Lindenstrauss’s celebrated result [2006b]. Here and throughout
this article, “entropy” refers to the Kolmogorov—Sinai entropy of a measurable dynamical system (see,
e.g., [Lindenstrauss 2006a, §8]).

Theorem 28 (measure classification). Let u be a probability measure on X, invariant by the center of G,
with the properties:

(1) wis a((@;)-invariam‘.

(2) w is Tp-recurrent for some split prime £ # p.

(3) The entropy of almost every ergodic component of | is positive for the a(@;)-action.
Then w is the uniform measure.

We explain in Section 2 the specialization of Theorem 28 from a result of Einsiedler—Lindenstrauss
[2008, Theorem 1.5]. To deduce Theorem 27, we apply Theorem 28 with u any weak limit of the
L2-masses of a sequence of L?-normalized microlocal lifts of level tending to co. Since X is compact,
is a probability measure. The invariance hypothesis follows from the diagonal invariance of Theorem 25,
while the Ty-recurrence and positive entropy hypotheses are verified below in Section 3 and Section 4. The
proof of our main result Theorem 27 is then complete. Theorem 27 and the equidistribution implication
of Theorem 25 imply Theorem 17.

1.5. Estimates for L-functions. For definitions of the L-functions and local distinguishedness, see
[Piatetski-Shapiro and Rallis 1987; Ichino 2008]. We record the following because it provides an
unambiguous benchmark of the strength of our results.

Theorem 29 (weakly subconvex bound). Fix o € Ag(X). Let m € Ao(X) traverse a sequence with
C (T x w) — 00. Assume that w belongs to the principal series and that o @ T Q 7 is locally distinguished.

Then _
Loxmxm,1/2)

L(adm, 1)2

The previously best known estimate for the LHS of (5) is the general weakly subconvex estimate
of Soundararajan [2010], specializing here to L <« C'/*/(log C)'~¢ with L := L(a X T X T, 2) C .=
C (o x m x ). The bound (5) improves upon that estimate in the unlikely (but difficult to exclude) case

=0(C(o x 7 x1)'/*). (3)

that L(ad r, 1) is exceptionally small, which turns out to be the most difficult one for equidistribution
problems; see [Holowinsky and Soundararajan 2010] for further discussion.

Theorem 27 implies Theorem 29 after a local calculation with the triple product formula (see Section 7);
in fact, the calculation shows that the two results are equivalent.

Remark 30. Theorem 29 implies Theorem 17, but the converse does not hold in general; a special case
of the failure of that converse was noted and discussed at length in [Nelson et al. 2014, §1]. The present
work may thus be understood as clarifying that discussion: the equivalence between subconvexity and
equidistribution problems in the depth aspect is restored by working not with newvectors, but instead
with the p-adic microlocal lifts introduced here.
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1.6. Further remarks.

Remark 31. Theorems 17 and 27 apply only to sequences of vectors ¢ that generate irreducible -
modules. One can ask whether the conclusion holds under the (hypothetically) weaker assumption that ¢
generates an irreducible G-module. The problem formulated this way makes sense for any finite volume
quotient I'"\ G, not necessarily arithmetic; an affirmative answer would represent a p-adic analogue of
the Rudnick—Sarnak quantum unique ergodicity conjecture [1994]. In that direction, we note that the
method of Brooks—Lindenstrauss [2014] should apply in our setting, allowing one to relax the hypothesis
of irreducibility under the full Hecke algebra to that under a single auxiliary Hecke operator 7} for some
fixed split prime £ # p.

An affirmative answer to the question raised above would, by the (proof of the) equidistribution

implication of Theorem 25, imply that the conclusion of Conjecture 3 remains valid on possibly nonarith-

2
new

that generate principal series representations of GL,(Q),). (The analogous assertion for supercuspidal

metic quotients I'"\ G under the hypothesis that gy € L. (Y_y. ) traverses a sequence of unit vectors
representations fails because such representations may be shown to occur with large multiplicity. A
similar phenomenon is responsible for the subtlety in formulating holomorphic analogues of quantum
unique ergodicity; see [Luo and Sarnak 2003; Holowinsky and Soundararajan 2010].)

Remark 32. Our results apply to principal series representations of conductor p with p fixed and
N — o00. A natural question is whether one can establish analogous results for N fixed, such as N = 100,
and p — oo. We highlight here the weaker question of whether one can establish equidistribution (in a
balanced case, cf. Remark 19) as N — oo for p satisfying p < po(NV) for some po(N) tending effectively
to oo as N — oo. Our results and a diagonalization argument imply an ineffective analogue.

Remark 33. The crucial local results of this article have been formulated and proved in generality, i.e.,
over any nonarchimedean local field. On the other hand, we have assumed in our global results that the
subgroup I' of G was constructed from a maximal order in a quaternion algebra over (. We expect that
our results hold more generally:

(1) The statements and proofs of all our results except Theorem 29 extend straightforwardly to the case
that I" arises from a fixed Eichler order in a quaternion algebra over Q. To extend Theorem 29 in
that direction would require some local triple product estimates at the “uninteresting” primes £ # p
which we do not pursue here.

(2) Our results should extend to Eichler orders in totally definite quaternion algebras over totally real
number fields, but some mild care is required in formulating such extensions when the class group
has nontrivial 2-torsion: as observed in a related context in [Nelson 2012], there are sequences of
dihedral forms that fail to satisfy the most naive formulation of quantum unique ergodicity.

(3) We expect our results extend to automorphic forms on definite quaternion algebras having fixed
nontrivial infinity type; such an extension would require a more careful study of the measure
classification input in Section 2.



Microlocal lifts and quantum unique ergodicity on GL,(Q),) 2045

(4) Over function fields, analogues of our results should follow more directly and in quantitatively
stronger forms from Deligne’s theorem and extensions of the triple product formula to the function
field setting.

We leave such extensions to the interested reader.

Organization of this paper. We verify the measure-classification (Theorem 28) and its hypotheses in
Section 2, Section 3, and Section 4. We review the representation theory of GL, (k) in Section 5. In
Section 6 and Section 7, we prove our core results, notably Theorem 25, and their applications. Some
additional results of independent interest are recorded along the way.

2. Measure classification

The purpose of this section is to deduce Theorem 28 from the following specialization to Q,, of a result
of Einsiedler—Lindenstrauss [2008, Theorem 1.5]:

Theorem 34. Let G = G| x Gy, where G is a semisimple linear algebraic group over Q, with Q ,-rank
1 and G, is a characteristic zero S-algebraic group. Let I'' C G be a discrete subgroup. Let A1 be a
Q-split torus of G and let x be a nontrivial Q ,-character of Ay that can be extended to Cg,(A1). Let
M; ={h € Cg,(A1) : x(h) =1}. Let v be an A\-invariant, Gy-recurrent probability measure on I'\G
such that:

(1) almost every Ai-ergodic component of v has positive entropy with respect to some a € Ay with
Ix(@)| # 1, and
(2) for v-almost every x € I''\G, the group {h € M x G, : xh = x} is finite.

Then v is a convex combination of homogeneous measures, each of which is supported on an orbit of a
subgroup H which contains a finite index subgroup of a semisimple algebraic subgroup of G of Q,-rank

one.

To deduce Theorem 28 from Theorem 34 requires no new ideas, but we record a complete verification
for completeness.

2.1. Consequences of strong approximation. Recall that R is a maximal order in a definite quaternion
algebra B. (For general background on quaternion algebras we mention [Vignéras 1980; Voight 2018;
Nelson 2015, §2.2].)

For a prime p, we shall use the notations B, := B&qQ,, R, := R®zZ,. A superscripted (1) denotes
“norm one elements,” e.g., Bl(,l) ={be B; :nr(b) = 1}. Denote by A, the finite adele ring of Q and
B:=B ®qAy. (Thus Bp := By X B with Bp = B®gA, B := B®gR, and A the adele ring of Q.)
Regard B>, B;;, R ; as subsets of B* in the standard way.

Lemma 35. Let U be a subgroup of B> for which:

. . . . . . ~ . m
() There is a prime p that splits B for which U contains an open subgroup of BV containing B p -
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(ii) The image nr(U) of U under the reduced norm nr: B* — A}( satisfies QF nr(U) = A;.
Then B*U = B*.

Proof. It is known (e.g., by Hasse-Minkowski) that nr : B* — Q7 is surjective. Let b € B* be
given. By (ii), there exists y € B* and h € U for which ybh € BM. Let p be as in (i). The strong
approximation theorem [Kneser 1966], applied to the simply connected semisimple algebraic group BV
and its noncompact factor B, implies that B(l)Bl(,l) is dense in B, By (i), we may write ybh = §h’
for some 8 € B and i’ € U. Therefore b =y ~'§h’h~! belongs to B* U, as required. (Il

Let p be a split prime for B. For any prime £, one has nr(B,*) = Q,; because R is a maximal order (in
particular, an Eichler order), one has moreover that nr(R,*) = Z . The hypotheses of Lemma 35 thus apply
toU=B;T], 4 R/: (i) is clearly satisfied, while (ii) follows from the consequence Q@7 ]_[67,é p z7f =
A; of strong approximation for the ideles. For similar but simpler reasons, the hypotheses apply also to

B By [[ R} =B*=B*B;B; [] R

L#p q#L.p
We have B* ﬂ]—[[#p R =R[1/p]* and B* ﬂ]_[q#’p qu = R[1/p£]*, whence the natural identifications
R[1/p1\B)/Qx = B\B*/Qx [ [ R = RI1/pt1*\B) B} JQ R} (6)
t#p

Since Z[1/p]*Q,Z; = Q;Q/, the RHS of (6) is unaffected by further reduction modulo Q/, i.e.,
R[1/pY\B, /@y = R[1/p]"\B, B, /Q;Q; R/ (7

2.2. Deduction of Theorem 28. Let p be a split prime for B. Identify B} = GL»(Q,) and X =
'\ GL>(Q),) as in Section 1. Let 1« be a measure on X satisfying the hypotheses of Theorem 28. It is
invariant under the diagonal torus of GL,(Q,), which generates the latter modulo SL,(Q),,), so to prove
that u is the uniform measure, we need only verify that it is SL>(Q,)-invariant. To that end, we apply
Theorem 34: Set G :=PGL»(Q)) = B /Q, G2 :=PGLy(Qy) = B)/Q/, G := G x G,. Recall that
I = R[1/p]*. Take for I'' the image of R[1/p¢]* in G. By strong approximation in the form (7), we
may identify I'\ GL»(Q,)/ @; with I"\G/ PGL;(Z;) and u with a right PGL;(Z;)-invariant measure v
on I'"\G. Our task is then to verify that v is invariant by the image of SL,(Q,). Take for A the diagonal
torus in G and for x : A| — @; the map yx (diag(yi, y2)) := y1/y2. We have Cg, (A1) = A;. The group
M, is trivial, hence each {h € M| x G, : xh = x} is trivial. The hypotheses of Theorem 28 are satisfied,
so v is invariant by some finite index subgroup H; of some semisimple algebraic subgroup of G (of
Q,-rank one) that contains A;. The smallest such H is the image of SL»(Q,), so we conclude.
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3. Recurrence

In this section we formulate and verify the Tp-recurrence hypothesis required by Theorem 28. The
argument here is as in [Lindenstrauss 2006b, §8] except that we allow general central characters; for
completeness, we record a proof of the key estimate in that case. The proof is simple; a key insight of
Lindenstrauss [2006b] is that the condition enunciated here is useful for the present purposes.

3.1. Hecke operators.

3.1.1. Summary of facts. For a positive integer n coprime to p, the Hecke operator 7,, € End(A(X))
is defined by T,¢(x) := Y gcp /u, ¢(a~'x), where M,, := R[1/p]lNnr~'(nZ[1/p]*), so that M; =T.
These operators commute with one another and also with pre(G). Given a scalar element m, let us
introduce the general abbreviation z(m) for the corresponding quaternion. For m € @, we abbreviate
z(m) 1= preg(z(m)). If £ disc B, then the operator T is an involution modulo the action of the center,
namely TZ2 =T = z(£~'); otherwise, T} is induced by a correspondence of degree £ + 1. The adjoint of
T, is T, = z(n)T,, and one has the composition formula

TnT, = > d-2(d™ YT (8)
deZ>:d| ged(m,n), ged(d,disc B)=1

3.1.2. Derivations. Since we are unaware of a convenient reference for the facts recalled above, we
briefly indicate how they fall out from the adelic picture and the structure of the local Hecke algebras. (The
reader is strongly encouraged to skip this section, which we have included only for completeness.) With
notation as in Section 2.1, let us abbreviate H, := BZ, Jy :A: RZ and H := ]_[L,#p H, and J := ]_[[#p Jo,
so that J is a compact open subgroup of H and G x H = B*. By strong approximation as in Section 2.1,
the map G > x — (x, 1) € G x H induces a bijection X =I'\G = B*\(G x H/J). In this way, we
may identify each ¢ € A(X) with a right-J-invariant function ® : B*\(G x H) — C, called the lift
of ¢. Equip H with the Haar measure assigning volume one to J. Then the algebra H := C°(J\H/J),
under convolution, acts on A(X) by translating the corresponding lifts. The algebra # decomposes as a
restricted tensor product of local Hecke algebras H, = C2°(J,\ H/J¢), where again we normalize so that
J¢ has volume one. These local Hecke algebras may be described as follows:

e Suppose £ | disc(B), i.e., that £ does not split B, so that B, is a quaternion division algebra. Then
J¢ is the kernel of the map H, — Z sending an element to the valuation of its reduced norm. This
induces an isomorphism from #, to the group algebra C[Z]. In other words, #, has a basis given
by the characteristic functions 7;» of those x € H, with reduced norm of valuation n, and we
have Tyn Tyn = Tem+n. We note that T2, is the characteristic function of J€z(€")J,, where as usual
z(y) € Hy denotes the scalar element corresponding to y € Q.

« Suppose £1 disc(B), i.e., that £ splits B. Then H; = GL,(Qy) and J; = GL,(Z,). Let Tpn € H, denote
the characteristic function of H Z(e")’ where He(e") denotes the set of all k € Ry with reduced norm of
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valuation n. Then Tym Tpn = ZIJ”; Bnl 07007 )Tym+n—2j, with z(y) as before. The Hecke algebra H; is
generated by the T;» together with the characteristic functions of Jz(y)J, taken over y € Q; /7.

In summary, the algebra # is generated by:
e For each m € ]_[(#p Q) /Z}, the characteristic function of Jz(m™')J = Jz(m™") = z(m~")J.

« Foreachn €], £p (Q, NZy)/Z}, the characteristic function of the double-J-coset

H™ = {k e[[Re:mr@en]] z;}.
t#p t#p

Let us denote the operators on .A(X) obtained in the first case by z?rr/z) and in the second by Tn. Since
Q*[1, 2, =11, Q,, we may assume in the first case that m is represented by an element of @* coprime
to p; we then verify readily, using the identity ® (x, z(m™")) = ®(z(m)x, 1), that z?n;) = z(m) as defined
above. In the second case, we note first that we may assume that » is a positive integer coprime to p.
Using strong approximation as in Section 2.1, we see then that the natural map M, /M; — H™ /] is
bijective. Decomposing H ™ into right J-cosets, it follows readily that T, =T,. Thus the operators T},
and z(m) generate the same subalgebra of End(A(X)) as H does. The relations stated in Section 3.1.1
follow from the corresponding local relations given above.

3.2. Spherical averaging operators. Let n be a positive integer coprime to p. The operator 7;, on A(X)
is induced by the correspondence on X, denoted also by 7, given for x € X by the multiset (i.e.,
formal sum) 7, (x) := ZSGM,,/F s~'x. Thus T,p(x) = ZyeTn(x) @(y). Denote by M,l;rim the set of all
primitive elements of M,, i.e., those that are not divisible inside R[1/p] by any divisor d > 1 of n.

Then M,I,’rim is right-invariant by I', and one has M, = | |, In z(d)M:;i;;. Denote by S, the “Hecke

sphere” correspondence S, (x) := Zse M T s~ 1x; it likewise induces an operator S, on A(X) given by
S,p(x) = ZSeM’;l)rim/F p(s™x) = ZyeSn(x) ¢(y), and one has
Tu(x) =Y 2(d™")S,2(x). ©)
d%|n

3.3. Recurrence. Let € # p be a split prime, that is to say, a prime that splits the quaternion algebra
underlying the construction of I', so that the Hecke operator 7, has degree ¢ + 1.

Definition 36. Let Z denote the center of G. A finite Z-invariant measure i on X is called T;-recurrent
if for each Borel subset E C X and p-almost every x € E, there exist infinitely many positive integers n
for which Sp(x) N E # @.

Theorem 37 (Hecke recurrence). Let p be any subsequential limit of a sequence of L*-masses e of
L?-normalized automorphic forms ¢ € w € Ao(X). Then w is Tp-recurrent.’

The proof of Theorem 37 reduces via measure-theoretic considerations as in [Lindenstrauss 2006b;
Brooks and Lindenstrauss 2014] to that of the following:

61t suffices to assume only that ¢ is a Ty-eigenfunction.
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Lemma 38. There exists co > 0 and ng > 1 so that for each split prime £ and ¢ € m € Ag(X) and x € X,
one has ) ., ZyeS/k - lo(¥)|? = con|e(x)|? for all natural numbers n > ny.
Proof. By a theorem of Eichler, Shimura and Igusa, 7 is tempered,7 hence there exist «, 8 € CD (the
Satake parameters) so that A, (¢) = « + B; one then has more generally for n € Z- that
n+1__ pn+l
A (€7 = %.

By (9), one has Ton = "< pimnay 2E* /) Spe. Conversely, Sp = Tyx — 13222(€~ ") Tye—2. Since 7
has a unitary central character, there is 6 € CY so that z(£~ )¢ = 0¢ for all ¢ € 7. Thus, denoting by

(10)

0526y, € C the scalar by which Sy« acts on 7, one obtains o = ARy — 1k>26€_1k(£k_2), which expands
for k > 2 to

k_ k
o = Vot =y ’ (1)
oa—p
with y :==a —00 a1, y, := B — 00717 Note that |yi], || > 1.
We turn to the main argument. For m, k € Z>(, Cauchy—Schwarz gives
P (M) = TP < (L4 > o)1,
YETpm (x)
Hlowp @) = ISpe@))> <A +£7Hek Y JeP,
yeS@k(x)
whence by (9) that 3, X e, ) 19O 3> [9(0)Per e (n) with
I 2 my 2
Cren) = ) Jowl” + max hg (€7, (12)

k<n

Our task thereby reduces to verifying that ¢, ¢(n) >> n, uniformly in 7 and (unimportantly) £. Suppose
this estimate fails. Then there is a sequence of integers j — oo and tuples (7, n, {) = (7, n;, £;) as
above, depending upon j, so that n — oo as j — oo and ¢, ¢(n) = o(n). Here asymptotic notation refers
to the j — oo limit, and for quantities A, B = A, B; depending (implicitly) upon j, we write A < B for
limsup;_, ., |A;/Bj| <ooand A K B or A =o(B) for limsup;_, . |A;/Bj| = 0; the notations A >> B
and A >> B are defined symmetrically. We shall derive from this supposition a contradiction. By passing
to subsequences, we may consider separately cases in which the Satake parameters «, 8 of , as defined
above, satisfy:

(1) la—pB|>>1/n,or
(i) o — Bl < 1/n®
7 As in the references, the nontempered case may be treated more simply.

8The standard argument considers cases for which |« — 8| > 1/n and |o — 8| << 1/n. We have found the present division
slightly more efficient.
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In case (i), we have |1 —aB|~! << n, and so upon expanding the square and summing the geometric

series,
ly112n + |y21°n + o(n) n/3
Cre(n) = |ow|* = > > n.
i ,; o — BI? o — BI?

In case (ii), one has |o — B]~!/10 > n, so the largest positive integer m < n for which m|a — B| < %
satisfies m > n, and (10) gives ¢ ¢(n) = |1 (£™) |2 >> m? > n? > n. In either case, we derive the required
contradiction. O

4. Positive entropy

In this section we verify the entropy hypothesis required by Theorem 28. The basic ideas here are due
to Bourgain—Lindenstrauss [2003] following earlier work of Rudnick—Sarnak [1994] and Lindenstrauss
[2001] and followed by later developments of Silberman—Venkatesh [> 2018] and Brooks—Lindenstrauss
[2014]. Those works dealt with archimedean aspects; the present p-adic adaptation is obtained by
replacing the role played by the discreteness of Z in R with that of Z[1/p]in R x Q. We also give a new
formulation of the basic line of attack (Lemma 41) emphasizing convolution over covering arguments
(compare with [Silberman and Venkatesh > 2018, Lemma 3.4]), which may be of use in other contexts.

Call ¢ > 0 admissible if it belongs to the image of |.| : Q; — RZ. For a compact open subgroup C of
Q) and admissible ¢ > 0 set

B(U,¢) := {(i Z) €G:a,deU,|b| || ge}.

We refer to [Lindenstrauss 2006a, §8] for definitions and basic facts concerning (Kolmogorov—Sinai)
entropy. As in [Lindenstrauss 2006a, §8; Bourgain and Lindenstrauss 2003; Silberman and Venkatesh
> 2018, Theorem 6.4], the following criterion suffices:

Theorem 39 (positive entropy on almost every ergodic component). For each compact subset Q2 of G,
there exists U as above and C, ¢ > 0 so that for all admissible € € (0, 1), all L?-normalized ¢ € w € Ag(X),
and all x € Q, one has py,(xB(U, ¢)) < Ce°.

Let us henceforth fix € as in Theorem 39. We then take for U any open subgroup of 0™ with the
property that for small enough ¢, one has

xB(U,e)x~' CK forall x € Q, (13)
gBWU,e)g ' NT = {1} forall g € G. (14)

(Let us recall why it is possible to do this. Since K is open, we may find for each x € Q a pair (U, ¢) so
that (13) holds. Since €2 is compact, we may find one pair that works for every x. Similarly, since I is
discrete in G, we may find for each g € G a pair (U, ¢) so that (14) holds. The validity of (14) depends
only upon the class of g in the quotient I'\ G, which is compact, so we may again find one pair that works
every g.)
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We now state two independent lemmas, prove Theorem 39 assuming them, and then prove the lemmas.

Lemma 40 (bounds for Hecke returns). For all small enough admissible ¢ € (0, 1), all n € Z> coprime
to p and satisfying n < /1/2e~", all m € Q* with numerator and denominator coprime to p, and all
x € Q, the set S := M, Nz(m)xB(U, £)x~" has cardinality #5 < 6 HPan(k +1). In particular, #S < 213

if n has at most 10 prime divisors counted with multiplicity.

Lemma 41 (geometric amplification). Let (c¢)eezs, be a finitely supported sequence of scalars. Set
T:=Y,cTy/vVeand T* =Y, |c| T} /L. Let ¢ € AX), ¥,v € CX(G). Define ¥ € A(X) by
() =), cr [¥I(yg) and Y x v € CZ°(G) by ¥ xv(x) == [\ . ¥ (xy)v(y). Then

ITe *v)llL26) < el 1T Y2 IvIiL2 ) -

Proof of Theorem 39. We have T = Ap with A := ) ¢y (£), where Typ = Vi (€)¢. Abbreviate
J := B(U,¢); itis a group. Let x € Q. Take  := l,pw,e = 0and v :=e; := vol(J)~"'1;. Then
Lipw.ey = ¥ * Es By (14), we have ur,(|Y * v|?) = T U)”iZ(G)’ and so by Lemma 41,
me(xB(U, ¢)) < |k|_1||T“\I!||L2(X)||v||Lz(G). The square ||T“\I!||%2(X) is a linear combination of terms
(T/V, T V) = (TyT;V¥, ¥) to which we apply the Hecke multiplicativity (8) and the unfolding: for

m,n € 2>,

()T, W) V]2, = / X amsew @) vol) ! =M, s (15)
8¢ seEM,

By Lemma 40, we thereby obtain
e (xBU, )* <272 "eeer| Y d/NEE

e d| )

provided that ¢, is supported on integers £ < 2~!/4¢~1/2 having at most 5 prime factors counted with
multiplicity. A standard choice of ¢, completes the proof. For completeness, we record a variant of the
choice from [Venkatesh 2010, §4.1]: Set L := (1 /8)0']. Denote by L the set consisting of all £ = g or
£ = ¢ taken over primes g € [L, 2L]; each such g splits B provided ¢ is small enough. Set ¢, := 0 unless
¢ € L, in which case ¢, := L™ log(L) sgn(r (€£))~'. We have ", |c¢| < 1 and |c,| < L~'log(L), while
Iwaniec’s trick |A (q)|2 + |Ax (q2)| > 1, a consequence of (8), implies A =< 1. With trivial estimation we
obtain 1,(x B(U, €)) < L™?(log L)°W « £%01, as required. O

Proof of Lemma 40. Observe first, thanks to (13) and nZ[1/p]* N (Q4 x Z,) = {n} and z(m) € K, that
SCM,NK =R(n):={xeR:nr(e) =n}. Given s, € S, their commutator u := sts~ '+~ thus satisfies
nr(u) = 1 and n’u = sts‘t* € R, hence tr(u) € n—>Z. Since S is conjugate to a subset of the preimage in
M, (o) of the upper-triangular Borel in M»(0/q) with q:={x € 0: |x]| < €2}, and the commutator of that
preimage is contained in the preimage of the unipotent, one has | tr(u) — 2|, < 2. Since B is definite,
2,2

[tr(u)|oo < 2| nr(u)lcl,é2 =2. The integer a := n’ tr(u) — 2n> thus satisfies lalolalp < 2n”e” < 1 and so

must be zero, i.e., tr(u) = 2; since B is nonsplit, # = 1. In summary, any two elements of S commute.
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Since B is nonsplit and definite, S is contained in the set O(n) of norm n elements in some imaginary
quadratic order © C R. Thus #S <#On) <#O* - #HI CO:nr(I) =n} <6 ]_[pknn(k +1). ]

Proof of Lemma 41. Write M := R[1/p]. We may express the operator T by the formula T¢(x) =
ZseM/rthD(S_]X) for some finitely supported coefficients h;; then T¢W(x) = ZseM/F |hs | W (sx).
Abbreviate I := ||T (¥ * )| 12()- By the triangle inequality and a change of variables x > sx, we have

1/2
<y |hs|</ G|¢|2<x>|w*v<sx>|2) :

seM/T

By a change of variables, ¢ *v(sx) = fyeG ¥ (sy)vy(x) with vi(x) := v(x~'y). By the triangle inequality,

I < [ 2semyr sl OI@vilia). We unfold [ o3 cpr = [iex 2oser\m 2oyers giving
I< fyeX T“\IJ(y)||<pv;||Lz(G). We conclude via Cauchy—Schwartz and the identity fyeX ||<pv’y“ |

”V”%,Z(G) ”wlliZ(X)

2 —
LXG) —
([

5. Representation-theoretic preliminaries

5.1. Generalities. Let k be a nonarchimedean local field with maximal order o, maximal ideal p, nor-
malized valuation v : k — Z U {400}, and g := #0/p. Fix Haar measures dx, d*y on k, k* assigning
volume one to maximal compact subgroups. Fix a nontrivial unramified additive character v : k — CV.
Set G := GL, (k).

5.2. Some notation and terminology. For x € k and y;, y; € k™, set

1 10
n(x) = (O )1C> , n'(x) = (x 1) ,
) 0 —1
diag(y1, y2) := (yo1 yz), w = (1 )

and a(y) :=diag(y, 1), z(y) :=diag(y, y). Say that a vector v in some GL; (k)-module 7 is supported on
m..m’, for integers m, m’ with m < m’, if v is invariant by n(p~"") and n’(p’"/), and that v has orientation
(w1, wy), for characters wy, w; of 0%, if w(diag(yy, y2))v = w1 (y1)wz(y2)v for all y;, y, € 0*.

5.3. Principal series representations. For characters i, x2 : k* — C*, denote by w = x; H x» the
principal series representation of G realized in its induced model as a space of smooth functions
v: G — C satisfying v(n(x) diag(y1, y2)8) = [y1/y21"*x1 (1) x2(y2)v(g) for all x € k and yi, y; € k>
and g € G. A sufficient condition for 7 to be irreducible is that c(x1/x2) # 0 (see, e.g., [Schmidt 2002]).

If x1, xo are unitary, then r is unitary; an invariant norm is given by lv||?:= f ck lv(n'(x))|> dx (see, e.g.,

X

[Knapp 1986, (7.1)]). The log-conductor is ¢(r) = c¢(x1) + c¢(x2) and the central character is x; = x1x2
(see, e.g., [Schmidt 2002]).
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The following “line model” parametrization of 7 shall be convenient: for suitable f € C*(k), define
vy €m by

vy (g) = f(c/d)|det(g)/d*|""? i (det(g) /d) xa(d), g = (‘; fl) : (16)

If x1, x» are unitary, then ||vf||2 = fk | £]?.

5.4. Generic representations. Recall that an irreducible representation o of G is generic if it is iso-
morphic to an irreducible subspace W(o, ¥) of the space of smooth functions W : G — C satisfying
Wmn(x)g) =y (x)W(g) for all x, g € k, G; in that case, W(o, V) is called the Whittaker model of . It is
known that every nongeneric irreducible representation of G is one-dimensional (see, e.g., [Schmidt 2002]).

For each W € W(o, ), denote also by W the function W : k* — C defined by W (y) := W(a(y)).
The space K(o, ¥) of functions W : k* — C arising in this way from some W € W(o, ¥) is called the
Kirillov model of o. It is known that the natural map W(o, ¥) — K(o, 1) is an isomorphism and that
K(o, ¥) 2 C®(k*) (see, e.g., [Schmidt 2002]).

An irreducible principal series representation w = x; H x» is generic (see, e.g., [Schmidt 2002]); the
standard intertwining map from 7 to its y-Whittaker model W(r, ¥), denoted = > v —~ W, : GL (k) — C,
is given by W, (g) := f vex V(wn(x)g) ¥ (—x) dx. In general, this integral fails to converge absolutely and
must instead be interpreted via analytic continuation, regularization, or as a limit of integrals taken over
the compact subgroups p~" of k as n — oo (see, e.g., [Bump 1997, p. 485]); for the sake of presentation,
we ignore such technicalities in what follows.

5.5. Newvector theory. Recall Definition 20. Recall also from Section 1.3 that we have fixed decompo-
sitions N = N; 4+ N, of every nonnegative integer N, with Ni, N, — co as N — 0.

Theorem 42 (basic newvector theory). Let mw be a generic irreducible representation of GL, (k) and let
m < m’ be integers. Then the space of vectors in 7w supported on m..m' and with orientation (1, xr|,x)
has dimension max(0, 1+ |m —m/'| — c(7)).

In particular, let w be any irreducible representation of GL; (k) with ramified central character x;.
Denote by V the space of vectors in w supported on —N..N, with orientation (1, xx|ox). Then V. =0
unless 1 is generic, in which case dim V. = max(0, 1 + N — c(r)).

Proof. For the first assertion, see [Casselman 1973a]. The generic case of the second assertion follows
from the first assertion, so suppose 7 is one-dimensional. Write & = x o det for some x : k* — C*.
Since y, is ramified, the characters (1, x,|ox) and (x|ox, x]ox) of 0 x 0> are distinct, and so V = 0. [J

Lemma 43. Let w be an irreducible generic representation of GL; (k) with ramified central character y.
Then c(xz) < c(mw) with equality precisely when m is isomorphic to an irreducible principal series
representation x1 B x, for which at least one of the inducing characters x1, x2 is unramified.

Proof. This is well-known; see [Templier 2014, Lemma 3.1; Casselman 1973b, Proof of Proposition 2]. [J
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Lemma 44. Let m = x| B xo be an irreducible principal series representation of G. Let v € w be a
newvector of some support m..m'’:

(1) If x1 is ramified and x, is ramified, then v = vy as in (16) for f a character multiple of the
characteristic function of an 0™ -coset, thus f = cx14nox for some c € C, x : k* — C* andn € Z.

(2) If x1 is unramified and x» is ramified, then v = vy for f = cl, for some scalar ¢ and fractional
0-ideal a C k.

Proof. Both assertions are well-known in the special case m = 0 (see [Schmidt 2002]) and follow
inductively in general using that a () bijectively maps newvectors of support m..m’ to those of support
m—1.m'—1. O

5.6. Local Rankin—Selberg integrals. Let mw be an irreducible unitary principal series representation of
G := GL;(k) and o an irreducible generic unitary representation of PGL; (k). We have the following
special case of a theorem of D. Prasad:

Theorem 45 [Prasad 1990]. The space Homg (o ® 7 ® 7, C), consisting of trilinear functionals € :
o @7 ®m — C satisfying the diagonal invariance £(o (g)vy, T (g)va, m(g)v3) = £(vy, va, v3) for all

g € G and all vectors, is one-dimensional.

We may fix a nonzero element £rs € Homg (0 ® 7 ® 7, C) as follows: Denote by Z the center of G
and U := {n(x) : x € k}. Equip the right G-space ZU\ G with the Haar measure for which

/ 6(g) = / / @O (1) LY dx a7
g€ZU\G yek* [yl

for ¢ € C.(ZU\G) (see [Michel and Venkatesh 2010, §3.1.5]). Realize 7 in its induced model. For
Wi e W(o, ), Wy € W(m, ) and v3 € m, set £rs(W, Wo, v3) 1= fZU\G WiWovs (see [Michel and
Venkatesh 2010, §3.4.1]). The definition applies in particular when W, is the image W, of some v € &
under the intertwiner from Section 5.4.

The trick encapsulated by the following lemma (a careful application of “nonarchimedean integration
by parts”) shall be exploited repeatedly in Section 6.3:

Lemma 46 (application of diagonal invariance). Let f € C2°(k). Let Uy be an open subgroup of o> for
which f ® f is Uj-invariant in the sense that f(ux) f(uy) = f(x)f(y) forallu,x,y € Uy, k, k. Let
Wi e W(o, ). Then

L dx a~ v,

trs (Wi, Wy, vp) = / f(x)f<x+ )F(X V. 1 Wl’Ul)

ek, yek*, tek

where F(x,y,t; Wi, Uy) := E er, Wi (a(y)n’(x/u)))aXgl(ut)tp(ut) with Eyey, denoting an integral
with respect to the probability Haar.
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—X

Proof. Set g :=a(y)n'(x) = ( ) For t € k one has wn(t)g = (Htx .

) hence

vr(g) = FOI"x1 (),
brwn)g) = f((y+1x)/0ly/21 %7 /0 xy @),

v (W, (8) = fvf(g)vf(wn(l)g)lﬂ(—t)dt

Iylf(x)/ D 0w &

Integrating against Wy (a(y)n'(x))|y|~ Vdx d*y gives that lrs(Wi, Wy, v £) equals

Vf»

/ FOOF(x+ )W s 0w & axary.
xek, yek*, tek | |

To obtain the claimed formula, we apply for u € U; the substitutions ¢ — ut, x — x/u, invoke the
assumed U, -invariance of f ® f, and average over u. (I

5.7. Gauss sums. We shall repeatedly use the following without explicit mention:
Lemma 47. Let Uy < 0™ be an open subgroup and w a character of 0*. Fort € k*, set H(t) :=
H(t, w, Uy) :=E ey, 0 ut)y (ut), where E denotes integration with respect to the probability Haar.
(1) For fixed Uy, one has H(t) = 0 unless —v(t) = c(w) + O(1), in which case H(t) < C(w)~"/2, with
implied constants depending at most upon U).
(2) Suppose Uy = 0™ and c(w) > 0. Then H(t) = 0 unless —v(t) = c(w), in which case H(t) is
independent of t and has magnitude |H (t)| = c¢C (w)~/? for some ¢ > 0 depending only upon k.

Proof. For U; = 0, these are standard assertions concerning Gauss sums. The standard proof adapts to
the general case (compare with [Michel and Venkatesh 2010, 3.1.14]). ]

6. Local study of nonarchimedean microlocal lifts

Recall Definition 21 and the statement of Lemma 22. Retain the notation of Section 5.

6.1. Proof of Lemma 22: determination of microlocal lifts. For any character xy : k* — C*, the
nonequivariant twisting isomorphism 7 — 7’ := 7 ® x induces nonequivariant linear isomorphisms

V :={microlocal lifts in 7 of orientation (wi, w;)} (18)
={microlocal lifts in 7" of orientation (v}, w})},

with @/ := w; - x|ox. We thereby reduce to verifying the conclusion in the special case w; = 1. Suppose
V #0. Write  := w;. By the convention N > 1 of Definition 21, w is ramified. The central character y,
of 7 restricts to w, hence is ramified; by Theorem 42, dim V = max(0, 1 +c(w) — c(xx)), and so V # 0
only if c¢(w) > c¢(xr). By Lemma 43, the latter happens only if ¢(w) = c(x,) and 7 has the indicated
form, in which case dim V = 1. The explicit description of V now follows in general from (18).
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6.2. Explicit formulas. Let 7 := x1 H x2 and w; := x;i|ox with N :=c(w1/wp) > 1.

Lemma 48. Define f1, fo € C*(k) (as if in the “line model” of Section 5.3) by
A@) =1m ), o) =1y (1/x)1/x]x] " x2(x)

and vy, vy € T in the induced model on g = (j Z) € GLy(k) by

detg|'/?
v1(8): =v7,(8) = Ty (c/d)| —5=|  xa(det(®)/d)xa(d), (19)
1/2
v2(8): = vpp(8) = Iy (d/0)| =5~ |  x(det(®)/e)xa(e), (20)
and Wy, Wy € i in the Kirillov model K(r, V) by9
Wi = L-m M1, Wa) = Lw DIy x2 (). 21)

Then v, Wi and vy, Wy are microlocal lifts of orientations (w1, wy) and (w2, w1), respectively.

Proof. The formulas for Wi, vy in the case x; = 1 and those for W;, v; in the case x, = 1 follow from
known formulas for standard newvectors [Schmidt 2002]; the general case follows from the twisting
isomorphisms (18). U

6.3. Stationary phase analysis of local Rankin—Selberg integrals. In this section we apply stationary
phase analysis to evaluate and estimate some local Rankin—Selberg integrals involving microlocal lifts
and newvectors. We use these in Section 7 to prove Theorem 25 and Theorem 29. Retain the notation of
Section 5.1. Let x1, x2 be unitary characters of k* for which N :=c(x1/x2) is positive. Let 7 = x; H x»
be the corresponding generic irreducible unitary principal series representation of GL,(k), realized in
its induced model and equipped with the norm given in Section 5.3. Equip the complex-conjugate
representation 7 with the compatible unitary structure. Define the intertwiner 7 > v — W, € W(x, ¥)
as in Section 5.4. Let o be a generic irreducible unitary representation of PGL;(k), realized in its
Y-Whittaker model o = W(o, V).

Theorem 49. Let v € w be a microlocal lift of orientation (x1lox, x2lox), let V' € w be a generalized
newvector, and let Wi € o.

(D If N is large enough in terms of Wy, then
trs(Wi, Wo, v) =cg M2 ol? [ Wi(y)d™y,
yek>

where'? ¢ := gN/? ftekx Xlxz_l(t)W(t) dt/|t] < 1 is a complex scalar which is independent of W,
and whose magnitude depends only upon k.
9Recall that ¥ is assumed unramified.

10 The integral defining ¢ should be interpreted in the usual way as (for instance) a limit of integrals over increasing finite
unions of 0*-cosets.
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(IT) One has trs(W1 @ W, ® V') < g~ N/2||v'||? with the implied constant depending at most upon Wj.

(IIT) Suppose that v(2) =0, x, is unramified, |V'|| = ||v||, the support of v' is —N..N, o is unramified,
and Wy € o is spherical, so that N = c(x1) = c(x2) and c(w) = 2N. Then lrs(Wy, Wy, v) =
Lrs(Wy, Wy, V).

The most difficult assertion is (II), which is used only to deduce the equidistribution of newvectors
(Theorem 17). Assertion (III) serves only the purpose of illustration (see the discussion after Theorem 25).
The other main results of this article (Theorems 29, 27) require only (I), whose proof is very short.

Proof of (I). Without loss of generality, let v = v, with f(x) := 1pN2 (x). Because NV, is large in enough
in terms of Wy, we have whenever f(x) # 0 that Wi (a(y)n'(x/u)) = Wi(y) for all u € 0*. Lemma 46
gives after the simplifications f(x)f(x +y/t) = 1pN2 (x)le2 (y/t) and lez (X)F(x,y,t; Wi, 0%) =
Lywy )Wi () H (1) with H(2) := [Eueoxxlxz_l(ut)w(ut) that

_ dt x
trs(Wh. Wy v) = / Wi () / ve (1) / L /0 H@ 2 dxay.
yek> xek tek 2]

We have W (y)H (¢) = 0 unless |t| < gV and |y| < 1; because N; is large enough in terms of Wy, the
factor 1,v, (/) = 1 is thus redundant. Since [, _, 1%, (x) dx = [, | £1? = |lv||?, we obtain the required
identity. O

Proof of (II). Suppose first that x; and x, are both ramified. In that case, Lemma 44 says that v’ = vy
with f a character multiple of the characteristic function of some 0™ coset. In particular,

f is supported on a coset of 0%, and f ® f is 0*-invariant. (22)
From the mod-center identity a(y)n’'(x) = n(y/x)a(y/xz)wn(l/x), we have

Wia(y)n'(x)) = ¥ (y/x)Wi(a(y/x*)wn(1/x)). (23)

From (23) and standard bounds on Whittaker functions, we have'!

SUP/ [Wila(y)n'(x)|d*y < 1. (24)
yek>

x€k

By (23), there exists a fixed open subgroup U; < 0* for which

(25)

f <,
Wi(a()n'(x/u)) = Wi(a(y)n' (x)) x { or |x: <!

1
Y(w—1y/x) for|x

Without loss of generality, suppose fk | f1> = 1. We apply Lemma 46, split the integral according as
|x] < 1 or not, and appeal to (24) and (25); our task thereby reduces to showing with

Hi(t) = Eyer, x1 x5 (ut) ¥ (ut),
Hy(t, y/x) =Y (=y /) Eucu, X1 X5 @)Y u(t + y/x))

11 See [Michel and Venkatesh 2010, 3.2.3], and recall that o is assumed generic and unitary.
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that the quantities

I o= sup/ / FOOF G+ y/0H ()] 1 dx d”y,
yekx Jrek® Jxek:ixi<i

pimswp [ [ pwfaer syt ol drdxdy
yek* Jtek>* Jxek:|x|>1

are O(q~N/?). We have H;(t) = 0 unless |t| < ¢”, in which case H;(t) < ¢~"/?; the set of such ¢

has d*¢-volume O (1), so an adequate estimate for /; follows from Cauchy—Schwartz applied to the

x-integral. Similarly, H,(z, y/x) = 0 unless |t + y/x| =< ¢, in which case H»(t, y/x) < g~ V/?; the

support condition on f shows that f(x) f (x +y/t) =0 unless |t + y/x| = |t|, we may conclude once

again by Cauchy—Schwartz.'?

We turn to the case that one of yi, x2 is unramified. By the assumption c(x/x2) # 0O, the other one is
ramified. By symmetry, we may suppose that x; is unramified and yx, is ramified. By Lemma 44, we may
suppose without loss of generality that v' = vy for f = 1, with a C k a fractional o-ideal. Then fof
is 0™ -invariant. We split the integral over x € k as above, and the same argument works for the range
|x] < 1. The remaining range contributes

Iz ::/ f / L) 1g(x +y/0)Hs3(t, y/x; x)dx d™ yd™t, (26)
xek:|x|>1 Jyek* Jrek*

where
Hi(t,y/x;x) =W (a(y/xz)wn(l/x))[Eueulmx{l(ut)l/f(u(t +y/x)).

A bit more care is required than in the above argument, which gives now an upper bound of +o00; the
problem is that the nonvanishing of H3(¢, y/x; x) no longer restricts ¢ to a volume O (1) subset of k*. We
do better here by exploiting additional cancellation coming from the y-integral: Let C;, C; be positive
scalars, depending only upon Wy, Uy, so that

Hy(t, y/x; x) 0= C1¢" < |y/x +1| < C2g". (27)

If |y/x| > Cag™, then H3(t, y/x; x) # 0 only if |¢] = |y/x|. If |y/x| < Ci¢g", then H3(t, y/x; x) #0
only if C1g" < |t| < Cog". Arguing as above, we reduce to considering the range Ciq" < |y/x| < C2q",
in which Hj(t, y/x; x) # 0 only if || < C2¢". The range C1g" < |t| < C2g" may be treated as before,
so we reduce to showing that

I = / 1) 1g(x + y/t)H3(t, y/x; x)dxd*yd*t = 0. (28)

x,y,t€k,k* k> x|>1,
Ci1g¥ <|y/x|<Caq", |t]<Cig"

12 The estimate just derived is essentially sharp when f is supported in a fixed open subset of k™, but can be substantially
sharpened when f is “unbalanced” in the sense that its support tends sufficiently rapidly with N either to zero or infinity. The
possibility of such sharpening is the simplest case of the “weak subconvexity” phenomenon identified in [Nelson et al. 2014].
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Note that the conditions defining the integrand imply that |x¢/y| < 1. There is an open subgroup U, of
0*, depending only upon Wy, Uy, so that

z€ Uy |xt/y] <1=>%6U1, (29)
x| > 1,z € Uy = Wi(a(zy/xHwn(1/x)) = Wi(a(y/x*)wn(l/x)), (30)
Ixt/yl <1,z € Uy => lo(x +2y/t) = lo(x +y/1). (1)

For N large enough in terms of Wy, U; and hence U;, we have
xt/y| < 1=> Ezevpxy ' xa(t +2y/x) =0. (32)

In 14, we substitute y — yz with z € U, and average over z; by (31) and (30), our task reduces to
establishing for |x7/y| < 1 that

EzevsBucu, x1 X5 ' ()P (u(t +2y/x)) =0,
which follows from (32) after the change of variables u — u(t + y/x)/(t + zy/x) suggested by (29). [

Proof of (I11). By (I), our task reduces to showing that

s (WL Wy o) =g PR [ Wi ay
yek>
with the same scalar ¢ as in (I). Suppose without loss of generality that v’ = vy with f := x»21,~. Note
that f ® f is o*-invariant. If f(x) # 0, then W, (a(y)n’(x /u)) = W;(y) for all u € 0*. Lemma 46 gives
after the simplification f(x)F(x, y,t; Wi, 0%) = f(x)Wi(y)H (t) with H as in the proof of (I) that

di

X
] dxd”y.

Crs(Wi, Wy, v') =/

yek>

f | worreie+smne

Because v(2) = 0, we have c(x2) = c(XI)(z_l) = N. Thus if Wi (y)f(x)H(¢) # 0, then y, x,t €
0,0, No* and so f(x)f(x+y/t)=1.From [ _, 1o«(x)dx = [, | f|* = |[v'||*, we conclude. [J

Remark 50. [Michel and Venkatesh 2010, 3.4.2; 2010, (3.25)] and Theorem 49(I) imply the following:
Let v, v3 € m be microlocal lifts of the same orientation and v; € o, realized in its Kirillov model
K (o, ¥). The formula ||v;||? := /y
that N is large enough in terms of v;. Then

e 101 () |>d*y is known to define an invariant norm on o. Suppose

/ [ miC@viivi) =ca™lvalPllvsl® [ (avr,vi)d*y
8EZ\G i1 23 yek*

for some positive scalar ¢ < 1 depending only upon k. This identity solves the problem of producing a
subconvexity-critical test vector for the local triple product period in the QUE case when the varying
representation is principal series. It would be interesting to verify whether the supercuspidal case follows
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similarly using a modification of Definition 21 involving characters on an e-neighborhood in GL; (o) of

the points of a suitable nonsplit torus, where ¢ < C(7 ® =)~ /413

7. Completion of the proof

In this section, ¢ € m € Ao(X) traverses a sequence of L?-normalized microlocal lifts on X of level
N — oo. Thus ¢ and 7, like most objects to be considered in this section, depend upon N, but we omit
this dependence from our notation. We use the abbreviations fixed to mean “independent of N and
eventually to mean “for large enough N.” Asymptotic notation such as o(1) refers to the N — oo limit.
Our aim is to verify the conclusions of Theorem 25 and Theorem 29.

As G-modules, m = yx; H x, for some unitary characters yi, x» of @[f for which c(x1/x2) = N.

Recall our simplifying assumption that R is a maximal order. This implies that for any irreducible
H-submodule 7’ of A(X), the vector space underlying 7’ is an irreducible admissible G-module. In
other words, the local components at all places v # p are one-dimensional.

The function ¢ has unitary central character, so the measure p,, is invariant by the center. Let £ be a
prime dividing the discriminant of B. Recalling from Section 3.1.1 that 7} is an involution modulo the
center, we see that it acts on 7 by some scalar of magnitude one. Thus p, is Ty-invariant. The natural
space of observables against which it suffices to test 1y, is thus

T, = W for €| disc(B),
X)) = v X): .
AT { € AX) 7V = W for z € Z := center of G,

That space decomposes further as A1 (X) = (&, C(x odet)) ® A(“)L(X ) where

« x traverses the set of quadratic characters of the compact group Q /Z[1/p]* satisfying x (£) =1
for £ | disc(B), and

. .AS’(X) = AT(X) N Ap(X), which decomposes further as a countable direct sum .A(J)r (X)) =
Docatx)? where we substitute A for A to denote “irreducible submodules of.”

Let 0 € AT(X) be fixed. It is either one-dimensional and of the form C() o det) for some x as above,
or belongs to Aar (X) and is generic as a G-module. Denote by ay : 0 @ 7 ® 1 — C the G-invariant
functional defined by integration over X.

Lemma 51. Suppose o is one-dimensional and €y # 0. Then o is trivial eventually.

Proof. Write o = C(x odet) for some quadratic character x. By Schur’s lemma, 7 = x; H x; is isomorphic
as a G-module to 7 ® x odet = x; x B x2x, which happens (see, e.g., [Schmidt 2002]) only if either
X1 = X1X, in which case yx is trivial, or x; = x2x, in which case c(x) = c(x1/x2) = N — oo, which
does not happen because x is quadratic.'* (I

13 Added later: the recent work [Nelson et al. > 2018] contains results in this direction.
14We use here that the local field Q@ p is not a function field of characteristic 2.
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We now prove Theorem 25. It suffices to verify that the various assertions hold for fixed ¥ € 0 € AT (X).
They are tautological if o is trivial, so by Lemma 51, we reduce to the case that o € Ag (X) is generic. Fix
an unramified nontrivial character ¥ : Q, — C™ and G-equivariant isometric isomorphisms o =W (o, ¥),
7 = x1 B xo. Denote by frs : 0 ® T ® 1 — C the trilinear form defined in Section 5.6. By Theorem 45
and the nonvanishing of £gs, there exists a complex scalar £!/? € C so that

Cawt = L' lgs. (33)

Theorem 49(I) implies that ¢rs(o (a(¥)) WV, @, ¢) = lrs(¥, ¢, @) holds eventually for fixed y € k*; the
required diagonal invariance then follows from (33). If p # 2 and ¢’ is an L?-normalized newvector
of support —N..N and V¥ ¢ oK is spherical, then Theorem 49(I1I) gives ¢rs(V, ¢, ¢) = Lrs(V, ¢, ¢')
eventually; the lifting property then follows from (33). For the equidistribution application, we reduce
by Lemma 51 and (33) and Theorem 49(II) to showing that £'2 = o(p™/?) holds under the hypothesis
that for each fixed Wy € o, one has £ay(Wo, ¢, ¢) = o(1). Let ¥y € 0 = W(o, ¥) be given in the
Kirillov model by the characteristic function of the unit group. By Theorem 49(I), ¢rs(Wo, @, ¢) < p~N /2
eventually, so our hypothesis and (33) give the required estimate for £!/2.

We turn to the proof of Theorem 29. Our assumptions on 7w and o imply that o € A(T (X) and that
the adelizations of o, w and 7 at each v € Sg := {oo} U {€ : £| disc(B)} are one-dimensional and have
trivial tensor product, hence that the product of their normalized matrix coefficients is one; by Ichino’s
formula [Ichino and Tkeda 2010] and [Michel and Venkatesh 2010, 3.4.2], it follows that L =< |£!/?]2,
where L denotes the LHS of (5) and £'/? is as above (compare with Remark 50). By Theorem 27 and
the argument of the previous paragraph, £'/2 = o(p™/?). Our goal is to show that L = o(C'/#), where
C :=C(o x m x m) is the global conductor; the contribution to C from v € Sg is bounded, while the
contribution from p is

Clop® X7 x2)C 0, ® x5 x1)C(0,)? =< Cx; ' x)* = p*V.

Thus C =< p*M. The known estimate £!/? = o(p"/?) thus translates to the goal L =o(C /4 as required.
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Heights on squares of modular curves

Pierre Parent
Appendix by Pascal Autissier

We develop a strategy for bounding from above the height of rational points of modular curves with values
in number fields, by functions which are polynomial in the curve’s level. Our main technical tools come
from effective Arakelov descriptions of modular curves and jacobians. We then fulfill this program in the
following particular case:

If p is a not-too-small prime number, let Xo(p) be the classical modular curve of level p over Q.
Assume Brumer’s conjecture on the dimension of winding quotients of Jy(p). We prove that there is
a function b(p) = O(p° log p) (depending only on p) such that, for any quadratic number field K, the
Jj-height of points in X((p)(K) which are not lifts of elements of X(J)r (p)(Q) is less or equal to b(p).
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1. Introduction

Let N be an integer, I'y a level-N congruence subgroup of GL,(Z), and Xr, the associated modular
curve over some subfield of Q(uy) which, to simplify the discussion, we assume from now on to be Q.
The genus gy of Xr, grows roughly as a polynomial function of N. So, if N is not too small, Xr, has
only a finite number of rational points with values in any given number field, by Mordell-Faltings. If
one is interested in explicitly determining the set of rational points, however, finiteness is of course not
sufficient; a much more desirable control would be provided by upper bounds, for some handy height, on
those points. Proving such an “effective Mordell” is known to be an extremely hard problem for arbitrary
algebraic curves on number fields.

MSC2010: primary 11G18; secondary 14G05, 14G40.
Keywords: modular curves, Arakelov geometry.
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In the case of modular curves, however, the situation is much better. Indeed, whereas the jacobian of a
random algebraic curve should be a somewhat equally random simple abelian variety, it is well-known that
the jacobian Jr, of X1, decomposes up to isogeny into a product of quotient abelian varieties defined by
Galois orbits of newforms for I'y. Moreover, in many cases, a nontrivial part of those factors happen to
have rank zero over Q. Our rustic starting observation is therefore the following: if Jr, . is the “winding
quotient” of Jr,, that is the largest quotient Jr, . with trivial Q-rank, and

i T
Xry ? JFN . ‘]rNye

is some Albanese map from the curve to its jacobian followed by the projection to Jr, ., then any rational
point on Xr,, has an image which is a torsion point (because rational) on Jr, ., hence has 0 normalized
height. The pull-back of some invertible sheaf defining the (say) theta height on Jr, . therefore defines a
height on Xr, which is trivial on rational points. That height in turn necessarily compares to any other
natural one, for instance the modular j-height. Therefore the j-height of any rational point on Xr,, is
also zero “up to error terms”’. Making those error terms explicit would give us the desired upper bound
for the height of rational points on Xr,,.

That approach can in principle be generalized to degree-d number fields, by considering rational points
on symmetric powers X l(ffv) of Xr, (atleast if dim Jr, , > d). To be a little bit more precise in the present
case of symmetric squares, let us associate to a quadratic point P in X((p) the Q-point Q := (P, ° P)
of X ( p)(z). Its image ¢(Q) via some appropriate Albanese embedding in Jy(p) lies above a torsion point
a in J,: assume for simplicity a = 0. We therefore know ¢(Q) belongs to the intersection of ¢(Xg( @)
with the kernel J} of the projection

e : Jo(p) = Je.

To improve the situation we can further remark that ¢ (Q) actually lies at the intersection of ¢(Xg( 2)?)
with the “projection”, in some appropriate sense, of the latter surface on J}. Then one can show that
this intersection is O-dimensional (but here we need to assume Brumer’s conjecture, see below) so that
its theta height is controlled, via some arithmetic Bézout theorem, in terms of the degree and height of
the two surfaces we intersect. Using an appropriate version of Mumford’s repulsion principle one derives
a bound for the height of ((P) too (and not only for its sum ¢(Q) with its Galois conjugate). Then one
makes the translation again from theta height to j-height on Xy(p).

Nontrivial technical work is of course necessary to give sense to the straightforward strategy sketched
above. The aim of this article is thus to show the possibility of that approach, by making it work in
what we feel to be the simplest nontrivial case: that of quadratic points of the classical modular curve
Xo(p) as above (or X(p?), for technical reasons), for p a prime number.! In the course of the proof we

I'Larson and Vaintrob [2014, Corollary 6.5] have proven, under the generalized Riemann hypothesis, the asymptotic triviality
of rational points on X¢(p) with values in any given number field which does not contain the Hilbert class field of some quadratic
imaginary field. Independently of any conjecture, Momose [1995] had already proven the same result in the case where K is a
given quadratic number field. Our method however provides bounds which do not depend on the field, and should generalize to
some other congruence subgroups.
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are led to assume the already mentioned conjecture of Brumer, which asserts that the winding quotient
of Jo(p) := Jr,(p) has dimension roughly half that of Jy(p). That hypothesis is actually used in only
one, technical, but crucial place, where we prove that a morphism between two curves is a generic
isomorphism (see last point of Lemma 7.2). Note that a lower bound of % (instead of the desired %) for
the asymptotic ratio dim J,/ dim Jo(p) has been proven by Iwaniec and Sarnak [2000] and Kowalski,
Michel and Vanderkam [Kowalski et al. 2000]. (Actually, % + ¢ would be sufficient for us; see Lemma 7.2
and the proof of Theorem 7.5 below.) In any case we cannot at the moment get rid of this assumption —
note it can in principle be numerically checked in all specific cases. In this setting, our main result is the
following (see Theorem 7.5).

Theorem 1.1. For w, the Fricke involution, set X 0+ (p) = Xo(p)/wp. Assume Brumer’s conjecture (see
Section 2, (21)).> Then the quadratic points of Xo(p), which are not lifts of elements of X(J)r (p)(Q), have
j-height bounded from above by O (p° log p).

The same holds true for quadratic points of Xo( p?), without the restriction about X(J)r (p).

Needless to say, this result cries for both sharpening and generalization. Yet it should be possible to
immediately use avatars of Theorem 1.1 to prove that rational points are only cusps and CM points, for
some specific modular curves of arithmetic interest. If combined with lower bounds for heights furnished
by isogeny theorems as in [Bilu et al. 2013], the above theorem already has consequences on rational
points (see Corollary 7.6).

Regarding past works about rational points on modular curves, one can notice that most of them use, at
least in parts, some variants of Mazur’s method, which can very roughly be divided into two steps: first,
map modular curves to winding quotients as described above; then prove some quite delicate properties
about completions of that map to J, (formal immersion criteria). The second step is probably the most
difficult to carry over to great generality. Therefore, the method we propose here allows one to use only the
first and crucial fact: the mere existence of nontrivial winding quotients. In many cases, the existence of
such quotients is known by a deep result of Kolyvagin, Logachev and Kato, a la Birch—Swinnerton-Dyer
conjecture, which, again, seems to reflect, from the arithmetic point of view, the special properties of the
image locus (in the moduli space of principally polarized abelian varieties) of modular curves, among all
algebraic curves, under Torelli’s map.

The methods used in this paper are mainly explicit Arakelov techniques for modular curves and abelian
varieties. Such techniques and results have been pioneered, as far as we know, by Abbes, Michel and
Ullmo at the end of the 1990s (see in particular [Abbes and Ullmo 1995; Michel and Ullmo 1998; Ullmo
2000], whose results we here eagerly use). They have subsequently been revisited and extended in the
work developed by Edixhoven and his school, as mainly (but not exhaustively) presented in the orange
book [Edixhoven and Couveignes 2011]. That work was motivated by algorithmic Galois-representation
issues, but its tools are well suited to our rational points questions, as we wish to show here. We similarly

2The weak version of that conjecture we actually need is stated in (22).
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hope that the effective Arakelov results about modular curves and jacobians we work out in the present
article shall prove useful in other contexts.?

The layout of this article is as follows. In Section 2 we start gathering classical instrumental facts
on quotients of modular jacobians and regular models of Xo(p) over rings of algebraic integers. In
Section 3 we make a precise description of the arithmetic Chow group of Xo(p). Section 4 provides an
explicit comparison theorem between j-heights and pull-back of normalized theta height on the jacobian.
Section 5 computes the degree and Faltings height of the image of symmetric products within modular
jacobians. In Section 6 we prove our arithmetic Bézout theorem (in the sense of [Bost et al. 1994]) for
cycles in Jo(p), relative to cubist metrics (instead of the more usual Fubini—Study metrics). This seems
more natural and has the advantage of being quantitatively more efficient; that constitutes the technical
heart of the present paper. Then we apply that arithmetic Bézout to our modular jacobian after technical
computations on metric comparisons. Section 7 concludes the computations of the height bounds for
quadratic rational points on Xo(p) by making various intersections, projections and manipulations for

which to refer to [loc. cit.].

Convention. In order to avoid numerical troubles, we safely assume in all of what follows that primes
are by definition strictly larger than 17.

2. Curves, jacobians, their quotients and subvarieties
2A. Abelian varieties.

2A1. Decompositions. Let K be a field, J an abelian variety of dimension g over K and £ an ample
invertible sheaf defining a polarization of J. Assume J is K-isogenous to a product of two (nonzero)
subvarieties, that is, there are abelian subvarieties

tiph:A—>J, 1g:B—>J ()

endowed with polarizations ¢y (£) and ¢ (L), respectively, such that 14 +tp : A x B — J is an isogeny.
(Recall that by convention, all abelian (sub)varieties are assumed to be connected.) Then 74 : J — A’ :=
J mod B, and similarly g : J — B’, are called optimal quotients of J.

To simplify things we also assume from now on that Endg (A, B) = {0}. The product isogeny 7 :=
A X g J — A’ x B’ induces isogenies A — A’ and B — B’. We write

P:AxB—>J—> A xB

for the obvious composition. Taking for instance dual isogenies of A — A" and B — B’, we also define
an endomorphism
V:J—>AxB —-AxB—J. )

3For recent investigations related to more general questions of effective bounds of algebraic points on curves, one can check
[Checcoli et al. 2016].
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When K = C, the above constructions are transparent. There is a Z-lattice A in C$, endowed with a
symplectic pairing, such that J(C) >~ C8 /A and one can find a direct sum decomposition C8 = C84 ¢ C88
such that if Ay = ANC8 and Agp = A NCS88, then

A(C)~C8% /A, and B(C)~C8/Ag.

If py: C8 — C84 and pp : C8 — C82 are the C-linear projections relative to that decomposition, the
analytic description of 4 ¢ : J(C) — A’(C) is then

zmod A+ z mod (A+Ap®R) = pa(z) mod (pa(A)).

Summing up, we have lattice inclusions A4 € p4(A) and Ag € pp(A), with finite indices, in C8
such that our isogenies are induced by

AsDAp S AT pa(A) D pp(A).

The isogeny IA : A — A’ deduced from the inclusion A4 C pa(A) has degree card(pa(A)/A ). If
N4 is a multiple of the exponent of the quotient p4(A)/A 4, there is an isogeny /4 y, : A" — A such that
Ig Ny ol and I} o I4 y, both are multiplication by N4. The analytic descriptions of the above clearly
are:

AQ) = CH /Ay o A€ = C9pa(n) - C/pa(A) =250 T /A

Iz Z2+——> Naz.

3

Remark 2.1. Instead of considering two immersions as in (1), suppose only A < J is given, and K is a
number field. One might apply [Gaudron and Rémond 2014a, Théoréme 1.3] to deduce the existence of
an abelian variety B over K such that, with our previous notations, the degree of A x B —> J,

|ANB|=|A/As® Agl,
is bounded from above by an explicit function « (J) of the stable Faltings’ height hx(J),
K(J) = ((149)%*°[K : Q] max(hf(J), log[K : @], )28,

and this does not depend on the choice of the embedding K < C. Note that when A and J mod A are
not isogenous (which will be the case for us), then there is actually no choice for that B < J: it has to
be the Poincaré complement to A. The isogeny J — A’ x B’ given by the two projections has degree
|[pa(A) @ pp(A)/A|, which also is |A N B| := N. One can therefore take the N4 appearing in (3) as
equal to N, and

N <«k(J).

Making the same for B’ — B, the above morphism W (see (2)) is then simply the multiplication J Vg
by the integer N. Although we will not need numerical estimates for those quantities in what follows, it is
straightforward, using [Ullmo 2000], to make them explicit in our setting of modular curves and jacobians.
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2A2. Polarizations and heights. Keeping the above notations and hypothesis, consider in addition now
an ample sheaf ® on J and let I4 := I4 v : A" — A (respectively, Iz y) be as in (3). We pull-back ©
along the composed morphism

Qa:d T A Ay A s g 4)
so that the immersion 74 : A < J defines a polarization ®, := 17 (®) on A, whence a polarization
©4 :=14"(04) on A’, and finally an invertible sheaf ©; 4 := 7} (©4/) on J. Composing the morphisms

J TAXTR A/X B/ IsxIp Ax B Ao+t J (5)

gives the multiplication-by-N map J LN, g, Assuming for simplicity ® is symmetric one therefore has
[NI'O=0°N>0,, 80,0, (©)

If K is a number field, the Néron—Tate normalization process associates with ® a system of compatible
Euclidean norms hg = ||-||é on the finite-dimensional (D-vector spaces J(F) ®z Q, for F/K running
through the number field extensions of K, and similarly Euclidean norms

12 N ST _ e
he, = ”.”Ofﬁ = mH'H@A and he, = mH'H@B
on A(F)®7Q and B(F)®7Q, respectively, such that, under the isomorphisms J (F)®7Q>~ (A(F)®7Q)®
(B(F) ®z Q), one has

he =he,+he,. @)

Recall from (3) the definition of N4, that of the maps A’ TANAL A and A <4 J. Denote by [N4]a
the multiplication by N4 restricted to A. If V is a closed algebraic subvariety of J, define

Pa(V) = (alNaly Ta nya) (V) ®)

as the reduced closed subscheme with relevant support. The map P4 would simply be the projection of
V on A if J were isomorphic to the product A x B of subvarieties and is the best approximation to that
projection in our case when J is only isogenous to A x B.

Note that P4 (V) is a priori highly nonconnected. All its irreducible geometric components are however
obtained from each other by translation by an N4-torsion point of A(Q). For our later purposes (see
the proof of Theorem 7.5), we will have the possibility to replace P4 (V) by one of its components
containing a specific point, say Py: we shall denote that component by P4 (V) p, and refer to it as the
“pseudoprojection” of V on A containing Fp.

Suppose now J ~ A x B as above is the jacobian of an algebraic curve X on K with positive genus g.
For Py a point of X (K) (or more generally a K-divisor of degree 1 on X) let

ipy: X—=>J, P (P)—(Py), ©)]
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be the Albanese embedding associated with Py. We define the classical theta divisor 8 on J which is the
image of lf,o_l : X8~ — J and its symmetric version

® = (0 ®o, [-11"0)®'/? (10)

(which is a translate of 6 obtained as z,fo_l (X8~ 1), where gy = t,foz p, for t,, the translation by some kg
with (2g — 2)ko = «, the canonical divisor on X; of course ® does not need to be defined over K). Our
first aim will be to compare the height functions ||z p,(-)|| o, e/ Ol X (F), when X is a modular curve,
with another natural height given by the modular j-function.

We will discuss in Section 3 an Arakelov description of Néron—Tate height. We conclude this para-
graph by a few remarks as a preparation. Let By := {wy, ..., w,} be a basis of HO(X(C), Qﬁ(/q:) i~
H(J(C), Q 5 /q:)’ which is orthogonal with respect to the norm

2 —
lw||© = 5/ oA ®.
X(C)

The transcendent writing-up of the Abel-Jacobi map ¢p, : P — ( f ;,Z a),-) ‘ shows that the pull-back to

X (C) of the translation-invariant measure on J(C), normalized to have total mass 1, is

i WA
= — —_— (11D
28 BZ ol

I<i<

o

More generally, 4 o tp, is, over C, the map P — ( f If; a))we pa» Where B;‘ is some orthogonal
2
basis of H(A'(C), 2)y,,¢) = H(J(C), m}(Q),,0)) S H(J(C), R} ). Therefore, writing ga :=
dim(A’) = dim(A) (we assume A # 0), the pull-back to X (C) of the translation-invariant measure
on A’(C) (normalized so to have total mass 1 on the curve again) is
] WD)
MA d Z . (12)

~ 284 |2
g 5 ol

2B. Modular curves. Here we recall a few classical facts on the minimal regular model of the modular
curve Xo(p), for p a prime number, over a ring of algebraic integers. The first general reference on this
topic is [Deligne and Rapoport 1973]; see also [Edixhoven and Couveignes 2011; Menares 2008; 2011].

2B1. The j-height. The quotient of the completed Poincaré upper half-plane %€ U P! (Q) by the classical
congruence subgroup ['g(p) defines a Riemann surface X((p)(C) which is known to have a geometrically
connected smooth and proper model over (0. All through this paper, we denote its genus by g.

The first technical theme of this article is the explicit comparison of various heights on Xo(p) Q).
When V is an algebraic variety over a number field K, any finite K-map ¢ : V — [P’Z to some projective
space defines a naive Weil height on V (K). This applies in particular when V is a curve and ¢ is the finite
morphism defined by an element of the function field of V, and in the case of a modular curve Xr associated
with some congruence subgroup I', say, a natural height to choose on X (Q) is precisely Weil’s height
h(P) = h(j (P)) relative to the classical j-function. The degree of the associated map Xr — X (1) >~ P!
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is [PSL,(Z) : T"], so that number is the class of our Weil height in the Néron—Severi group NS(Xr)
identified with Z. More explicitly if X = X is defined over the number field K, say, the j-morphism is

X —L> Pl =Proj(K[Xo, X1]) < Ak = Spec(K[X1/Xo])
X
Pr— (1,j(P)=(1/j(P),1) < j(P)= X—(I)(P),

and the Weil height of a point P € X (K) is therefore the naive height of its j-invariant as an algebraic

number |
o > Ky : Qyllog(max(1, [ (P)],))

UEMK

h(P) =h(j(P)) =

[K

which is also Weil’s projective height h(; (P)) with respect to the above basis (Xg, X; = X¢j) of global
sections of Op}( (1). Our Weil height on X is associated with the linear equivalence classes of divisors
D corresponding to ]*(OP}{ (1)), so that

D ~ (poles of j on X)(~ (zeroes of j)) ~ Z ec.C
cefcusps of X}
where each e, is the ramification index of ¢ via .
Those considerations lead to explicit comparisons with other heights. Indeed, a more intrinsic way to
define heights on algebraic varieties is provided by Arakelov theory. Defining this properly in the case of
our modular curves demands a precise description of regular models for them, which we now recall.

2B2. Regular models. The normalization of the j-map Xo(p) — X(1),7 =~ IJJ’}Z over Z defines a model
for X¢o(p) that we call the modular model, it is smooth over Z[1/ p].

We fix a number field K, write Ok for its ring of integers, and deduce by base change a model for
Xo(p) over Og. We know its only singularities are normal crossing, so after a few blow-ups, if necessary,
we obtain a regular model of X¢(p) over Ok ; see Theorem 1.1.d of the Appendix of [Mazur 1977]. We
denote it from now on by Xy(p), 0y, or simply Xy(p) if the context prevents confusion. We stress here
that for F//K a field extension, Xy(p),0, is not the base change to Of of Xy(p),0, if F/K ramifies
above p. Let v be a place of O above p, with residue field k(v). The dual graph of Xy(p) at v is made
of two extremal vertices, which we label Cy and C,, containing the cusps 0 and oo respectively (see
Figure 1). Those two vertices, which correspond to irreducible components of genus 0, are linked by

s:=g+1

branches. Each branch corresponds to a singular point S in Xo(p)(F2), which in turn parametrizes an
isomorphism class of supersingular elliptic curve Eg in characteristic p.

The Fricke involution w, acts on the dual graph as the continuous isomorphism which exchanges Cy
and C and acts on the branches as a generator of Gal(F ,2/F ).

We list the supersingular points as S(1), ..., S(s) and for each one define

wy, =#FAu(S(n))/(£1) := #Au'[[Fp2 (Esmy))/(£1) (13)
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Figure 1. Dual graph of Xy(p), 0, at v.

which is equal to 1 except in the (at most two) cases when the underlying supersingular elliptic curve has
Jj-invariant 1728 or 0, where it is equal to 2 or 3 respectively. Now each path, or branch, on our dual
graph at v passes through (w,e — 1) vertices (for e the ramification index of K at v), that is, again, equal
to e — 1 except for at most two branches: one of length 2e¢ — 1 (obtained by blowing-up the supersingular
point of moduli j = 1728 mod v, if it exists) and a path of length 3e — 1 (obtained by blowing-up, if
needed, at the supersingular point of moduli j =0 mod v). We enumerate the vertices {Cy n}1<m<w,e—1
in the n-th path. We also denote by w(Eis) the familiar quantity > 1/w,, the sum being taken over the
set of all supersingular points of Xo(p),0 ,- The well-known Eichler mass formula says that

1 p—1
Eis) = —_— = 14
w(Eis) = ) o= (14)
1<n<s
(see for instance [Gross 1987b, p. 117]). Recall that this implies the genus g of Xo(p) is asymptotically
equivalent to p/12 (the exact formula depending on the residue class of p mod 12) and in any case
p—13 . P +1

pT2 15
2 —8="12 (15

(see for instance [Gross 1987b, p. 117], again).
Abusing notation a bit, C, will sometimes also be denoted as C, o and similarly Cyp might be written
as Cy, u,e- We choose as a basis for @cZ - C the ordered set

B = (COO7 (Cl,l’ C1,2’ L] Cl,(f*l)? (C2,1’ LRI C2,efl), L] (CS,I’ LRI CS,wS€71)7 CO) (16)

(that is, we enumerate the vertices by running through each branch successively, and put the possible
branches of length twice or thrice the generic length at the end). At bad places v the intersection matrix
restricted to each submodule EB;‘;”: 1 '7.c ».m (for some fixed branch of index n) is then (log(#k(v)) - Mo,
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where
-2 1 0 0 0
1 =21 0 0
o 1 -21 --- 0
Mo=1] . Ce e 17)
: 1 -2 1
00 --0 1 -2

whose only dependence on rn is that its type is (w,e — 1) X (w,e — 1). That matrix has determinant
(—1)¥¢~lw,e. Define the row vectors

L=(100---0), L':=(000--- 1)
(with length implicitly defined by the next lines) and the transpose column vectors
V=L Vv:=L"

The intersection matrix on the whole space 78 is finally (log(#k(v)) - M) for

-s L L -~ L 0
V. My 0 --- 0 V
V.0 Mo--- 0 V

=|. . . .. (18)
V.0 0 - MoV
0 L L - L —s

(This has to be modified in the obvious way when e, = 1.)

2B3. Winding quotients, their dimension. We denote as usual the jacobian of Xo(p)g by Jo(p). As
follows from Section 2B2, Xy(p) is semistable over Z and the neutral component of the Néron model
Jo(p) of Jo(p) is a semiabelian scheme over Z (and an abelian scheme over Z[1/p]). Its neutral
component represents the neutral component Pic% (Xo(p)) of the relative Picard functor of Ay(p) over Z.
We know from Shimura’s theory that the natural decomposition of cotangent spaces into Hecke
eigenspaces induces a corresponding decomposition over (2 of abelian varieties up to isogenies:

oo~ I 7 (19)
feB,/ Gal(Q/Q)
indexed by Galois orbits in some set B, of newforms. A first useful sorting of this decomposition comes
from the sign of the functional equations for the L-functions of eigenforms f, that is, whether w, (f)
equals f or — f. One accordingly writes Jo(p)~ for the optimal quotient abelian variety associated with
Hf,w,,(f):—f J# in (19), and similarly Jo(p)™, so that Jo(p)~ = Jo(p)/(1 + w,)Jo(p) and Jo(p)* =
Jo(p)/(1 —wp)Jo(p). One knows that

dim Jo(p)~ = (3 +o(1)) dim Jo(p)
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(see, e.g., [Royer 2001, Lemme 3.2]).
A more subtle object is the winding quotient J,, defined as the optimal quotient of Jo(p) corresponding
to [17 1(s1)20 J in decomposition (19). One can write

Je=Jo(p)/IJo(p) (20)

for some ideal I, of the Hecke algebra Tr,(,). Similarly, J j = Jo(p)/I j Jo(p) will denote the optimal
quotient corresponding to [ | £.L(f.1)=0 J r- For obvious reasons regarding signs of functional equations,
J. is contained in Jy(p)~. But more is expected: in line with the principle that “the vanishing order of a
(modular) L functions at the critical point should generically be as small as allowed by parity”, Brumer
[1995] conjectured that, as p tends to infinity,

?) dim J, = (1 — o(1)) dim Jo(p) . (Brumer) 1)

Equivalently, it is conjectured that dim J, = (% + o0(1)) dim Jo(p), or that the dimensions of J, and Jj
should be, asymptotically in p, of equal size. Note that (21) above is also implied by the “density
conjecture” of [Iwaniec et al. 2000], p. 56 et seq., see also Remark F on p. 65.* Actually, what we
eventually need in this article (see Section 7) is a weaker form of (21), which is
dim Jo(p) 2

—3 3

for large enough p. An important theorem of Iwaniec and Sarnak [2000, Corollary 13] and Kowalski,

@) dim J, > (22)

Michel and Vanderkam [Kowalski et al. 2000] asserts something nearly as good, namely
(3 —o()) dim Jo(p) < dim J.(< (5 +o(1)) dim Jo(p)) (23)

as p goes to infinity (so that (1 — o(1)) dim Jo(p) < dim J;* < (3 +0(1)) dim Jo(p)). Breaking that §
is known to be closely linked to the Landau—Siegel zero problem. Assuming the generalized Riemann
hypothesis for L-functions of modular forms, Iwaniec, Luo and Sarnak [2000, Corollary 1.6, (1.54)]
prove one can improve % to 39—2. That seems to be all for the moment.

The central object of this paper will eventually be the maps

Xo(p) D — Jo(p) — Je

from symmetric products of X((p) (mainly the curve itself and its square) to the winding quotient.

3. Arithmetic Chow group of modular curves

We now give a description of the Arakelov geometry of Xo(p), relying on the work of many people; that
topic has been pioneered by Abbes and Ullmo [1995], Michel and Ullmo [1998] and Ullmo [2000] and
notably developed by Edixhoven and Couveignes [2011] and their coauthors. We shall also use the work

4Quoting Olga Balkanova (private communication), “Theorem 1.1 in [Iwaniec et al. 2000] is proved for the test function

¢, whose Fourier transform is supported on the interval [—2, 2]. The density conjecture claims that the same results are true
without restriction on Fourier transform of ¢; see formula 1.9 of [loc. cit.].”
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of Bruin [2014], Jorgenson and Kramer [2006] and Menares [2008; 2011] among others. We refer to
those articles for general facts on Arakelov theory (see [Chinburg 1986; Edixhoven and de Jong 2011c]).

Let X be any regular and proper arithmetic surface over the integer ring O of a number field K.
Fixing in general smooth hermitian metrics ¢ on the base changes of X to C, it follows from the basics
of Arakelov theory that for any horizontal divisor D on X’ over Ok there are Green functions g, p on
each Archimedean completion X (C) satisfying the differential equation

Ag,.p=—8p+deg(D)u

forA=1/(m) 99 the Laplace operator and 8 p the Dirac distribution relative to D¢ on X' (C). The function
gu,p 1s integrable on the compact Riemann surface X'(C) endowed with its measure j, and uniquely
determined up to an additive constant which is often fixed by imposing the normalizing condition that

/ 8o =0. (24)
X ()

When the horizontal divisor D is a section Py in X' (Og), one will sometimes also use the notation
gu(Po, z) for g, p,(z). The Green functions relative to fixed smooth (1, 1)-forms w1 allows one to define
an Arakelov intersection product relative to the u, which will be denoted by [, -], or [+, -] if there is no
ambiguity about the implicit form. In particular the index will often be dropped for divisors intersections
of which one at least is vertical, where the choice of & does not intervene.

We shall denote by ¢ the canonical Arakelov (1, 1)-form on the Riemann surface X'(C) (assumed
to have positive genus), inducing the “flat metric”. It corresponds to the pullback, by any Albanese
morphism &X' (C) — Jac(Xx)(C), of the “cubist” metric in the sense of Moret-Bailly [1985a] (more about
this shortly) on the jacobian Jac(Xk), associated with the Néron—Tate normalized height hg.

We now specialize to the case of Xy(p) as in Section 2B. If f is a modular form of weight 2 for I'g(p),
let || f|* be its Petersson norm. Because newforms are orthogonal in prime level we have, as in (11),

dq Tq
o ALYy
O 2 dim o (p) fX,; 112

(25)

We shall also need to consider Néron—Tate heights hy for subabelian varieties A < Jy(p) as in
Section 2A2 (recall A # 0). The associated (1, 1)-form 4 is given by (12). More specifically, we focus
on hg, on J, (as in (7) and around, for A" = J,) which induces a height he, o ¢, p, on Xo(p) via the map
te.p, - Xo(p) = J — J,. The curvature form of the hermitian sheaf on Xo(p) defining the Arakelov
height associated with hg, o . p, is

. d ~dq
i qu/\qu (26)

e : ;
‘ I £11?

2dim(J,) FeBIL]

where B;[1,] stands for the set of newforms killed by the ideal I, defining J, as in (20).
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Remark 3.1. Notice that both s and /i, or any p4 above, are invariant by pull-back w, by the Fricke
involution. In particular the Arakelov intersection products [-, -],, and [-, -],,,, relative to o and p,
respectively, are w,-invariant. The latter was clear already from the fact that, more generally, w, is
an orthogonal symmetry on Jy(p) endowed with its quadratic form hg, which respects the orthogonal
decomposition [ | 7 J5 of (19).

One can now specialize the Hodge index theorem to our modular setting (see [Menares 2011, Theo-
rem 4.16; 2008, Theorem 3.26] or more generally [Moret-Bailly 1985a, p. 85 et seq.]).

Theorem 3.2. Let K be a number field, 1 be a smooth nonzero (1, 1)-form on Xo(p)(C) as given in (12),
and 61\-1( p)%‘fﬁ‘ be the arithmetic Chow group with real coefficients up to numerical equivalence of Xy(p)
over Ok, relative to . Denote by oo the horizontal divisor defined by the co-cusp on Xo(p) over Z (which
is the Zariski closure of the Q-point co in Xo(p)(Q)), compactified with the normalizing condition (24).
Write R - X o for the line of divisors with real coefficients supported on some fixed full vertical fiber X .
Define, for all v € Spec(Ok) above p, the R-vector space

G, = @ R-C

C#Co

where the sum runs through all the irreducible components of Xy(p) Xo, k(v) except Co, (the one
containing oo (k(v))). Identify finally Jo(p)(K)/ torsion with the subgroup of divisor classes Do which
are compactified under the normalizing condition gp,(00) = 0 (which is therefore different from (24)).

One has a decomposition:
CH(p)E™ = (R- 00 ® R Xo0) By, Go & (Jo(p)(K) @ R) 27)

where the “@1” means that the direct factors are mutually orthogonal with respect to the Arakelov
intersection product. Moreover, the restriction of the self-intersection product to Jo(p)(K) ® R coincides
with twice the opposite of the Néron—Tate pairing.

Proof. The proof can be immediately adapted from that of [Menares 2011, Theorem 4.16] for Lé-
admissible measures (a setting allowing to define convenient actions of the Hecke algebra on the Chow
group). For further computational use we recall how one decomposes divisors in practice. Take D in
CH( p &“;‘j with degree d on the generic fiber. There is a vertical divisor @ p, with support in fibers above
places of bad reduction (that is, of characteristic p), such that (D —doo — ®p) has a real multiple which
belongs to the neutral component Pic®(Jo( P)) /o, That ®p is well-defined up to multiple of full vertical
fibers, so we can assume ®p belongs to &G p (and is then unambiguously defined). One associates
to(D—doo—dp)eR- j(?(p) (Ok) an element § in él\i(p)&‘frlf by imposing a compactification such
that [o0, §],, = 0. The general Hodge index theorem (see for instance [Moret-Bailly 1985a]) then finally
asserts that (D —doo — ®p — §) can be written as an element in R - X . O

In order to later on interpret the Néron—Tate height (associated with some given (symmetric) invertible
sheaf) as an Arakelov height in a suitable sense (see [Abbes 1997] paragraph 3, or [Moret-Bailly 1985b]),
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we will need to compute explicitly, given P € X((p)(K), the vertical divisor ® p = @, |, Pp, , such that
[C,P—00—®p]=0 (28)
for any irreducible component of any fiber of Xy(p) — Spec(Ok), as in the proof of Theorem 3.2.

Lemma 3.3. Consider a bad fiber Xo(p)iw), with e, the absolute ramification index of v, and write
#k(v) = pf”. Let P € Xo(p)(K) and let Cp , be the irreducible component of Xy(p)iw) which contains
P(k(v)). As Xo(p) is assumed to be regular, the section P hits each fiber on its smooth locus, so that the
component P belongs to is unambiguously defined in each bad fiber. Write

q>P,v = Z an,m[cn,m]
n,m
with notations as in (16). Recall that, by our convention, ac,, = a.o = 0.
(@) If Cpy = Cy then for all n and m,
—12
= m
(P - 1) - Wy

(Recall (see (13)) that w, := #Aut(S(n))/(£l) € {1,2, 3}, with S(n) the supersingular point
corresponding to the branch {C,_}.)

an,m

For further use we henceforth write ®c, for the above vector ®p ,, € 78,
(b) IfCP,v = Cno,mo # Co, C then:

e Forn =ngyand m € {0, my}, one has

mo 12
an,mz( <1— )—1)-m.
Wy €v (P - l)wno

o Forn =np and m € {mo, wy,e,}, one has

(e (=)
a = e M —my.
T Nwge U (p = Dy ’

e Forn #ngand all m € {0, wye,}, one has

_ —12my m
(p— l)wnoev Wy ‘

(c) Of courseif Cp,y = Co then ®p,, =0.

an,m

Remark 3.4. We have distinguished different cases above because the proof naturally leads to doing so,
and it will be of interest below to have the simpler case (a) explicitly displayed. Note however that all
outputs are actually covered by the formulae of case (b). Notice also that, in case (a), all coefficients of
®p , satisty

—12e,

" -1

0>apm=>ag:= acy, = An,w,
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As for case (b), all coefficients of @ p , satisfy

0>a >a = 0 1-— ! —1 m
.
— Up,m Z Uny,m Wiy ( 1)wno 0

(remember 0 <m < wye, for all m). Computing the minimum of the above right-hand as a polynomial in

myo gives
—eyw —e,w
0> An.m = - 1n20 = - 3n0 > —3e, (29)
4(1 — —) 4 —
(p—=Dwn, Wn

(recalling we always assume p > 17).

Proof. Given the intersection matrix (18) and condition (28), [C, P — oo — ®p ,,] =0 for all C in the
fiber at v, gives the matrix equation

log(#k (V)M - ®p , = log#k(v))(—1,0,...,1,0,...,0) (30)

where the coefficient 1 (respectively —1) in the right-hand column vector is at the place corresponding to
Cp.y = Cy (respectively to Coo = Cy,0) in the ordering of our component basis (16). That is however
more easily solved by running through the dual graph of Xy(p)x () “branch by branch” as follows. Suppose
first that Cp,,, = Co, and recall ac_, = 0 by convention. Equation (28) translates into:

e —1=3"_,an1 =0, for C =Cx.
o 1+sap—) _i anwe,—1 =0, for C = Cy.
* aym—1—2anm + an m+1 =0, for all others C = Cp, .

The equations of the third line in turn define, for each branch (that is, for fixed n), a sequence defined
by linear double induction with solution a, ,, = m - «, for some «, which is easily computed to be
—1/(w(Eis) - w,) = —12/((p — Dw,) (see (14)). (Note this is true even for e, = 1.)

For case (b), the intersection equations become:

e —1=3"_,an1 =0, for C =Cx.

* 540 — Y p_i Gnwe,—1 =0, for C = Co.

o 1 —anymg—1+2any,my — Ang,me+1 =0, forC=Cp,= Cromo-
® dp,m—1— 2Cln,m + anm+1 = 0, for all others C = Cn,m-

As above, solving these equations in all branches not containing Cp ,, gives a, ,, = mpB, and the same is
true in the branch containing Cp , form € {0, ..., mo}. We also see that a,, ,,+1 = (mo+1)B,,+ 1, and
then ay m = m(By, + 1) —mo for m € {mo+ 1, wye,}. We have ap = w,e, B, for all n # nyp, so let B be
the common value of the 8, for n # ny with w, = 1. (There is always such an n as we assumed p > 13.
Note also those computations still cover the case e, = 1.) From 8 = ap/e, and ag = wy,e,(Bn, + 1) —mo

we derive

5 _ap+mo—wpey P LI
ng — =— — 1.
Wp €y Wp, Wy, €y
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Hence, because of the first equation ( 1-— Z an,1 = O),

n=1

—1=Bu— Y. B s -

w Wy, €
1<n<s,n#ng n no~v

so that
—my —12my

o w(Eis)wy, ey o (p— l)wnoev'
Lemma 3.5. Let i be some (1, 1)-form on Xo(p)(C) as in Theorem 3.2.
(a) The class in éT—I( p)ﬁ‘{ﬁ‘ of the cuspidal divisor (0) — (o0) satisfies

2
(0) — (00) = DY i= Dy + Y _1(2[0) Zz(p_1)< w—’”)[cn,m] 31)

vlp vlp nm "

with notations as in Lemma 3.3 (a). This is an eigenvector of the Fricke Z-automorphism w, with

eigenvalue —1.

(b) One has [oo, oo], = [0, 0], = [0, 00], —6log p/(p — 1). If  is the Green—Arakelov measure (i
then 0 > [00, 00],,, = O(log p/ p) and similarly [0, ool,,, = O(log p/p) with [0, 0], nonpositive
too, at least for large enough p. If i = . (see (26)) — or more generally any submeasure of o —
then [0, o0],, = O(plog p).

Proof. By the Manin—Drinfeld theorem, (0) — (0c0) is torsion as a divisor in the generic fiber Xp(p) x7z Q.
One therefore has

0)—(c0)=DP+cXoo

in the decomposition (27) of CH( p)num for @ some vertical divisor with support in the fibers above p.
This divisor is determined by the same equations (28) as ®¢, in Lemma 3.3(a). For each v | p the full
v-fiber ) ~[C] is numerically equivalent to some real multiple of the archimedean fiber X; there is
therefore a real number a such that

Y, ¢—<Dco+z
vlp

6e,

(Z[C ) = O¢, +aXoo

Now w, switches the cusps 0 and oo so the divisor (0) — (c0) is antisymmetric for w),:
w3, ((0) — (00)) = —((0) — (00))

and clearly wf,((b%o) = —CD%O. The fact that w, preserves the archimedean fiber concludes the proof of (a).
To prove (b) we compute

:[0—oo—d>%0,oo]ﬂz[0, 00], — [00, 0], — 1logp

and

6
=[0— 00— ¢, 01, = 0,0, — [0, 00, + —— log p
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so that [oco, oo], =[0, 0], =[0, co], —61log p/(p —1). The cusps 0 and oo are known not to intersect on
Xo(p),z so that [0, co], = —g, (0, 00). When u = uo, this special value of the Arakelov—Green function
has been computed by Michel and Ullmo; it satisfies, by [Michel and Ullmo 1998, (12), p. 650],

1 loglog p log p
0,00) = — 1 1+o0(—=—=L))=0 .
810 (0, 00) 22 ogp( + ( log p »

Finally, using [Bruin 2014, Theorem 7.1(c) and paragraph 8] and plugging into Bruin’s method the

estimates of [Michel and Ullmo 1998] regarding the comparison function F'(z) = O((log p)/p) between
Green—Arakelov and Poincaré measures, we obtain a bound of shape O(plog p) for |g,, (0, 00)| (see
also Remark 4.5). This completes the proof of (b). ]

Instrumental in the sequel will be the explicit decomposition of the relative dualizing sheaf w in the
arithmetic Chow group.

Proposition 3.6. The relative dualizing sheaf o of the minimal regular model Xy(p) — Ok can be

written, in the decomposition (27) of éﬁ( p)ﬁ%"‘ﬁlo relative to the canonical Green—Arakelov (1, 1)-form .,
as
w=(28—2)00+ Y Dpy+0° +[K : QleuXoo, (32)
vlp

where the above components satisfy the following properties:

(1-2¢)
[K:Q]

o The number c,, is equal to [00, 0]y, SO that O < ¢, < O(log p).

o Set
Himd Y (P 30+o0), = Y (- L0+00)

PeH, peH;
where the sums run over the sets Hq and H3z, whose number of elements can be 0 or 2, of Heegner
points of Xo(p) with j-invariant 1728 and 0 respectively. Define
H):=Hy+[K :QlesXoo and Hy :=Hi+[K : Qlc3X oo

for two numbers c3 and c4 with cz = O (log p), and the same for c4. (Recall this means the H, are
compactified with the normalizing condition (24), whereas the Hf are the orthogonal projections
on (Jo(p)(K)®R) C éf{(p)ﬁ%‘f‘;o of the H,, so that [oo, HE]M0 =0, for x = 3 or 4.) One sets
o = —Hf — H30, which can be chosen in Jo(p)°(Q).

e Finally, the component @, , in each G, for v | p is

1
=BV e (33)

with notations as in (16). We therefore have @, , = (g — 1)®¢, using notations of Lemma 3.3. In
particular, recalling e, is the ramification index of K /Q at v, the coefficients wy,  of ©, ., in (33)
satisfy

0> Wpm = —€y. (34)
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Proof. Many parts of those statements are deduced from [Michel and Ullmo 1998, Section 6] and results
of Edixhoven and de Jong [2011b]. See also [Menares 2011, Section 4.4].
We start by estimating c,,. By Arakelov’s adjunction formula,

—[00, 00],, = [00, W], = (2g —2)[00, 0]y, + [K : Qlcy,

because of the orthogonality of the decomposition (27). Lemma 3.5 therefore implies

<cCp= ﬂ[oo, o0]uy = O(log p).
- [K : Q] 0
The computations of the Jo(p)-part o= —(H30 +H ‘? ) follows from the Hurwitz formula, as explained

in [Michel and Ullmo 1998, paragraph 6, p. 670]. One indeed checks that, on the generic fiber Xo(p),q =
Xo(p) xz Q, the canonical divisor is linearly equivalent to

(2g—2)oo—(% Y P-oc0)+3 > /(P—oo))

j(P):ei”/z j(p):ezm/3

where the sums Z' are here restricted to points P at which Xo(p) — X (1) is unramified (these are the
Heegner points alluded to in our statement). It follows from the modular interpretation that in each of those
sums there are two Heegner points (if any), which are then ordinary at p (recall we assume p > 13 > 3).
This proves that the Jy(p)(K) ®z R-part of w is indeed —(Hf + H30) with H) = Hy + [K : Q]ca X oo and
H30 = H3 + [K : Q]c3 X for some real numbers c¢3 and c¢4. (Note that, as Heegner points are preserved
by the Atkin—Lehner involution [Gross 1984, paragraph 5, p. 90] their specializations above p share
themselves between the two components Cy and C, of Xp(p) /F,» SO that 2H30 =)y i P)Zem/z/(P —00)
and %Hf = Zj(P):eziﬂ/g'(P — 00) belong to the neutral component Jo(p)o((’)K).) The estimates on c3
and c4 will be justified at the end of the proof.

The bad fibers divisors @, , := Zn’m @n.m[Cn.m] can be computed with the “vertical” adjunction
formula [Liu 2002, Chapter 9, Theorem 1.37] as in [Menares 2011, Lemma 4.22]. Indeed, for each
irreducible component C in the v-fiber having genus 0, one has

[C, C+ w] = —2log(H#k(v)).

If M is the intersection matrix displayed in (18), and . . is Kronecker’s symbol, we therefore have

0 if C # Cy, Co,
[C,Cl—Q2g—2)c.c,=15—2g if C=Cx, (35)
s—2 if C = Cy,

M- Dy y=-2——
€M%, log(#k(v))

thatis,as s =g+ 1,
M-®,,=(g—-1(-1,0,...,0,1).
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That equation is (30) (up to a multiplicative scalar), which has been solved in the first case of Lemma 3.3.
Therefore
120—g) m

Oy =(g—1)Dc,, thatisw,, = .
w,v (g ) Co n,m (p—l) w,

(36)

As noted in Remark 3.4 and using (15), this implies the coefficients wy, ,, of ®,, , satisfy

12(1 —
0> On.m = uev > —e,.
p—1
We finally estimate the intersection products
—-[00, Hsl,, and (oo, Hy]
= 00, an = 00, .
€3 [K : Q] 3uo c [K : Q] e

By the adjunction formula and Hriljac—Faltings’ theorem [Chinburg 1986, Theorem 5.1(ii)] we compute
that for any P € Xo(p)(K),

1 1 1
—2[K : Qlhe(P — =|P— —®,(P), P— —o,(P
LK : Qlho (P = 5~ 0) [ 22 (PP e w(>]m
= o ol 4+ 5P, Pl — Do (P)?
_(2g_2)2w’wﬂo+g_1 ’ Mo o(P)
where here @, (P) is a vertical divisor supported at bad fibers such that
C,P ! ®,(P)[=0 (37)

’ 2g _ 2('0 w -

for any irreducible component C of any bad fiber of Xy(p), 0, . Hence

1
2g —22"

1
24 L [P, Pluy — ®u(P)* = —2[K : Qlho((P — 00) + —— (H3 + Hy)).  (38)
g—1 2¢ -2

We specialize to the case when P = P, (where the upper star is 1 or 2 and the lower star is 4 or 3)
is one of the Heegner points occurring in H4 or Hs, respectively. We replace for now the base field K
by F :=Q(P)) = Q(+~/—1) (respectively, Q(+~/—3)). The right-hand of (38), if nonzero, is then

—8log(p)(14+o0(1)) or —12log(p)(1+o(1)), respectively, 39)

by [Michel and Ullmo 1998, p. 673]. If those Heegner points occur we know that p splits in F, so there
are two bad primes v and v’ on OF (therefore two bad fibers on Xy(p),0, and two G, G) to take into
account. We compute ®,,(P;) and ®,,(P)%. As mentioned at the beginning of the proof, P specializes
to the component Cy at a place, say v, of F above p, and to C, at the conjugate place v'. Condition
(37) therefore gives that, for any irreducible component C of the fiber at v,

0= |:C, P} — w— CIDw(P:)v] = |:C, 0—o00— Dy — CDw(Pf)v:|

2 —2 2g —2



2084 Pierre Parent
and using Lemma 3.3, 3.5 and (36) one obtains

1 1
q)w(P:)v = —Equ,v + CDCO,v = ECDCO,U

whereas, at v’

1
q)w(P:)v’ = w,v = _§¢Co,v’-

—
2g —2
Using Lemma 3.3 and 3.5 again we therefore have

_ 6log(p)

= (40)

O, (P =) 30 , = 4[Pcyw 0—00]=1aglogp =
wlp wlp

As for the self-intersection of w one knows from [Ullmo 2000, Introduction] that
wgfo(zﬂ)/z =3glog(p)(1+o(1)).

As the quantity ﬁ [@]? is known to be independent from the number field extension F /K, the dualizing
sheaf WX (p)j0, of Xy(p) over OF (instead of Z) satisfies w? = 6g log(p)(1 4+ o(1)). Summing-up, (38)
implies that

[P, P{lu, = O(log(p)) (41)

for each Heegner point P;. Now, on the other hand, the vertical divisor ® p+ in the sense of (28) and
Lemma 3.3 is ®p: = P, for the place v of F where P specializes on Cy and not Cwo. Therefore

—4h@(P: —OO) = [P:—OO—CDP:, P: _OO_CDPJ],UVO

= —2[P}, 00l + [P}, P}y + [00, 001, — (@ ps)? (42)
whence, using (39), (40), (41) and 3.5(b),
[P}, 0014y = 3(LP, Py + [00, 001, — (Py,0)* +4he (P — 00)) = O(log p).

Putting everything together and using 3.5 once more we conclude that

c4=— [oo, Hylyy = (—[oo0, P41 + P42]uo + [00, 0+ o0],,) = O(log p) (43)

[K : Q] 2[K : Q]
and similarly for c3. (Note that the Arakelov intersection products, in the computations around (42), were
performed over F' = Q(P;) and not K, although we did not indicate this in the notation in order to keep
it from becoming too heavy. We however want quantities over K for the statement of the theorem, so
we need considering Arakelov products over K in (43) above.) O

Remark 3.7. It may be convenient to write, with notations as in (32), a more symmetric w as
w=(g—1)(00+0) + (—H — H)) + [K : QlcwXoo (44)

which yields an element with no vertical component at bad fibers.



Heights on squares of modular curves 2085
4. j-height and @-height

In this section we compare two natural heights on Xo(p)(@), namely the j-height and the one induced
from the Néron—Tate ®-height on Jy( p)(@). We start with an explicit description of the latter, for which
it is actually convenient to use a bit of Zhang’s language [1993] about “adelic metrics” which, in our
modular setting, has a very concrete form.

Using notations and results from Section 2B2 we therefore consider the limit, as e, goes to co, of the
dual graph of the special fiber of Xy(p) at a place v of a p-adic local field with ramification index e, at p
(see Figure 1). Here we normalize the length of the s = g + 1 edges from C to Cg to be 1, so that the
vertex C, ,, corresponds to the point of the n-th edge with distance m/(e,w,) from the origin C,. Now

associate to any edge n € {1, ..., s} the quadratic polynomial function
12 -1
() :[0,1]> R, x> )—C((wn— )x—wn—12(g )>. (45)
2 (p—1 (p—1

For K any number field, P in Xo(p)(K), and v a place of K whose ramification degree and residual
degree are still denoted by e, and f, respectively, let

G(P(Ky)) = ey fulog(p) - gn(Criwy) (46)

where Cp(v)) 1s the component to which the specialization of P belongs at v, identified to a point of the
n-th edge where it lives.

Theorem 4.1. For any number field K, there is an element
we,k = (g 00+ Pk +co,k X0) “47)

ofél\-l(p)&‘f‘;() such that for any P € Xo(p)(K) one has, with notations as in Proposition 3.6,

1
[K : Q]

he (P — oo+ 1) = [P, @6 &y, (48)
and the terms of (47) satisfy
0> [P, Do k]3> —2(K : Qllog(p) and co x =K : Q1O (log p). (49)

Passing to the limit on all number fields, the height induced on Xo(p)(Q) by pulling-back Néron—Tate’s
®-height on Jo(p)(@) via the embedding P — P — o0 + %a)o can be written as

1
ho (P — o0+ 30°) = (g[P, o+ Y. G(P(K,) +c@,K) (50)

veMg,v|p

where Zhang’s Green function G at bad fibers is defined in (45) and (46).

In any case one has that the height satisfies

0 1
he(P—o0+%) = [K:Q][P,goo]ﬂo—i-O(logp). (51)
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Proof. We prove (48) and (49); from there reformulation (50) and (51) are straightforward.

Recall Xy(p) denotes the minimal regular model of Xo(p) on Spec(Ok), that Jy(p) is the Néron
model of Jy(p) on the same base, and Jo(p)° stands for its neutral component. Let § be an element
of Jo(p)(K), seen as a degree 0 divisor on Xo(p). Up to making a base extension we can assume § is
linearly equivalent to a sum of points in X¢(p)(K). We shall denote by § =08+ ds (for ®5 some vertical
divisor on &y (p), with multiplicity O on the component containing oo, following our running conventions)
the associated element of the neutral component Jy( p)O(OK) (that is, the one whose associated divisor
has degree zero on each irreducible component, in any fiber, of Ay(p), and therefore defines a point of
jo(p)O(OK)). For any point P in Xo(p)(K) — Xy(p)(Ok) let similarly ® p be the vertical divisor on
Xo(p), with support on the bad fibers, such that (P — oo — ®p) has divisor class belonging to the neutral
component Jo( p)o((’) k) and, again, ® p has everywhere trivial oo-component, see (28). Recall we can
compute ® p explicitly by Lemma 3.3. We write ®p =3, 1y, | 2_c, dc,[Cu] where the sum is taken
on irreducible components C,, of vertical bad fibers of Xj(p). Using notations of Lemma 3.3 (b) we also

define the following new vertical divisor at bad fibers:

Qo= D Y ace,Co, =Y. > al Cuom (52)

veEMg,v|p Qy v|p (no,mo)
so that .
mo
oo = (wnoeu (1 C(p-— 1)wno) - 1) o
Our very definitions imply
O} =[P, ®p] =[P, Dy k] (53)

for any P € Xo(p)(K). Using Faltings’ Hodge index theorem we can write the Néron—Tate height
hg(P — o0 +§) as

hg(P — 00 +6)
- ﬁ[P — 048 —Bp, P—ocotd— Dl
= m([l)’ ® 4200 — 281, +2[P, @plyy — [P p, Pplyy + [8, 200 — 8,4, — [00, 00] 1)
=ik gy 1F@t20- 25 + Dk 1y + [5, 200 — 81,4, — [00, 00],40)
B [Kl: gt @l (54)

with
@5 = (3(@+ Py k) +00—8) +csXoo (55)

for X some fixed archimedean fiber of Xy(p) and c; is the real number

cs = 3(—[00, 001, +[8, 200 — 8] ,4,). (56)
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Note that @&; does not depend on P (as &y g was introduced to that aim).
Let us now take § = %a)o = —%(H3 + H,) € 11—2 - Jo(p)°(Q), as defined in Proposition 3.6. (This is

Riemann’s characteristic (the “x” of [Hindry and Silverman 2000, p. 138] for instance, that is the generic
fiber of the Jo(p)(Q) ® R-part of w in the decomposition (32).) Set g x = %(wa + &y k). Then

we =05 = (g 00+ Po x +co kXoo) (57)

for cg x which, still using notations of Proposition 3.6 and its proof, is explicitly given by

1
TEI

= %(Cw — ¢4 —c3+ she(Hs + Hy) — ([OO]iO + [o0, H3 + H4]uo))

[K : Q]

1
= %(cw - m[oo],io + the(Hs + H4)).

As in the proof of Proposition 3.6 we invoke p. 673 of [Michel and Ullmo 1998] to assert hg (Hz+ Hy) =
O (log(p)). We moreover know from the same proposition and from Lemma 3.5 that both |c,,| = O(log p)
and [00, 0], = [K : Q]O(log p/p), so that

co.xk =[K : Q]O(log p). (58)
The contribution of ®g g is controlled by Lemma 3.3 and Remark 3.4. On one hand

0> [P, @yl =[P, ®pl= Y ac,,loglk,)> Y  —3e,log(p’") > —3[K : Qllog(p). (59)

veMg,v|p veMg,v|p

On the other hand, by (34), the coefficients of the vertical components &, , satisfy 0 > w, ,, > —e,, s0
Writing @y, mp,v for the coefficient in ®,, , of the component containing P (k(v)) we have

0= [P, Pyl =) npmpvlogik)) = Y —eylog(p’) = —[K : Q] log(p). (60)
v|p vlp
Putting (58), (59) and (60) together completes the proof of (48) and (49) and the proof. U

Remark 4.2. Estimates on the Green—Zhang function on X((p) as in the above theorem will be extended
below to the Néron model over Z of the whole jacobian Jy(p), see Proposition 5.8.

Remark 4.3. As already noticed, the involution w, acts as an isometry (actually, an orthogonal symmetry)
with respect to the quadratic form hg on Jo(p)(K) ®z R. Indeed w, acts as multiplication by &1 on
each factor of Shimura’s decomposition up to isogeny

o~ I I
feGq-S2(To(p))"eY
whose factors are hg-orthogonal subspaces. (See also [Menares 2008, Corollaire 4.3] or [Menares 2011,

Theorem 4.5(3)].) As w,, (@) = w° (see the proof of Proposition 3.6) this implies

h@(P — o0+ %a)o) :h@(wp(P — o0+ %wo)) :h@(wp(P) -0+ %wo) :h@(wp(P) —oo+%a)0)
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using once more that (0) — (c0) is torsion, so that

[P, &6l = [wp(P), ®elu, = [P, w,(@6)lw; ) = [P, W, (@)l (61)

(see Remark 3.1). This suggests it could sometimes be convenient to write @g in a w,-eigenbasis of
CH( p)“um instead of that of Theorem 3.2, for instance

CH(p)E™ =R-1(0+00) ®R - Xoo @y, [ ® (Jo(p)(K) ® R) (62)

where now the I',, decompose as the direct sum of eigenspaces Iy, ” ="' and Iy’ =t , with bases
(Com = Com = wp(Cum)} 1 and Gy = Com +wp(Crm) = Co= Coc} 12— (63)

respectively. Using 3.5 and Proposition 3.6, a lengthy but easy computation allows one to check that
@0 =g 2(0+00) + P+ yo Xoo
where CDJGS is an explicit vertical divisor above p with w (CD )= q’Jé’ so that indeed
w,(0e) = e

thus recovering (61).

Consider for instance the case of Xy(p) over Z, for p = 1 mod 12 (that is, Xy(p),z is regular, so
that there is no need to blow-up singular points of width larger than 1). Here I'y =T =R - Cy =
R ([Coo] — [Cop])) and one readily checks that

o = §<0 +00) + Yo Xoo (64)

that is, there is no I',-component at all in that case. Evaluating hg (%wo) as in the proof of Proposition 3.6
and using 3.5,

8
Yo = —7[00,0+00ly, +ho(50") = g0(log p/p) + O(log p) = O(log p).
We then turn to the j-height, first making a comparison of h; with the “degree component” (in the

sense of Theorem 3.2) of the hermitian sheaf w.

Proposition 4.4. Let h; be Weil’s j-height on Xo(p) as defined in Section 2B, and let jvo and i, be the
(1, I)-forms defined in (25) and (26). Recall supy, ,)c) & stands for the upper bound for all Green
functions g, 4 relative to some point a of Xo(p)(C) and to the measure .

If p is a prime number, K is a number field, and P belongs to Xo(p)(K), then

) (p+1

2
K @][ , 0]y, + O(p~log p) (65)

—— [P, 00],,+ sup gy, +O(1)
(K :Q] 7 o

hj(P)S(PJrl)(

and similarly

(p+D

3
K @][P,oo]uﬂrO(p ). (66)

hj(P)E(p+1)< [P, o0l + sup 8u9+0(1)>

(K : Q] Xo(p)(©)
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Remark 4.5. As explained in the proof below, the function O ( p? log p) of (65) comes from [Wilms
2017, Corollary 1.5] together with [Ullmo 2000, Corollaire 1.3] for the estimate of Faltings’ § invariant
for Xo(p), which imply the suprema of our functions verify

sup gy, < O(plog p). (67)
Xo(p)(©)
The function O (p?) of (66) in turns follows from the main result of [Bruin 2014]. Indeed this states
explicitly that supy, ) 8o = 0.088 - p>+7.7-p+1.6-10* [loc. cit., Theorem 1.2]. It follows from
measures comparison (see (74) below) and the method of P. Bruin that this holds for supy, ( »)(©) &ue 100,
so that

sup g, < O(pP). (68)
Xo(p)(©)

It seems that, at least in the case of Xo(p), if we plug into Bruin’s method the estimates of [Michel and
Ullmo 1998] regarding the comparison function F(z) between Green—Arakelov and Poincaré measures,
we recover bounds of shape O (p log p) instead of O( p?) (see [Bruin 2014], p. 263 and §8 (Theorem 7.1
in particular)), and the same again holds true for the Green function g,,,. One should therefore be able to
obtain the same error term O (p? log p) for (66) as for (65).

Note that the main theorems of [Jorgenson and Kramer 2006; Aryasomayajula 2013] might even yield
that the above functions O (p?) or O(p log p) could be replaced by a uniform bound O(1).

Proof. This is essentially a question of measure comparisons on X¢(p)(C) between j*(urgs) on one hand
(where ppys is the Fubini—Study (1, 1)-form on X (1)(C) =~ P!'(C)) and the Green—Arakelov form g
(respectively, u.) on the other hand. We adapt the main result of [Edixhoven and de Jong 2011a].

We define first a somewhat canonical Arakelov intersection product [-, -], on the projective line
using urs. Write [P’}OK = Proj(Ok[xo, x1]) = Sp_eczar(OK [7D (with j = x1/x¢), so that the horizontal
divisor co(Qg) is V(xg) and, for any P = [xg : x1], let the associated Green function be

2
_ . 1 |x0] 1 . 2
8urs,00(P) = &uups,00(j(P)) = 5 10g<—|xO|2 T IX1|2) = —5log(1+[j(P)I")

at any point different from oo = [0 : 1]. (We note in passing this ad hoc Green function does not need to
fulfill the normalization condition (24).) Then for any P in X (1)(K) one easily checks that

h;(P) — [j (P), 00l s | < 5 log(2). (69)

[K : Q]

Applying [Edixhoven and de Jong 2011a], Theorem 9.1.3 and its proof to the setting described above
gives, for any P in Xo(p)(K),

(P, 0huys <[P+ (p+ DY swp gy +3 Y [ togif+ e (70)
o Xo(p)o o Xo(p)o

where o runs through the infinite places of K and Xo(p), := Xo(p) X040 C.
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We estimate the right-hand terms of (70). As for the last integrals we recall that, on the union of disks
of ray |g| < r around the cusps (that is, on the image in Xo(p)(C) of the open subset D, :={z € H :
J(z) > —(logr)/2m} in Poincaré upper half-plane 7{) for some fixed r in 0, 1[, one has

f@ol_ 2
q |~ (1=r)?

for any newform f in S>(I'g(p)). (See for instance [Edixhoven and de Jong 2011b], Lemma 11.3.7 and
its proof.) We also know that the Petersson norm of such an f satisfies || f |> > we~*" [Edixhoven and
de Jong 2011b, Lemma 11.1.2]. Choose r = % to fix ideas. On Dy /2, we have (see (25)):

dq dq .

i TN 64e i —

= < —dg Ndq.
0= 2dim() fZGBZ I 2%

(Sharper bounds should be achievable, but the one above is good enough for our present purpose.) It
follows that there exists some real A such that, in the decomposition

f log(lj1* + Do = / log(|j1* + Do + / log(lj1*+ Do (71)
Xo(p)(©) Xo(p)(©)NDy 2 Xo(p)(©\D12
the first term of the right-hand side satisfies

e4n

. 64 . i -
/ log(|j1* + Dpo < [SLy(Z) : To(p)] log(ljI*+ Didg Andg < (p+1DA.
Xo(p)(O)NDq 2 4 X(M(O)NDy 2

As for the second term, remembering that g has total mass 1 on X(p)(C) we check that

log(|j1>+ Do < Myjp:=  max_ (log(|j]>+ 1))
/XO(I’)(C)\Dl/z / X(1)(O\D1y2

whence the existence of some absolute real number Ag such that

/ log(|j1* + Do < (p+ 1) Ag. (72)
Xo(p)(©)

Putting this together with (70) we obtain a constant C for which (69) reads

h;(P) <

P, j*(00)],, +(p+1 + Ap).
[K:@][ J*(00)]u + (p )(Xoiz)rzc)gm 0)

With notations of 3.5, one further has
Jj*(00) = p(0) + (00) = (p+ 1)oo + p - BY, (73)
as elements of éf{( p)&‘j‘/‘jo. Using 3.5(a) we get

6log p
p—1

I[P, &%, 1 <[K : Q]
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so that, with (67),

h;(P) < [P, (p+ Dooly, +(p+1D( sup gy, + Ao) + O(log p)

[K Q] Xo(p)(C)

[P, (p+ 1)ocl,, 4+ Co - p*log p,

- 1
T [K:Q]
which is (65).

The proof of (66) proceeds along the same lines, with one more ingredient. Applying Theorem
9.1.3 of [Edixhoven and de Jong 2011a] with the measure . instead of o gives the corresponding
version of (70). To obtain an upper bound for supy, ) &u. We recall that the theorem of Kowalski,
Michel and Vanderkam asserts that dim(J,) > dim(Jo(p))/5 for large enough p; see (23). Our measure

Mo i= dimlm >, %(f%’f A f‘i7‘1)/||f||2 (see (26)) therefore satisfies

0<pu, =< <5up. 74
_Me_dim(Je)MO_ Mo (74)

This shows that, as in (68), Bruin’s theorem [2014, Theorem 7.1] provides a universal ¢, such that
Sup gy, < e p’. (75)

Xo(p)(©)
Using (72) we obtain
/ log(j1> + Dpe < (p+ DA (76)
Xo(p)(©)

Finally, equivalence (73) remains naturally true in the Chow group éﬁ( p)%‘f‘lfe relative to the measure [,

instead of g, as remarked in 3.5(a). This completes the proof of (66). O
We can finally relate h; and the Néron—Tate height hg relative to the ©-divisor (see (10)).

Theorem 4.6. There are real numbers y and y, such that the following holds. Let K a number field and
p a prime number. Let o° := —(Hy + H3) be the 0-component of the canonical sheaf w on Xo(p) over K
(as in Proposition 3.6 and Theorem 4.1). If P is a point of Xo(p)(K) then

h;j(P) < (12+0(1)) -he(P — 0o+ 10°) +y - p*log p, (77)
h;(P) < 24+ o(1)) -he(P — 00) + y1 - p*log p. (78)

Remark 4.7. Theorem 4.6 offers only one direction of inequality between j-height and ®-height; with
our method of proof, it is harder to give an effective form to the reverse inequality, because of the metrics
comparisons we use (see below).

Notice also that going through the above proofs using the estimate supy, ,c) §u, = O (1) of [Jorgenson
and Kramer 2006] and [Aryasomayajula 2013] (see Remark 4.5) would even give an error term of shape
O(p) instead of O (p? log p) in (78).

Those results are in some sense (hopefully sharp) special cases of the main results of [Pazuki 2012],
after rewriting the j-function in terms of classical ©.
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Proof. Using Theorem 4.1, (51), Proposition 4.4 and (15) we obtain
+1
;_ 13h@(P — 00+ 10") + O(p? log p).

The last estimate (78) of the theorem comes from the fact that hg is a quadratic form and that

hj(P) <12

he () = O(log p) (79)

by the results of [Michel and Ullmo 1998] now many times mentioned. O

5. Height of modular curves and the various W,

We prove in this section a certain number of technical results about heights of cycles in the modular
jacobian, which will be useful in the sequel. For applications of the explicit arithmetic Bézout theorem
displayed in next section (Proposition 6.1), we indeed first need estimates for the degree and height of the
image of X((p), together with its various d-th symmetric-products (usually called “W,”), within either
Jo(p) or its quotient J,, relative to the ®-polarization. (For more general considerations on this topic, we
also refer to [de Jong 2018].) We estimate those heights both in the normalized Néron—Tate sense and for
some good (“Moret-Bailly”) projective models, to be defined shortly.

Let us first define the height of cycles relative to some hermitian bundle. For further details on this we
refer to [Zhang 1995], or to [Abbes 1997, Section 2] for a more informal introduction.

Definition 5.1. Let K be a number field and O its ring of integers. Let X be an arithmetic scheme
over Ok, that is an integral scheme which is projective and flat over Ok, having smooth generic fiber
X over K. Let F be a generically ample and relatively semiample hermitian sheaf with smooth metric,
see [Zhang 1995, Section 5]. We denote by ¢ (F) the first arithmetic Chern class of F, and similarly by
c1(F) the first Chern class of F.

Such a pair (X, F) will be called a model, in the sense of Zhang, of its pull-back (X, F) = (X, Fk)
to the generic fiber.

Consider a model (X, F) as in Definition 5.1, and let Y be a d-dimensional subvariety of X. The
degree of Y with respect to F' is as usual the nonnegative integer given by the d-th power self-intersection
of ¢1(F) with Y, that is

deg (Y) = (c1(F)|Y).

We shall sometimes also write that quantity as degz(Y).

Now let Y — X" be some “generic resolution of singularities” of ¥ (that is, some good integral model
for some desingularization of Y, see Section 1 of [Zhang 1995]). The height of Y with respect to F will
similarly be the real number obtained by taking the (dim )))-th power self-intersection of ¢;(F) with ),
divided by the degree of ¥ and normalized so that

CEA )

) = R QI+ 1) degp (1)

(80)
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One can check that definition® does not depend on the desingularization J) — X.

Instrumental to us will here be Zhang’s control of heights in terms of essential minima. Recall that the
(first) essential minimum w%*(Y) of Y is the minimum of the set of real numbers p such that there is a
sequence of points (x,) in Y(@) which is Zariski dense in ¥ and hr(x,) < u for all n. Zhang’s theorem

[1995, (5.2)] then asserts that
hr(Y) < u%(Y). (81)

Note that if hx > 0 on Y(@) one also knows from [Zhang 1995, Theorem 5.2] the reverse inequality

)

hr(Y) >
==

(82)

If (X, F) is a model over Ok, in the sense of Definition 5.1, of a polarized abelian variety (X, F)
over K = Frac(Og), and Y again is a d-dimensional subvariety of the generic fiber X, we still define its
normalized Néron—Tate height relative to F as the limit

. 1 n
hp¥) = lim — hr(INT]Y)

where N is any fixed integer larger than 1 and [N"]Y is the image of ¥ under multiplication by N" in X.
This normalized height, which is a direct generalization of the classical notion of Néron—Tate height for
points, is known not to depend neither on the model X of X, nor the extension F of F, nor its hermitian
structure (and not on N), so that the notation hp(-) is finally unambiguous. We refer to [Abbes 1997],
Proposition-Définition 3.2 of Section 3 for more details. We will actually use the extension of the two
inequalities (81) and (82) to the case where the heights and essential minima are those given by the limit
process defining Néron—Tate height (which is known to be nonnegative on points) that is, with obvious
notations "
e <) = ), (83)
see Théoréme 3.4 of [Abbes 1997]. As we will see in Section 5C and below, Moret-Bailly theory allows,
under certain conditions, to interpret Néron—Tate heights as Arakelov projective heights (that is, without

going through limit process).

5A. Néron-Tate heights. We shall apply the above to cycles in modular abelian varieties endowed with
their symmetric theta divisor: the notation hg will always stand for normalized Néron—Tate height of
cycles.

Proposition 5.2. Let X be the image via wa ol : Xo(p) = A of the modular curve Xo(p) mapped to
a nonzero quotient w4 : Jo(p) — A of its jacobian, endowed with the polarization ® 4 induced by the

51t could have been simpler to systematically use the definition of height of [Bost et al. 1994, Section 3.1] which does not
demand desingularization, as we do in the proof of Proposition 6.1 at the end of Section 6. We could not find references however
for Zhang’s inequality (see (81)) in that setting, so we stick to the above definitions.



2094 Pierre Parent
O-divisor (see (4), (9) and around). The degree and normalized Néron—Tate height of X satisfy

degg, (X) =dim(A) = O(p) and he,(X) = O(log p).
Proof. If (A, ©®4) = (Jac(Xo(p)), ©), it is well-known that the ®-degree of Xo(p) (or in fact any curve)
embedded in its jacobian via some Albanese embedding, equals its genus. That can be seen in many
ways, among which one can invoke Wirtinger’s theorem [Griffiths and Harris 1978, p. 171], which yields
in fact the desired result for any quotient (A, ® 4); using the notation before (12) we have
i fUn Y

degg , (X) =/ L =dim A < g(Xo(p)).

%o 2 TP
2

We then apply once more the fact (15) that the genus g(Xo(p)) is roughly p/12. (We could also more
simply say that the degree is decreasing by projection, as in the argument below.)

As for the height, the main result of [Michel and Ullmo 1998] gives that the essential minimum of the
normalized Néron—Tate height ug°(Xo(p)) is O(log p). As the height of points decreases by projection
(see Section 2A2 and in particular (7)) the same is true for ;,LeG;: (X) and we conclude with Zhang’s (83). U

Now for the Néron—Tate normalized height of symmetric squares and variants.

Proposition 5.3. Assume X := Xo(p) has gonality strictly larger than 2 (which is true as soon as p > 71,
see [Ogg 1974]). Let 1 := 1 : Xo(p) < Jo(p) be the Albanese embedding as in Proposition 5.2. Let
X@ be the symmetric square Xo(p)(z) embedded in Jy(p) via (P, Po) — 1(P1) + t(P,), and similarly
let X® -~ be the image of (Py, P) — t(P1) — t(P2). Let Xﬁ) and Xﬁ)’_ be the projections ofX(z) and
X @~ respectively, to J L (the “orthogonal complement” to the winding quotient J,; see Section 2B3).
Then with notations as in Proposition 5.2 taking A = Jo(p) and A = J el respectively one has

dego(X@®) = 0(p?) =dege(X® ), ho(X®) = 0(log p) =he(X® )
and the same holds for the quotient objects
dego: (XD) = 0(p?) =deger (X7 7). he (X)) = O(log p) =hes (XD7).

Proof. Denoting by p; and p, the obvious projections below we factor in the common way (see [Mumford
1966], paragraph 3, Proposition 1 on p. 320) our maps over Q as follows:

A

T

M
A X A _— A X A o (84)
(x,y) — (x+y, x—y\
A

50 X@ = proMo(matxmat)(Xo(p) x Xo(p)) and X@~ = pro Mo (mat x w40)(Xo(p) x Xo(p)) when
A = Jo(p), and the same with Xﬁ) and Xﬁ)’_ with A=1J el We endow A x A with the hermitian sheaf

TTALXTTAL

Xo(p) x Xo(p)
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0,422 := prO4 ® p3©4. Then M*(©4%?) =~ (©,4%%)®? [Mumford 1966, p. 320]. Therefore, writing X
for w41 (Xo(p)) in short and using Proposition 5.2,

degg, 2 (M (X x X)) =4degg 2 (X x X) =8(degg, (X))* = 0(g°).

As degree decreases by our projections and 0(g2) = 0(p2), degg, (X@) and degg, (X@-7) are O(pz).
By definition of essential minima,

B (X X X) < 20085 (X).

This implies that “Z)Sim M(X x X)) < 4,u‘(3)52 (X). Invoking (83) again and Proposition 5.2 together with
the fact that the height of points also decreases by projection,

won (XPD) < 1 e (M (X x X)) < 4p; (X) < 8he, (X) < O(log p).

Therefore
he, (X®) = O(log p). 0

Note that this proof applies more generally to any subquotient of Jo(p).

5B. Moret-Bailly models and associated projective heights. To build-up the projective models of the
jacobian (over Z, or finite extensions), and associated heights, that we shall need for our arithmetic Bézout,
we use Moret-Bailly theory, in the sense of [Moret-Bailly 1985b], as follows. For more about similar
constructions in the general setting of abelian varieties we refer to [Bost 1996, 2.4 and 4.3]; see also
[Pazuki 2012].

Let therefore (J, L(®)) stand for the principally polarized abelian variety Jy(p) endowed with the
invertible sheaf associated with its symmetric theta divisor, defined over some small extension of @ (see
(89) below and around for more details). Endow the complex base-changes of the associated invertible
sheaf L(®) with its cubist hermitian metric. If N; o, is the Néron model of J over the ring of integers
Ok of a number field K, we know it is a semistable scheme over Ok, whose only nonproper fibers are
above primes 13 of characteristic p, where it then is purely toric. At any such ‘3, with ramification index
eqs, the group scheme Aj o, has components group

P ~ (Z/NoepZ) x (Z/ep )8 (85)

for g :=dim J and Ny :=num((p — 1)/12) (see, e.g., [Le Fourn 2016, Proposition 2.11]).

We choose and fix an integer N > 0 and a number field K O Q(J[2N]), for all this paragraph, so that
all the 2N -torsion points in J have values in K. One then observes from (85) that 2N divides all the
ramification indices egs, and Proposition I1.1.2.2 on p. 45 of [Moret-Bailly 1985b] asserts that L(®) has a
cubist extension, let us denote it by £(®), to the open subgroup scheme N y of the Néron model N o,
over Ok whose fibers have component group killed by N.

Such an extension £(®) is actually symmetric [Moret-Bailly 1985b, Remarque I1.1.2.6.2] and unique
(see Théoreme I1.1.1.i on p. 40 of [loc. cit.]). Moreover £(®) is ample on A y [loc. cit., Proposition VI.2.1
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on p. 134]. Its powers L(®)®" are even very ample on N y xox Ok[1/2p] as soon as r > 3, as follows
from the general theory of theta functions. Provided N > 1, the sheaf £(©)®" is spanned by its global
sections on the whole of A/; y [loc. cit., Proposition VI.2.2], although we shall not use that last fact as such.
Picking-up a basis of generic global sections in H O(Jo( Pk, L(®)®V), with N > 3, we thus defines
a map Jo(p)x 2> P%, for n = N8 — 1. Assume our generic global sections extend to a set S in
HOW ., L(O)®N), Let J <L> P, be the schematic closure in PZ, —of the generic fiber WNiNnk=Jk
via the associated composed embedding Jx < Py < P, . Define M= ;" Opy, . (1) on J. Let on
the other hand My, , := (X;c5 Ok - s) be the subsheaf of £(©)®" on N y spanned by S. Write
v N 7.y — N.n for the blowup at base points for M7, , on N v, that is, the blowup along the closed
subscheme of N y defined by the sheaf £(©)®Y /M, ,. We have a commutative diagram

-/V’J,N
IN
/Nl \ (86)
Jx ¢ g

where the only nontrivial map janr (Whence 1r) is deduced from the fundamental properties of blowups.
Considering the complex base-changes of the generic fiber we note that M is automatically endowed
with a cubist hermitian structure induced by that of L(®)¢ (see [Bost 1996], (4.3.3) and following lines).

Definition 5.4. Given an integer N > 3, and a number field K containing Q(Jo(p)[2N]), we define the
“good model” for (Jo(p), L(®)®V) relative to some finite set S in HO(NJ,N, L(©)®N), which spans
HO(Jy(p), L(©®)®N), as the projective scheme 7 over Spec(Ox) enhanced with the hermitian sheaf M
constructed above, and h ¢ the associated height.

Outside base points for M, , on ;. v the blowup v : A7y y — N y is an isomorphism and on that
open locus we have

LO©)F 2= My, 213 M = j3Opy, (1) (87)

so we dwell on the fact that the height h of our “good models” for (Jo(p), L(®)®") will indeed
compute (N times) the Néron—Tate height of certain Q-points (those whose closure factorizes through
N n deprived from the base points for ), but definitely not all. For arbitrary points, still, one can deduce
from the work of Bost ([Bost 1996], 4.3) the following inequality.

Proposition 5.5. For any point P in Jo(p)(Q), the height hy((P) of Definition 5.4 satisfies
hy(P) < Nhe(P).

Proof. We briefly adapt [Bost 1996, 2.4 and 4.3] using our above notations. Of course this statement has
nothing to see with modular jacobians, and holds for any abelian variety over a number field. Let N’ be
some integer such that P defines a section of N y/(OF) for some ring of integers Or. Up to replacing
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Or by a sufficiently ramified finite extension, we can assume L(©)®" has a cubist extension £L(®)®" to
all of Ny v+ over O [Moret-Bailly 1985b, Proposition 1I.1.2.2]. One has

1 A
he(P) = — deg(P*(L(®)®N)).

N [F : Q]
As in (86) however we see that there is no well-defined map from Ny to P%F because £(©)®N needs
not be spanned by elements of S on all of A y/ (even though it is, by hypothesis, on the generic fiber).
To remedy this we adapt the construction (86).

If 7' : Ny v — Spec(OF) is the structural morphism, we define now M’y := (.5 OF - 5) as the
subsheaf of £(®)®N on Ay spanned by S, still endowed with the metric induced by that of £(®)®V.
One checks (see [Bost 1996, (4.3.8)]) that the projective model Jo, of (N n/)F =~ JF in [IJ”(‘QF defined as
in (86) yields a sheaf M’ on Jp,, whence a height ha¢, which coincides with the height h4 on the base
change of the good model Jo, .

Replacing N ' by its blowup v’ : N 7.8 — N v at base points for M’ in L(@)®N on Ny 1, we
keep on following construction (86) to obtain maps ¢/ : N 7N — Jo, and J' 5 N JIN — [P”(’QF such
that the Zariski closure of ;' /(N nv) identifies with Jo,. We moreover have

(M) =" (L(©)*V)® O(-E)

where E is the exceptional divisor of the blowup which is by definition effective. The section P of
N n(Op) lifts to some Pof N 7.8/ (OF). Let ep be the section of J(OF) defined by the Zariski closure
of P(F) in J. One can finally compute

1 Tao(o* Ny ST T YL, ’
hp(P) =hpae (P) = 7 @]deg(gp(/\/l ) = [F:@]deg(P (1 (M)

deg(P* (v (L(©)®V))) =

deg(P*(L(©)®V)) = Nhe(P). O

=

[F:Q] [F:Q]
The following straightforward generalization to higher dimension will be useful in next section.

Corollary 5.6. IfY is a d-dimensional irreducible subvariety of Jo(p) then
hpm(Y) < (d+1) Nhe(Y).

Proof. Combine Zhang’s formulas (81) and (83) with Proposition 5.5. O

Recall from (8) that one can define the “pseudoprojection” P i (too(X0(p))) of the image of Xo(p)<—=>
Jo(p) on the subabelian variety J,. C Jo(p). Let X,. be any of its irreducible components. Define
similarly X®, X @~ Xﬁ) and Xﬁ)’_ as in Proposition 5.3. Note that, by construction, the degree and
normalized Néron—Tate height of X, (and other similar pseudoprojections: Xﬁ) etc.), as an irreducible
subvariety of Jo(p) endowed with hg, are those of Ji Xo(p)) = Xﬁ)’_ relative to the only natural
hermitian sheaf of J;, that is, the 1 = © g+ described in paragraph 2A2 and estimated in Proposition 5.2.

Corollary 5.7. For any fixed integer N > 3, and any number field K containing Q(Jo(p)[2N]), let
(J, M) be the good model for (Jo(p), L(©)®N), and hpq the associated projective height, given in
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Definition 5.4. Let X be the image of Xo(p) <= Jo(p), and more generally X», X~ Xﬁ) and Xi)’_
be the objects X, ... defined in Proposition 5.3 (or their pseudoprojections). Then their M®%-heights
are bounded from above by similar functions as their Néron—Tate height (Proposition 5.3). Explicitly,
h/\/t®ﬁ (Xo(p)) is less than O (log p), and hM‘g% XD, etc., are all less than O (log p). Similarly the M®ﬁ-
degree of Xo(p) is O(p), and the M®%-degrees of X, etc., are all O(p?).

Proof. Combine Zhang’s formulas (81) and (83) with Propositions 5.2, 5.3 and 5.5. O

5C. Estimates on Green—Zhang functions for Jo(p). We shall later on need some control on the p-
adic Néron—Tate metric of ® as alluded to in Remark 4.3. (Those statements can probably be best
formulated in the setting of Berkovich theory, for which one might check in particular [Ducros 2007,
Proposition 2.12] and [Thuillier 2005]. A useful point of view is also proposed by that of “tropical
jacobians”, see [Mikhalkin and Zharkov 2008; de Jong and Shokrieh 2018]. We will content ourselves
here with our down-to-earth point of view). We therefore define
o p = lin (Dsp
K320,

as the direct limit, on a tower of totally ramified extensions Kq3/Q,, of the component groups ®g of the
Néron models of Jy(p) at *R3, see (85). The compatible embeddings

Z:=(Cop—Coxo) = ((0) = (00)) @ Z/NoZ — Psy

for each 3 induce an exact sequence 0 - Z — P »— h_r)nem (Z/epZ)8 ~ (Q/Z)¢ — 0. Passing to the
real completion yields a presentation:

0—>Z>~7Z/NyZ— dAJP,R — (R/Z) - 0 (88)

(where ® .,k must be the “skeleton”, in the sense of Berkovich, of the Néron model over Vi p of Jo(p), and
the tropical jacobian, see [de Jong and Shokrieh 2018], of the curve Xo(p) above p). The right-hand side
of (88) is more canonically written (R/Z)¢ >~ (R/Z)* / A(R), for A the almost diagonal map [Le Fourn
2016, Proposition 2.11.(c)]

A(z) — (w%z)liiig'f'l'

We then sum up useful properties about theta divisors and theta functions “over Z”.

As Jo(p) is principally polarized over Q, the complex extension of scalars Jo(p)(C) can be given a
classical complex uniformization C8/(Z¢ + tZ8) for some t in Siegel’s upper half-plane. The associated
Riemann theta function

0(z)= Y explim'm-7-m+2in'm-z) (89)
meZs8

defines the tautological global section 1 of a trivialization of O ;) (®¢c)(= M?l/ N) for ©¢ the image

We_1 of some (g — 1)-st power of X(p) in Jo(p). More precisely, Riemann’s classical results (e.g.,
[Griffiths and Harris 1978], Theorem on p. 338) assert that div(6(z)) = ®Oc¢ is the divisor with support



Heights on squares of modular curves 2099

{kp, + Zf:_ll tp,(P;), P; € Xo(p)(C)}, where for any Py € Xo(p)(C) we write tp, : Xo(p) — Jo(p) for
the Albanese morphism with base point Py, and k =« p, = “%(L Po(Kxo(p)))” for the image of Riemann’s
characteristic, which is some preimage under duplication in Jo(p) of the image of some canonical divisor:
o =1 Po(Kx,(p)) (see Theorem 4.6 above).

Among the translates @p = 1,0, for D € Jy(p)(C), of the above symmetric ®, the divisor ®, =
e = Z‘f:—ll oo (X0(p)@) defines an invertible sheaf L(©,) on Jo(p) over Q. If N, | denotes the neutral
component of the Néron model of J over Z and £(®,) is the cubist extension of L(©,) to N; | (compare
[Moret-Bailly 1985b, Proposition II.1.2.2], as in Section 5B above), we know that H QN 7.1, L(Oy))isa
(locally) free Z-module of rank 1, so that the complex base-change H O(Jo( p)(C), L(O.¢)) is similarly
a complex line. This means that if sy is a generator of the former space, whose image in the later we
denote by sy ¢, there is a nonzero complex number Cy such that

so.c(z) =Cy -0(z+k). (90)

Up to making some base-change from Z to some Og we can now forget about x and come back to the
symmetric ®; we define a global section

s70:=(t*)s0 € H' N1, L(®)p,) sothat s;0c(z)=Cy-0(2). (91)

If one replaces A by the Néron model, say NOK]’ of Jo(p) over any extension K; of K, then
[Moret-Bailly 1985b, Proposition I1.1.2.2] insures that up to making some further field extension K,/ K
the sheaf L(®)g, has a cubist extension E(@)OK2 to No &, X Ok, Ok, . Therefore s 70 extends to a rational
section (we shall sometimes write meromorphic section) of E(@)OK2 on NOK] X0, Ok,. Abusing
notations we still denote that extended section by s 70, and write accordingly © for its divisor div(s 7o)
on NoK] X ok, Ok, Because s 70 is well defined (and nonzero) on the neutral component of the Néron
model, its poles on N K, X0k, Ok, can only show-up at places of bad reduction.

Proposition 5.8. The multiplicity of the ®-divisor at any component of the Néron model of Jo(p) over Z,

normalized to be 0 along the neutral component, is O(p).

Proof. We start by the following observations. Let us write s 70 ¢(z) = Cy -0(z) as in (91). Take D in
Jo(p)(C) which can written as the linear equivalence class of some divisor

g
D=7} —(Qi—)

i=1
for points Q; in Xo(p)(C). We associate to D the embedding

te+p - Xo(p) — Jo(p), Prcl(P—oco+k+ D)

where « is Riemann’s characteristic (see just before (57)). For such a D whose Q; are assumed to belong
to Xo( p)(@), we know from the proof of Theorem 4.1 (see (54)) that

1 -
he (Le+p(P)) = m[ﬂ @plu, 92)
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with
dp= Qi+®p+cpXeo (93)
and ®p is the explicit vertical divisor

8
Op=3(Py+Py)— Y Do, (94)
i=1
at each bad place, with notations as those of the proof of Theorem 4.1; see (55).
Moreover, it is well known that there is a subset of Jy(p)(C) which is open for the complex topology,
and even the Zariski topology, in which all points D = Zf —(Q; — o0) as above are such that

dime H%(Xo(p)(C), L(—D + g - 00)¢) = dime H(Xo(p)(C), i, pL(O¢)) = 1 (95)

so that ¢} +p(@®c) = Y. Qi.c. the latter being an equality between effective divisors, not just a linear
equivalence [Griffiths and Harris 1978, pp. 336-340]. As the height hg, in the Néron model of Jo(p),
can be understood as the Arakelov intersection with ® = div(s 7o) it follows that, on the curve Xy(p),
div(s70,.c) N e p(Xo(P)(C) = U; tern(Qic) or div(ty, (s z0,¢)) = D_; Qi over C. More precisely,
extending base to some ring of integers Ok so that the Q; define sections of the minimal regular model
Xo(p)o, of Xo(p) over Ok, and making if necessary a further base extension such that £(®) has a
cubist extension on the whole Néron model of Jo(p) over Ok (as after (91)), one sees that s 70 defines a
meromorphic section of £(®)p, and the restriction to the generic fiber Xo(p)x of div(i} +p(s70)) has
to be equal (and not merely linearly equivalent) to ) ; Q;. Now in such a situation, the multiplicity of
div(s_70) on a component of the Néron model to which AXp( p)smo"th is mapped via ¢, p, can be read on
the multiplicity of ¢, (s 70) along that component of Xo( p)sm"Oth In turn, because of decompositions of
the arithmetic Chow group similar to that of Theorem 3.2, multiplicities of div(s 7o) are determined by the
®p of (93), up to constant addition of vertical fibers. The property that div(s 70) has multiplicity O along
the neutral component of the Néron model (see (91)) fixes that last indetermination. Now if 3 is a place
of bad reduction for Xy(p)o,, and if the Q; move slightly in the J3-adic topology (without modifying
their specialization component at 3), the vertical divisor @ does not change either at )3, and the above
reasoning regarding the components values of ® is actually independent from the fact that condition (95)
holds true or not (provided, we insist, that the specialization components of the Q; at *J3 do not vary).
We shall gain some flexibility with a last preliminary remark. If £ is any integer between 0 and Ny — 1
(recall N is the order of the Eisenstein element (0 — 00)), the divisor wp of (93) can still be written as

&p = (k-0+ (g —k) - 00 —k®c, + 2(Po, + Py) — D) +cpXoo

so that if

8
(Z >+k<o 00) = Z <Q1—0)+Z —(Q; — o0)

i=1 i=k+1
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then op = Z}g:] Qi+ ®p + cpXs where ®p is still

8
Op=1(@u+Py)— Y Do, (96)
i=1
Coming back to the proof of the present Proposition 5.8, and assuming first D = 0, it follows from
what we have just discussed that the multiplicity of the ®-divisor on the components of the jacobian to
which the components of Xj( p)%‘}f"th map under ¢, is given by the functions g, and G of (45) and (46);
see Theorem 4.1. To obtain the multiplicity of the ®-divisor on all components of the jacobian we shall
shift our Albanese embeddings ¢, p in order to explore all of Jo(p)/Jo(p)° with successive translations
of Xo(p)BHo™ inside Jo(p).
To be more explicit, let ¢ be an element of the component group Jo(p)/Jo(p)° at B, and D =
le(Pi — 00) be a divisor, with all P; in Xo(p)(K), which reduces to € at*3. For all r in {1, ..., g},
set D, =Y '_ (P; —o0) and let also k, in {1, ..., No— 1} and Q; , be g associated points on the curve
such that one can write both

r 8
D,=Y (Pi—o0) and D,=Y —(Qj,—00)+k(0—00).
i=1 i=1

As always in this proof, up to making a finite base-field extension one can assume all points have values
in K. Recall also from the discussion above that one can move slightly the Q; in the 93-adic topology, as
all that interests us here is the component €,, 1 <r < g, of (Jo(p)/Jo( p)o)qg to which D, maps. One
can therefore assume if one wishes that ¢ p,(Oc) = > Qi.c (equality, not just linear equivalence). The
presentation of ®yz given in (88) and above also shows one can assume that the specialization components
at P of the Q; ,, in Ap( p)%n[f‘“h, which are not Cyo, are all different (see Figure 1).

Taking first D = 0, that is, using the map ¢,, we already remarked that (94) implies the value V; of
div(s 7o) on €y is V) = [5(@y + D), Pi| = 3([Pw, P11+ [Pp]%) (see (53)). By Remark 3.4 and (34),
Vil <2.

Going one step further we reach €, by considering the Albanese image ¢, 1 p, (Xo( p)%‘}fom) and looking
at the image of P,. Here we need not to forget that the co-cusp in Xy(p) now maps to &€;, so the
normalization of components-divisor on the curve Xgy( p)%‘f"th at 3 cannot be fixed to be 0 along the co-
component any longer; it needs to take the value V| found above, in order to match with the normalization
of the theta divisor on the jacobian. Applying the same reasoning as before with formula (96) gives that
the value of ® on &5 is

8 8
Vy= |:P2, 1O+ Dy) =) Do, + V1:| = 1@y, P1+[0p1) =) [®g,,. P21+ Vi

i=1 i=1

so that | V| <9 invoking Remark 3.4 again, and recalling the Q; ; specialize to different branches of
Figure 1.
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From there the inductive process is clear which yields that the value of ® on €, has absolute value less

or equal to 7r, whence the proof of Proposition 5.8. (Il

5D. Explicit modular version of Mumford’s repulsion principle. We conclude this section by writing-
down, for later use, an explicit version of Mumford’s well-known “repulsion principle” for points, in the
case of modular curves.

Proposition 5.9. For P and Q two different points of Xo(p)(Q) one has
-2
ho (P = 0) = 1= (he(P — 0) +he(Q — 00)) — O(plog p) 97)

Proof. Let K be a number field such that both P and Q have values in K. Using notations of Section 3,

the adjunction formula and Hodge index theorem give
2[K:Qlhe(P—Q0)=—[P—=Q0—Pp+ Py, P— Q0 —DPp+ DPply,
=[P+ Q, @y, +2[P, Qly, +[@p — Dol
> [P+ Q, @]y, —2[K : Qlsup g, + [®p — Dol
In the same way,
[P, @]y = 2K : Qlhe(P — 00) = 2[P, 00y, +[0o], — [®@p]°
> [K : Qlhe(P — 0o+ 30°) — 2[P, 00l + [00]%, — [®p]?
where the last inequality comes from the quadratic nature of hg, plus the fact that the error term of (97)

allows us to assume hg(P —o0) > 1/(12 — 8\/§)h@ (%) = O(log p) (see (79) and the end of proof of
Theorem 4.6). Now by (51),

1
he(P — oo+ J°) = Koa) 8 ot Ologp)

and using Remark 3.4 and 3.5 gives
-2
[P, o], > gT[K : Qlhe (P — 0o+ 1) +[K : Q10 (log p).

As [Pp, Dol =[P, Ppl =[Q, Ppr], we have |[Pp, Pp]| < 3[K : Q]log p using Remark 3.4 again.
Putting everything together with Remark 4.5 about sup g,, we obtain

-2
he(P - Q) = %(h@(f’ —00+30") +he(Q — 0o+ 30")) — O(plog p)
which, by our previous remarks, can again be written as
-2
ho (P = Q) = £ (he(P —00) +ho(Q ~ 00)) ~ O(plog p). O

(For large p, the angle between two points of equal large enough height is here therefore at least

arccos > —g > Z

T ¢ - Of course the natural value is 7, to which one tends when sharpening the computations.)
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6. Arithmetic Bézout theorem with cubist metric

We display in this section an explicit version of Bézout arithmetic theorem, in the sense of Philippon
[1994] or Bost, Gillet and Soulé [1994], for intersections of cycles in our modular abelian varieties over
number fields, with the following variants: we use Arakelov heights (as in Section 5 above, see (80))
on higher-dimensional cycles and we endow the implicit hermitian sheaf for this height with its cubist
metric (instead of Fubini—Study).

It indeed seems that one generally uses Fubini—Study metrics for arithmetic Bézout because they are the
only natural explicit ones available on a general projective space (a necessary frame for the approach we
follow for Bézout-like statements). They moreover have the pleasant feature that the relevant projective
embeddings have tautological basis of global sections with sup-norm less than 1 which, for instance,
allows for proving that the induced Faltings height is nonnegative on effective cycles [Faltings 1991,
Proposition 2.6]. For our present purposes however, we need bounds for the Néron—Tate heights of points,
that is, Arakelov heights induced by cubist metrics. One could in principle have tried working with
Fubini—Study metrics as in [Bost et al. 1994] and then directly compare with Néron—Tate heights, but
comparison terms tend to be huge. In the case of rational points, for instance (that is, horizontal cycles
of relative dimension 0), within jacobians, those error terms are bounded by Manin and Zarhin [1972]
linearly in the ambient projective dimension, that is exponential in the dimension of the abelian variety.
In other words, for our modular curves, the error terms would be exponential in the level p. It is therefore
much preferable to stick to cubist metrics. This implies we avoid the use of joins as in [Bost et al. 1994],
as those need a sheaf metrization on the whole of the ambient projective spaces, and we instead use plain
Segre embeddings. The extra numerical cost essentially consists of the appearance of modest binomial
coefficients, which do not significantly alter the quantitative bounds we eventually obtain.

We also need to work with projective models which are “almost” compactifications of relevant Néron
models of our jacobians. This we do with the help of Moret-Bailly theory as introduced in Section 5.

Let us recall that there still is another approach for such arithmetic Bézout theorems which uses Chow
forms [Philippon 1994; Rémond 2000]. That is however known to amount to working again with Faltings’
height relative to the Fubini—Study metrics [Philippon 1994; Soulé 1991] that we said we cannot afford.

Finally, regarding generality, it would of course be desirable to have a proof available for arbitrary
abelian varieties. Many of the present arguments are however quite particular to our application to Jo(p).
We therefore prefer working in our concrete setting from the beginning, instead of considering a somewhat
artificial generality.

Proposition 6.1 (arithmetic Bézout theorem for Jy(p)). Let (Jo(p), ®) be defined over some number
field K, endowed with the principal and symmetric polarization ©. Let V and W be two irreducible
K -subvarieties of Jo(p), of dimension dy := dimg V and dy := dimg W, respectively, such that

dy +dw < g =dim Jy(p)

and assume V N'W has dimension 0.
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If P is an element of (V N W)(K) then its Néron—Tate ©-height satisfies

4dvtdw (dy 4+ dy + 1)!
he(P) < > doldn] degg (V) dege (W)l(dw + Dhe(W) + (dv + Dhe (V) + O(plog p)].
(98)

Remark 6.2. The general aspect of the above release of arithmetic Bézout might look a bit different from
the original ones, as can be found in [Bost et al. 1994]; this is due to the fact that our definition of the
height of some cycle Y (see Section 5, (80)) amounts to dividing its height in the sense of [loc. cit.] by
the product of the degree and absolute dimension of Y.

Let us first sketch the strategy of proof, which occupies the rest of this Section 6. We henceforth fix a
prime number p and some perfect square integer N := r2. (We shall eventually take = 2.) We write
(J, M) for the Moret-Bailly projective model of (Jo(p), L(©®)®V) given by Definition 5.4, relative to
some given set of global sections S in H 0N J.N L(©)®N), of size N&, to be described later (Lemma 6.5).
That model is defined over some ring of integers Og. Consider the morphisms

J—2.20%xT

pl\\*\ (99)

S 2
n n n“+2n
Pl X Pl s P

where A is the diagonal map, n = N$ — 1, P is the product of two S-embeddings J <> P" = Po, and
the application ¢ : J x J — P21 s the composition of the Segre embedding S with P. As sheaves,

§*(Op242(1)) = Opr (1) @0 Opn (1) and  P*(Opn (1) @0y Opn (1)) = M Q0 M =: M™

so that
F(Opiian (1) = M™?
and
A**Opin (1) = M@0, M = M2 (100)

We naturally endow the sheaves MB2 M®2 and so on with the hermitian structures induced by the
cubist metric on the various M,, for o : K < C, denoted by ||-||cub-

We then pick two copies (x;)o<i<n and (y;)o<;<, of the canonical basis of global sections for each
Opn (1) on the two factors of PP, x [P”(’9 of (99), which give our basis S by restriction to 7. Then we
provide the sheaf (’) 2242, (1) on IP" 2 with the basis of global sections (z; J)0<, j<n» €ach of which is
mapped to x; ®o, y; under S*. Deﬁne D as the diagonal linear subspace of [P’” 27 defined by the linear
equations z; ; = z;,; forall i and j.

Let V, W C J = Jk be two closed subvarieties over K. The support of V N W is the same as that of
(to A" (DN (V x W)). To bound from above the height of points in V N W it is therefore sufficient to
estimate Faltings’ height of DN (V x W), relative to the hermitian line bundle Opnz 2. (D s xs) endowed
with the cubist metric. As D is a linear subspace that height is essentially the same as that of (V x W),
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up to an explicit error term which depends on the degree. In turn this error term is a priori linear in the
number of (relevant) equations for D, and this is way too high. But if one knows V N W has dimension 0,
it is enough to choose (dim V +dim W) equations (up to perhaps increasing a bit the size of the set whose
height we estimate), which makes the error term much smaller.

That is the basic strategy of proof for Proposition 6.1. To make it effective however we must control
the “error terms” alluded to in the preceding lines, and those crucially depend on the supremum, on the
set S, of values for the cubist metric of global sections defining the projective embedding 7 <> Po,-
We shall build that S using theta functions as follows.

Recall Riemann’s theta function on Jy(p) introduced in Section 5C; see (89). Its usual analytic norm is

10(2)lan := det(3())/* exp(—=myS (1) ') 10(2)] (101)

for z =x 4+ iy € C8 (see [Moret-Bailly 1990, (3.2.2)]). That analytic metric will have to be compared to
the cubist one, about which we recall the following basic facts.

Let A be an abelian variety over a number field K, which extends to a semiabelian scheme .4 over the
ring of integers O . We endow A with a symmetric ample invertible sheaf L. Define, for I C {1, 2, 3},
the projection pj : A3 > A, pr(xy, xz, x3) = Zi <7 Xi- It is known to follow from the theorem of
the cube [Moret-Bailly 1985b] that the sheaf D3(L) := ®1g{1,2,3} p}%@(_l)'” is trivial on A3, Let us
therefore fix an isomorphism ¢ : O 43 — D3(L). For every complex place o of Ok one can endow L,
with some cubist metric ||-||, such that one obtains through ¢ the trivial metric on O 43. Each cubist
metric ||-||, is determined only up to multiplication by some constant factor so we perform the following
rigidification to remove that ambiguity. If 0 4 : Spec(Og) — A denotes the zero section, we replace L by
L ®o, (r*0%L®™!) on A. Then

OZ(ﬁ) ~0 K

and we demand that the ||-||, be adjusted so that the above sheaf isomorphism is an isometry at each o,
where Ok is endowed with the trivial metric so that ||[1|| = 1. This uniquely determines our cubist
metrics ||-]lo. Now by construction the hermitian sheaf £ on A defines a height h verifying the expected
normalization condition h(0) = 0.

Having the same curvature form, the analytic and cubist metrics are known to differ by constant factors,
at each complex place, on the theta sheaf, as we shall use in the proof of Lemma 6.4 below.

Recall we also defined in (91) a “meromorphic theta function s 70 over 7”, which can be generalized;
we have [r]*L(O)n;, | ~ L(@)@”2 on Nj , [Pazuki 2012, Proposition 5.1], so we define a global section

sp = (1115, )50 € HOWG -, [P L(0) 0, ). (102)

We will shortly show how to control the supremum of [|s 7o [|cup, therefore of ||saqlcun, 0n Jo(p)(C) (see
Lemma 6.4). Writing N = r2, we shall moreover fix the morphism J 4 N N = J = Py, of (86) by
mapping the canonical coordinates (x;)o<i<n to sections (s;) which will be translates by r-torsion points
of a multiple of the above s by some constant, as explained in Lemma 6.5 and its proof.
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This will allow us to control as well the supremum of those s;, relative to the cubist metrics, on the
complex base change of our abelian varieties, as is required by the proof of arithmetic Bézout theorems.

We now start the technical preparation for the proof of Proposition 6.1, for which we need some
lemmas on the behavior of heights and degree under Segre maps, comparison between cubist and analytic
metrics on theta functions, and estimates for all.

Lemma 6.3. There is an infinite sequence (P;);cn of points in Xo(p) (Q) which are ordinary at all places
dividing p and have everywhere integral j-invariant. Moreover their normalized theta height satisfies
h@(P,- -0+ %a)o) = 0(p3), with notations of Theorem 4.1.

Proof. Let (¢;)n be a infinite sequence of roots of unity. One can assume none are congruent to some
supersingular j-invariant in characteristic p, modulo any place of @ above p. (Indeed, as the supersingular
J-invariants are quadratic over [, it is enough for instance to choose for the ¢; some primitive £;-roots
of unity, with ¢; running through the set of primes larger than p> — 1.) Lift each j-invariant equal to ¢; to
some point P; in Xo(p)(Q). By construction, this makes a sequence of points with j-height h j(P;) equal
to 0. As for their (normalized) theta height one sees from Theorem 4.1 that

he(P; — oo+ 30°) = m[l’i, 00l = W)l@] U-K%:%g *8uo (00, 0 (P;)) + O(log p)

as the contribution at finite places of [P;, oo] is 0. It is therefore enough to bound the |g,,, (00, o (P;))].

Now |j(P;)|s =1 forall o : K(P;) — C, so the corresponding elements t in the usual fundamental
domain in Poincaré upper half-plane for Xo(p) or X (p) are absolutely bounded, and the same for the
absolute values of ¢; = e%”*. (For a useless explicit estimate of this bound one can check Corollary 2.2
of [Bilu and Parent 2011] which proposes |g;| > ¢~2>%) From this, running through the proof of
Theorem 11.3.1 of [Edixhoven and de Jong 2011b], and adapting it to the case of X¢(p) instead of X (pl),
we deduce that the o (P;) do not belong to the open neighborhood, in the atlas of [loc. cit.], of the cusp
oo in Xo(p)(C). Therefore Proposition 10.13 of [Merkl 2011] applies and gives, with notations of that

work,
18110(00, & (P))] = 1849 (00, 0 (P})) — hoo (0 (P)| = O(p*) (103)
(see Theorem 11.3.1 of [Edixhoven and de Jong 2011b] and its proof). ]
Lemma 6.4. Let sy be the “theta function over Z”, that is, the global section introduced just before (90).
One has
sup (logllse llcub) < O(plog p). (104)
Jo(p)(C)

Proof. Writing sy c(z) = Cyp -6 (z+«) as in (90), we shall bound from above both |Cy | and the contribution
of the difference between cubist and analytic metrics. Then we will use upper bounds for the analytic
norm of the theta function due to P. Autissier and proven in the Appendix of the present paper.

We invoke again some key arguments of the proof of Proposition 5.8. For D in Jy(p)(C), written as
the linear equivalence class of some divisor Zle (P; — 00) on Xo(p)(C), we indeed once more consider
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the embedding
t—p : Xo(p) = Jo(p), P> cl(P-o0o+k—D)

as in Proposition 5.8. For such a D whose P; are assumed to belong to X( p)(@), we recall (92) that

he(te—p(P)) =

— | P P+ Xoo .
[K(P,D):Q][ Z Topten LO

If the P; all have everywhere ordinary reduction, as will be the case in (105) below, the vertical divisor
@ p will contribute at most O (log p) to the height of points (see Remark 3.4).

Note that we can fulfill condition (95) considering only points P; of same type as occurring in Lemma 6.3
(which, in particular, are ordinary and have integral j-invariants), because those P; make a Zariski-dense
subset of X ( p)(@) (and the onto-ness of the map X (p)® o, Jo(p)). We therefore conclude as in the
proof of Proposition 5.8 that div(¢;_,(sg)) has indeed to be (Zl P+ D) on Xo( p)%“;’mh.ﬁ

On the other hand, for some of those choices of (P;)1<;<,, our Z-theta function s¢ does not vanish at
tie—p(00)(C), so hg(t,—p(0c0)) can also be computed as the Arakelov degree:

he (te—p(00)) = deg(c0*t*_;(L(©))).

Integrality of the P; shows the intersection numbers [co, P;] have trivial nonarchimedean contribution.
The only finite contribution to our Arakelov degree therefore comes from intersection with vertical
components, that is, if Kp is a sufficiently large field over which D is defined, then for a set of elements
(Zo),. Kpes@ which lift o (— D) in the complex tangent space of Jo(p) to O one has

he (1 (00)) = deg (0, ) (1 p £(©))) = deg(0%7, ) (1" pL(O)))

1
=@ L gl + Ollog ).

o

KD%C
whence, as sg.c(z) = Cy -0(z + k),
1
log|Cy| = —he (te— _ 1 0 o) lcu od ) 105
0g|Cy| 6 (te—p(00)) [KW):@]K(;%O‘%” (24 1)) llcub + O (log p) (105)
p(K)—>

Following [Gaudron and Rémond 2014b, paragraph 8] we now write Jo(p)(C) = C8/(Z8 + tZ8) for t
in Siegel’s fundamental domain, write z € C8 as z =t - p 4 ¢ for p, g € R8, and introduce the function
F : C8 — C defined as

F(z) =det(23(2))"/* Y " exp(in’ (n + p)r(n+ p) +2in'ng).

nezs
One then has |F(2)| = 28/*||0(2) ||an. Indeed there is a constant A € R* such that [F(z)| = A - [10(2) [lan
(see the end of proof of Lemma 8.3 of [loc. cit.]), f Jo(p)(c)|F |>dv = 1 (where dv is the probability

6Although we shall not use this, one can check that hg (¢, — p (00)) = || _(Zi P, — oo) + %wo ||%_) = O(ps) by Lemma 6.3
and (79).
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Haar measure on Jy(p)(C), see [loc. cit., Lemma 8.2(1)]), and fjo(p)(C)HG(z)Hﬁn dv =278/ (see, e.g.,
[Moret-Bailly 1990, (3.2.1) and (3.2.2)]). Therefore Lemme 8.3 of [Gaudron and Rémond 2014b] gives,
using definitions of [loc. cit., Théoreme 8.1],

1

Kot > (10gl8((z+K)o) lan + £ 10g 2) < he (te—p(00)) + Shr(Jo(p)) + § log 2.

Kp()=>C
Remember Faltings’ height of Jo(p) is known to satisfy hg(Jo(p)) = O(plog p) by [Ullmo 2000,
Théoreme 1.2]. (We remark that Ullmo’s normalization of Faltings’ height differs from that of Gaudron
and Rémond, but the difference term is linear in g = O (p) so the bound O (p log p) remains valid for the
above hr (Jo(p))). Writing ||-|lcub = €?||-|lan We therefore see that (105) implies

log|Cy|+¢ < 5hr(Jo(p)) + O(p) < O(plog p).

Given this upper bound for e |Cy| we can now go the other way round to derive an upper bound for
IIsg llcub = Cy - 10 (z+«) |lcub, DY using estimates for analytic theta functions. For any principally polarized
complex abelian variety whose complex invariant 7 is chosen within Siegel’s fundamental domain Fg,
Autissier’s result in the Appendix (Proposition A.1 below) indeed gives, with notations as in (101), that

G P @llan = exp(=myI(@) )16 ()] < 85 (106)

We refer to the Appendix for a bound which is slightly sharper.’
As for the factor det(3(7))'/4, Lemma 11.2.2 of [Edixhoven and de Jong 2011b] gives the general
result

229)!V;

~eonl/2 — 28!V ,

det(3(z)) "/ < 2V, || Ais
g+1<i<2g

where for any k we write V; for the volume of the unit ball in R* endowed with its standard Euclidean
structure, and the A, are the successive minima, relative to the Riemann form, of the lattice A =78 +1-78.
To bound the A; we need to invoke an avatar of [loc. cit., Lemma 11.2.3]. But the very same proof shows
that for any integer N, the group I'o(N) has a set of generators having entries of absolute value less or
equal to the very same bound N°/4. (That term could be improved, but this would have an invisible
impact on the final bounds so we here content ourselves with it.) We can therefore rewrite the proof of
Lemma 11.2.4 verbatim. This gives that A is generated by elements having naive hermitian norm ||x ||2E
less or equal to gp*®. Finally, in our case the Gram matrix is diagonal (no 2 x 2-blocks, at the difference
of Lemma 11.1.4 of [loc. cit.]) so Lemma 11.2.5 a fortiori holds: if ||-|| p denotes the hermitian product
on C¢ induced by the polarization, -2 < e*™ /T ||-||%5. This allows to conclude as in p. 228 of [loc. cit.]:

2g 2 e4n 46 8
(11 %) =(5e)
T

i=g+1

TWorks of Igusa and Edixhoven and de Jong [2011b, pp. 231-232] give 1/det(3(2))/4[10(2) lan < 238°+5%.
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so that
log(det(3(z))) < O(plog p)

and combining with (106),
log”O(Z)”an <O(p 10g D).

Putting everything together finally yields
sup loglisg,.c(@llecws = sup log|[Cy -0(z+«)llcu

2€Jo(p)(C) 2eJo(p)(C)
= (log|Cs|+¢)+ sup log||0(z+«)llan
2€Jo(p)(©)
< O(plogp). O

Lemma 6.5. Assume the same hypothesis and notations as in Definition 5.4. After possibly making some
finite base extension one can pick a set S in HO(N/,4, L(O®)®%) of 48 global sections (Si)1<i<ae, which
span L(©)®* on Ny 4[1/2p], and verify

sup (log|ls; llcun) < O(plog p). (107)
Jo(p)

Proof. We fix N = r? = 4 for the construction of a good model as in Definition 5.4. Up to making a base
extension, we can assume L(®)®* and [2]*L(©) have cubist extensions £(©)®* and [2]*L(®)) on N 7,45
respectively. As ® is symmetric one knows there is an isomorphism [2]*£(®) — £(©)®* which actually
is an isometry [Pazuki 2012, Proposition 5.1], by which we identify those two objects from now on. On
the other hand, every element x of Jo(p)[4] (@) = Jo(p)[4](K) defines a section X in N 4(Spec(Ok)).
Letting #; denote the translation by X on N 4 we have

£EL(@)% ~ L(0)%, (108)

(This is indeed true over C by Lemma 2.4.7.c of [Birkenhake and Lange 2004], hence over K, then over
Spec(Ok) by uniqueness of cubist extensions.) The interpretation as Néron—Tate heights shows that as
L(0) is endowed with its cubist metric, this isomorphism even is an isometry. Recall the section s
defined in (102), belonging to H(\; 2, [2]*£(©)). Up to making an extension to some larger base ring
of integer, we may assume s extends as a meromorphic section on N 4 and Proposition 5.8, which
gives estimates on the poles of s 70 at bad components, implies that s is actually holomorphic (has no
pole on the new components) after multiplication by some power C; of p with logC1 = O(plog p). We
can therefore define a set (s;)1<j<4¢ in H 0N 7.4, [2]*£(®)) made of 4% elements of shape

Si :=t;-‘l_C1-sM (109)

for X; running through a set of representatives, in Jo(p)[4](K), of Jo(p)[4]/Jo(p)[2]. Note that one can
explicitly lift sp¢ on the complex tangent space at 0 of Jo(p)(C) as

sme(z) =Cy-0(2-2) (110)
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where Cy is defined in the proof of Lemma 6.4 and the s; ¢ are constant multiple of the basis denoted by
ha’ 5(2) in [Mumford 1984], Proposition II.1.3.iii on p. 124.8 From here, Lemma 6.4 and Proposition 5.8
give (107).

By the theory of theta functions [Pazuki 2012, Proposition 2.5 and its proof; Mumford 1966; Moret-
Bailly 1985b, Chapitre VI] the s; make a generic basis of global sections, which span £(©)®* over
Spec(Ok[1/2p]). U

Lemma 6.6. Let V and W be two closed K -subvarieties, with dimension dy and dw respectively, of a
smooth projective variety A over a number field K, endowed with an ample sheaf M. Assume the flat
projective scheme (A, M) over Spec(Ok), with M an hermitian sheaf on A, is a model for (A, M). Let
V and W be the Zariski closure in A of V and W respectively. Then, with definitions as in [Bost et al.
1994, §3.1],

dy +dw

(e M=+ | (v ewy = (V)

)@ V(e ()™ | W) (1)

and

(& (MB2ydv vl 1y s )

dy +dw+1 . dy+dw+1\ .
=(“T T ) @on® @ wy (VTN @n ) e o w). (12)
Vv w
Remark 6.7. Equation (111) can be read as
dy +dw

deng(VxW):( o )degM(V)degM(W).

Equation (112) in turn fits with Zhang’s interpretation (83) in terms of essential minima, compare the
proof of Proposition 6.1 below.

Proof of Lemma 6.6. For (111), one can realize it is elementary, or refer to Lemme 2.2 of [Rémond
2010], or proceed as follows. Using (2.3.18), (2.3.19), and Proposition 3.2.1(iii) of [Bost et al. 1994], and
noticing

ct(M™?) = ¢ (M) x 1+1x ¢ (M)

(and same with ¢ (M) and ¢ (M™?) instead) one computes

a/k

8 where it seems by the way that the expression “ha E(Z) =v [ bk ] (-7, )" should read - - - = ﬁ[g;]; ] (k-7Z, Q)” (notations

of [loc. cit.]).
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(c1 (ME2)dv+dw | (v % W) = (dvidw<dv4];dW)cl(M)k e (M)W +w =k | 7 5 W)
k=0
=d\§d:w(dv—fk—dw)(cl(M)k w e (M)W= | v s W)
k=0
- dvffw(dv*,;dw)@l(M)" | V) er (M [ )
k=0
= (VMY ™ Ve | ).

where the last equality comes from the fact that the only nonzero term in the line before occurs for k =dy .
An analogous computation, using [Bost et al. 1994, (2.3.19)], can be used for the arithmetic degree:

(61 (M|Z|2)dv+dw+l | V x W)

dy+dw+1
= 3 (MTPTD) @t iy o)
k=0
dy +dw+1 . dy +dw+1\ .
=("T T @an® @t (YT @t e an® (w). o
14 w

For the rest of this Section we fix the model (7, M) for (Jo(p), ®) (see (99)) as the one built with
the set S of N8 = 48 sections provided by Lemma 6.5. Before settling the proof of the arithmetic Bézout
theorem, we need a last lemma on the comparison between the projective height on (7, M) and its
Néron—Tate avatar.

Lemma 6.8. Up to translation by torsion points, the projective height hy, on points in Jo(p)(Q) (asso-
ciated with the good model (J, M)) differs from the Néron—Tate theta-height 4hg by an error term of
shape O (p log p).

Proof. Lemma 6.5 implies that the elements of S extend as holomorphic sections to any component of
the Néron model N of Jy(p) over Z (see (109)). As remarked in the proof of Lemma 6.5, Mumford’s
algebraic theory of theta-functions implies that the sections in S do define a projective embedding of N
over Z[1/2p]; the only fibers of N over Z where base points for S can show up are above 2 and p. If
one seeks to approximate the Néron—Tate height of a given point P in Jo(p)(Q) by the projective height
of our good model (7, M), one needs the section of the Néron model N defined by P to avoid those
base points, or at least control their length.

Given P in Jy(p) (@), we claim one can translate P by some torsion point in Jy( p)(@) so that the
translated new point P 4 ¢ does avoid base points in characteristic 2. Indeed, choose a Galois extension
F/Q such that the base locus is defined over Spec(OF ® [F,). Summing-up, as divisors, all the Galois
conjugates of that base locus in each fiber of characteristic 2, one obtains a constant cycle C,, in each
fiber at «, which is defined over [F,. (In our case one actually could have taken F' = (.) Density of torsion
points then shows that one can replace our point P by P + ¢, for some torsion point ¢, such that P + ¢
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does not belong to C,, for some ko, then for all ¥ of characteristic 2 because Cy is constant. This proves
our claim. Now in characteristic p, we know from Proposition 5.8 again that possible base points have
length at most O (p), which gives an estimate of size O (p log p) for the difference error term between
projective height on J and Néron—Tate height [Pazuki 2012, Proposition 4.1]. ]

Proof of Proposition 6.1. Before proceeding we will allow ourselves for this proof only, in order to not
overcomplicate the computations, to work with heights defined as in [Bost et al. 1994, §3.1]. Namely, for
Y acycle of dimension (d + 1) in a regular arithmetic variety endowed with a hermitian sheaf F, we
multiply our definition (80) of its height by degree and absolute dimension and we set

EE" Y

hrQ) = (K0l

Note that h and h’ coincide on K -rational points, in which case we might use either notation.
Construction (99) gives a @-embedding V x W < P21 yia a Segre map. We set

for all (i, J ), and denote by Oy the ambiant line bundle ¢* (Op,lzﬂ,, (1)) = M™2 a5 before (100). (Recall
we will eventually specialize to N =4.) Set also Oy := Oy ® Q. We intersect ¢(V x W) with one of the
div(ziy, jy — Zjy.ip)@ such that the two cycles meet properly; define

Ji = div(s@,@@) NV x W)
in the generic fiber (Jo(p) X Jo(p))g. As diV(zLO, jo—Zjo, ,-70) is a projective hyperplane we have by definition
degON(Jl) = degON(V x W).

For the same linearity reason, a similar statement is true for heights. Indeed, let V and WV denote the
schematic closure in J of V and W respectively, and 7, the schematic closure of J; in J x J, which
satisfies

Wo, (1) < 0oy (divisi, ) NV x W)

(as there might be vertical components in the intersection of the right-hand side which do not intervene in
the left, and contribute positively to the height).
Proposition 3.2.1(iv) of [Bost et al. 1994] gives, with notations of [loc. cit.], that

: 1
W oy (div(sig, i) NV X)) =W o (VW) e Y / 10gI8ig,jo . le1 O+ (113)
o [K@] 0. K—C (VXW)J(C) o
where ||| = |||lcub shall denote the cubist metric, or the metric induced by the cubist metric on products

or powers of relevant sheaves. To estimate the last integral we note that at any point of (V x W), (C) and
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for any (i, j),
s jll = Nzi,j — zj.ill e < Nzi,jllagme + N2l pgme
2
=< lxillaellyj g+l lladllyillag < 2(suplixillag)
l

< exp(2log(sup [Is;[lcub) +10g 2)

with notations of Lemma 6.5. Setting M 7 ¢ = log(sup ||s;||cub) We obtain
o, (J1) < h/oNo VxW)+ (2Mg pm +log2)degy, (V X W).

Call I; one of the reduced irreducible components of J; containing the point t(A(P)) of VW considered
in the statement of Proposition 6.1 and let Z; denote its Zariski closure in 7. It has Oy-height (and
degree) less than or equal to those of 7}, so that again

Wo, (Z) <o, (Vx W)+ 2M 7 r +1og2) degy, (V x W)
and we can iterate the process with /1 in place of V x W: we obtain some J», [J>, I, Z; such that
Wo,(Ty) <Wo,(T)) + (@M 7 a4 1og2) degp, (1)
<ho,(VxW)+22Mz p+log2)degy, (V x W).

(The only obstruction to this step is if all the sz ; vanish on 1, which implies it is contained in the diagonal
of Jo(p) x Jo(p) - so that I} = ((A(P)) by construction and that means we are already done.) Processing,
one builds a sequence (Z;) of integral closed subschemes of 7 x 7, with decreasing dimension, such
that the last step gives

0oy, Zaytay) <0 oy (VX W) + (dy +dw)(2M 7 A +10g2) degy, (V x W).

Now
W oy Tay+dy) = 0o, (AP, P)) = pe2(P) = hpeav (P) = 2N he(P) + O(plog p),

for hg (P) the Néron-Tate normalized theta height. Indeed the statement of the present Proposition 6.1 is
invariant by translation of every object by some fixed torsion point, so that one can apply Lemma 6.8.

Using Lemma 6.6 and Corollary 5.6 and writing h'g(Y) = (dim(Y) + 1) degg (Y )he (Y) we therefore
obtain

2Nhe(P)

dy+dw+1 dy+dw+1
sN"v“’W“[MWH)( T e W) dege (V) + (v + (Y )h/@<V)deg@<W)]

dy+d
+ N (dy + dw)2M 7+ log 2)( V;rv W) degg (V) dege (W) + O(plog p).

From here, fixing N = 4, the bound M7 oy < O(plog p) (Lemma 6.5) concludes the proof, after
expressing quantities h’'g back into hg. O

That arithmetic Bézout theorem will be our principal tool in the sequel.
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7. Height bounds for quadratic points on X (p)

Proposition 7.1. Let 1 : X — J be some Albanese map from a curve (of positive genus) over some field
K to its jacobian J. Let w : J — A be some quotient of J, with dim(A) > 1, and X' be the normalization
of the image 7w o 1(X) of X in A. Then the map ' : X — X’ induced by 7 ot verifies
deg(r’) < dm() =1
dim(A) —1
Proof. The map 7 o induces an inclusion of function fields which defines the map =’ : X — X'. If
J' is the jacobian of X’, Albanese functoriality says that 7= factorizes through surjective morphisms
J — J' — A. Hurwitz formula writes
dim(J) —1—J deg R

dim(J’) — 1

for R the ramification divisor of 7/, whence the result. O

deg(n’) =

Lemma 7.2. For all large enough prime p, let X := Xo(p) and 7, : Jo(p) — J. be the projection. Let
tpy : Xo(p) = Jo(p), P> cl(P—Py)

for some Py in Xo(p)(@) such that w,(Py) = Py (there are roughly \/p such points, [Gross 1987a,
Proposition 3.1]) and set ¢, := 1, o tp,. Then:

e Ifa € J,(Q) is some (necessarily torsion) point, the equality ¢.(Xo(p)) = a — @.(Xo(p)) implies

@e(Xo(p)) =a+e.(Xo(p)) (114)
and a = 0.

o Ifd is the degree of the map Xo(p) — %(3?067)) to the normalization of ¢.(Xo(p)), then d is either
1,3 or4.

o Assuming moreover Brumer’s conjecture (see (21) and (22)) equality (114) implies d = 1 for large

enough p.

Proof. Notice first that, by our choice of Py (whence (), and because J. belongs to the w,-minus part of
Jo(p), one has

Pe(wp(P)) = wp(@e(P)) = —¢.(P),

for all P € Xy(p)(C), whence equality (114). So let n be the order of a, which also is that of the
automorphism “translation by a restricted to ¢.(Xo(p))” . We remark that the degree d cannot equal 2, as
otherwise the extension of fraction fields K (Xo(p))/K (p.(Xo(p))) would be Galois and X((p) would
possess an involution different from w,, which it does not by Ogg’s theorem [1977] (or even [Kenku and
Momose 1988]). If d = 1, the same reason that Aut(Xy(p)) = (w,,) implies that n = 1. Let now X’ be
the normalization of the quotient of ¢,(Xo(p)) by the automorphism P — P + a, that is, the image of
@e(Xo(p)) by the quotient morphism J, — J,/(a). Let = be the composed map Jo(p) 2> J, — J./(a).
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The degree of Xo(p) — X’ is d - n and Proposition 7.1 together with the left part of inequalities (23)
implies

g—1
(F—oh)g 1

for large enough p. This shows that if d = 3 or 4 one still has a = 0, whence the proposition’s first two

d-n< <4+o0(1)

statements. Assuming (22) we have d - n < 3, so that d = 1 and a = 0 by previous arguments. (]

Remark 7.3. Replace, in Lemma 7.2, the map X (p) — J, by Xo(p) - Jo(p)~ (by which the former
factorizes, by the way). The above proof shows that the map Xo(p) — ¢(Xo(p)) is of generic degree 1
(independently on any conjecture), but of course it need not be injective on points: a finite number of
points can be mapped together to singular points on ¢(Xo(p)). In our case one checks those are among
the Heegner points P such that P = w,(P) (for which we again refer to [Gross 1987a, Proposition 3.1]).
Indeed, the endomorphism of Jo(p) defined by multiplication by (1 — w,) factorizes through ¢ and
(I —w)) is the map considered in (4) and what follows, inducing multiplication by 2 on tangent spaces.
Therefore, if P maps to a multiple point of ¢(Xo(p)), it also maps to a multiple point of (1—w)ot(Xo(p)).
Now assuming Xo(p) has gonality larger than 2 (which is true as soon as p > 71 [Ogg 1974, Theorem 2])
the equality cl((1 —w))P) = cl((1 —w,) P’) in Jo(p), for some P’ on Xo(p) different from P, implies
P =w,P and P' =w,P’. Thatis, P and P’ are Heegner points.

Lemma 7.4. Suppose P belongs to Xo(p*)(K) for some quadratic number field K, and P is not a
complex multiplication point. Then for one of the two natural degeneracy morphisms w from Xo(p?)
to Xo(p), the point Q := w(P) in Xo(p)(K) does not define a Q-valued point of the quotient curve
X (p) == Xo(p)/wp.

Proof. Using the modular interpretation, we write P = (E, C2) for E an elliptic curve over K and
Cp2 a cyclic K-isogeny of degree p?, from which we obtain the two points Q| := (E, p-C »2) and
Q2 :=(E/p-Cp,Cprmodp-C,)in Xo(p)(K). Assume both Q) and Q, do define elements of
X(')Ir (p)(Q). If o denotes a generator of Gal(K /Q) we then have

w,(Q1) = (E/p-Cpe, E[pl mod p-Cp2) ~ 0 (Q))
and
w,(Q2) = (E/Cp2, E[p]+ C 2 mod C,2) >~ 0 (Q2).

Therefore E ~°(E/p-Cj2) >~ E/C 2, which means E has complex multiplication. O
We can now conclude with the main result of this paper.

Theorem 7.5. There is an integer C such that the following holds. If p is a prime number such that (22),
the weak form of Brumer’s conjecture, holds and P is a quadratic point of Xo(p) (that is, P is an element
of Xo(p)(K) for some quadratic number field K) which does not come from Xo(p)*(Q), then its j-height
satisfies

h;(P) < C-p’logp. (115)
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If P is a quadratic point of Xo(p?) then the same conclusion holds without further assumption apart
Sfrom (22).

Proof. In the case P is a quadratic point of X(p?), by Lemma 7.4, one can deduce from P a point
P’ in Xo(p)(K) which does not induce an element of XaL (p)(Q) and whose j-height, say, is equal to
h;(P) + O(log p) for an explicit function O (log p) (see, e.g., [Pellarin 2001, inequality (51) on p. 240;
Bilu et al. 2013, Proposition 4.4(i)]). Replace P by P’ if necessary. By Theorem 4.6 it is now sufficient
to prove that hg (P —00) = o> log p).

Keep the notation of Lemma 7.2. By construction, the point

a:=¢.(P)+¢.(° P) = ¢.(P) —(pe(u)p(‘TP)) :(Pe(P_wp(GP))

is torsion. First assume a = 0. Set X@ ™ := {150(x) — too(¥), (x, ¥) € Xo(p)?} as in Proposition 5.3.
Recall from Section 2 that I JENL J— ]eL is the map defined as in (3), that ¢ JENE is the embedding
J} < Jo(p), and denote by [Nj.];. the multiplication by Nj, restricted to J}. As in (8) and before
Corollary 5.7 we use our pseudolgrojeections and define L

XO~ =50 NN 1,L VAT (X,
Then P — w,(° P) belongs to X @.=n J}, and even to the intersection of surfaces (in the generic fiber)
X X0

Recall (see (8)) that X@~isa priori highly nonconnected, being the inverse image of multiplication
by Nj Jt in J of the (irreducible) surface I JENLTT (X (2).=). However, in what follows we can replace
X®-= by one of its connected components containing P — w ,(° P). Denote that component by X~

By construction, the theta degree and height of X f,,) , as an irreducible subvariety of Jo(p) endowed
with ©, are those of & It (X@) = Xﬁ)’_ relative to the only natural hermitian sheaf of Jel, that is,
the O = © L described in paragraph 2A2. One can therefore apply Proposition 5.3 to obtain that
all theta degrees are O( pz), all Néron—Tate theta heights are O (log p). We claim the dimension of
(X@-n X 3[,2)’7) is zero. That intersection indeed corresponds to pairs of distinct points on Xq(p)
having same image (0) under ¢,. On the other hand, Brumer’s conjecture implies Xo(p) — ¢.(Xo(p))
has generic degree one (see Lemma 7.2), so our intersection points correspond to singular points on
©@e(Xo(p)), which of course make a finite set.

We therefore are in position to apply our arithmetic Bézout theorem (Proposition 6.1), which yields
he (P —w,(° P)) < O(p’log p). The two points (P —00) and (w,(° P) —oc) have same ®-height (recall
w), is an isometry on Jo(p) for hg, compare the end of Remark 4.3), and are by hypothesis different, so
one can apply them Mumford’s repulsion principle (Proposition 5.9) to obtain

he (P — 00) < O(p° log p). (116)
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Let us finally deal with the case when the torsion point @ = ¢.(P) + ¢.(° P) is nonzero. We adapt the
previous argument: pick a lift a € Jy(p) (Q) of a by nj which also is torsion, and let #; be the translation
by @ in Jo(p). Replace (P — w,(° P)) by (P — w,(° P)), X~ by t:X?-~ and X®~ by

—~ (2)’7 _ ~ _
X = v N e s GG X P00,
~ (2),— . _
Now (P — w,(? P)) belongs to (I;X(z)’_ N th( ) ). The theta degree and height of th(z), and
—~ % ~(2),— .. .
IS‘X ( (or rather, as above, some connected component t};X (P) of it containing tg‘(P —w,(? P))) are
the same as for the former objects in the case a = 0. The fact that the intersection

@)= Ay
X9 T NeEX,

is zero-dimensional comes from the fact that otherwise, we would have ¢, (Xo(p)) = a — ¢.(Xo(p)), a
contradiction with our present hypothesis a # 0 by Lemma 7.2. The height bound for P is therefore the
same as (116). U

Corollary 7.6. Under the assumptions of Theorem 7.5, if p is a large enough prime number and P is a
quadratic point of Xo(p?) for some integer y, such that P is not a cusp nor a complex multiplication
point, then y < 10.

Proof. Let P be a point in Xo(p")(K), which is not a cusp nor a CM point, for some quadratic number
field K. Then the isogeny bounds of [Gaudron and Rémond 2014b, Theorem 1.4] imply there is some
real k¥ with

pY <k(h;(P))>.
Now Theorem 7.5 gives that there is some absolute real constant B such that, if p > B then y < 10. [J

Remark 7.7. A similar (but technically simpler) approach for the morphism X¢(p) — J, over Q should
give (independently of any conjecture) a bound of shape O(p?log p) for the j-height of Q-rational
(noncuspidal) points of Xo(p) (which are known not to exist for p > 163 by Mazur’s theorem). The same
should apply for Q-points of Xpi(p) (and here again, we obtain a weak version of known results).

Actually, sharpening results directly coming from Section 4 (that is, avoiding the use of Bézout)
might even yield the full strength of the above results about Xo(p)(Q) and X (p)(Q), with more
straightforward (unconditional) proofs.

Appendix: An upper bound for the theta function
by Pascal Autissier

In this appendix, I give a new upper bound for the norm of the classical theta function on any complex
abelian variety. This result, apart from its role in the present paper (see Section 6), has been used by
Wilms [2017] to bound the Green—Arakelov function on curves.
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Result. Let g be a positive integer. Write H, for the Siegel space of symmetric matrices Z € M (C)
such that Im Z is positive definite. To every Z € H, is associated the theta function defined by,

0z(z) = ) explim'mZm+2im'mz), VzeC*,

meZ8
and its norm defined by,
162(2) | = Vdet Y exp(='yY "' »)|0z(2)], ¥z =x+iy € C¥,
where ¥ =Im Z.
My contribution here is the following:

Proposition A.1. Let Z € H, and assume that Z is Siegel-reduced. Put c, = (g +2)/2 if g <3 and
Cq = ((g + 2)/(nﬁ))g/2(g +2)/2 if g = 4. The upper bound ||0z(z)|| < c,(detIm Z)Y/* holds for every
zeCs.

Let us remark that c, < g¢ /2 for every g > 2. In comparison, Edixhoven and de Jong [2011b, p. 231]
obtained the statement of Proposition A.1 with ¢, replaced by 238™+5g

Proof. Fix a positive integer g. Denote by S, the set of symmetric matrices ¥ € Mg (R) that are positive
definite. Let us recall a special case of the functional equation for the theta function (see [Mumford 1983,
(5.6), p. 195]: for every Y € S, and every z € C¢, one has

B;y-1(—iY " 'z) = N/det Y exp(w'zY "' 2)6y (2). (117)
Lemma A.2. Let Z € Hg and z € C. Putting Y =1Im Z, one has the inequality
1621l < 16y (0) ]| = iy (0)v/det Y.

Proof. Put y =Imz. One has

02(2)] = < D lexp(in'mZm +2in'mz)| = 6y (iy).

meZzZs8

Z exp(in'mZm +2im'mz)

meZ8

that is, [|62(2)|| < ||6;y (iy)]l. The functional equation (117) gives ||6;y-1 YY) = 16;y(iy)|, and one
deduces
162 < 16;y-1 (Y~ PII. (118)

Applying again (118) with Z replaced by iY ! and z by Y~'y, one gets
161 (Y ! 9| < 16y (O)]I.
Whence the result. U

Let Y € S,. Define A(Y) = min,ezs—(o) 'mYm. For every ¢t € R*, put

Sfr(®) =0y (0) = Z exp(—mt'mYm).

meZs8
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Lemma A.3. Let Y € Sg and put A = A(Y). The following properties hold:
(@) The function R} — R that maps t to t8 /2 fy (t) is increasing.
(b) One has the estimate fy((g +2)/Q2mA)) <(g+2)/2

Proof.

(a) The functional equation (117) implies +/det Y182 fy(t) = fr-1(1/t) for every t € R* ; conclude by
remarking that fy-1 is decreasing.

(b) Part (a) gives %[tg/zfy (t)] = 0, that is, %fy (t) > —f{, (t) for every t > 0. On the other hand,

—2fr )= ‘mYmexp(—mt'm¥Ym) > Y hexp(—mi'm¥Ym)=Alfy(t) - 11.

meZ8 meZ8—{0}
One infers %fy (t) = wA[ fy(¢t) — 1]. Choosing t = (g +2)/(2w A), one obtains the result. O

Proposition A4. Let Y € Sy. Putting A = A(Y), one has the upper bound

2 2 g/2
91'y(0)§—gJr max g8+2 J1.
2 2w A

Proof. Putt = (g +2)/Q2nmA). If t > 1, then Lemma A.3(a) implies the inequality fy(1) < 182 fy (1). If
t <1, then fy(1) < fy(¢) since fy is decreasing. In any case, one obtains

Oy (0) = fy(1) < max(t*/%, 1) fy (1).
Conclude by applying Lemma A.3(b). O

Now, to prove Proposition A.1 from Lemma A.2 and Proposition A.4, it suffices to observe that if
Z € H, is Siegel-reduced, then A(Im Z) > ‘? (see [Igusa 1972, Lemma 15, p. 195]).
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A formula for the Jacobian of a
genus one curve of arbitrary degree

Tom Fisher

We extend the formulae of classical invariant theory for the Jacobian of a genus one curve of degree n < 4
to curves of arbitrary degree. To do this, we associate to each genus one normal curve of degree n, an
n x n alternating matrix of quadratic forms in n variables, that represents the invariant differential. We
then exhibit the invariants we need as homogeneous polynomials of degrees 4 and 6 in the coefficients of
the entries of this matrix.

Introduction

Let C be a smooth curve of genus one defined over a field K. Its Jacobian is an elliptic curve E defined
over the same field K. However it is only if C has a K -rational point that C and E are isomorphic over K.
Starting with equations for C we would like to compute a Weierstrass equation for E.

Let D be a K -rational divisor on C of degree n > 1. It is natural to split into cases according to the
value of n. If n =1 then C has a K-rational point, and our task is that of writing an elliptic curve in
Weierstrass form. If n > 2 then the complete linear system | D| defines a morphism C — P"~!. Explicitly,
the map is given by (f; :---: f,), where f1, ..., f, are a basis for the Riemann—Roch space £(D). If
n =2 then C is a double cover of P! and is given by an equation of the form y> = F(x1, x»), where
F is a binary quartic. In this case Weil [1954; 1983] showed that the classical invariants of the binary
quartic F give a formula for the Jacobian.

If n > 3 then the morphism C — P"~! is an embedding. The image is a genus one normal curve of
degree n. The word normal refers to the fact C is projectively normal (see for example [Hulek 1986,
Proposition IV.1.2]), i.e., if H is the divisor of a hyperplane section then the natural map

S‘L(H) —> L(dH) (1)

is surjective foralld > 1. If n =3 then C C P2 is a smooth plane cubic, say with equation F'(xy, x2, x3) =0.
The invariants of a ternary cubic F were computed by Aronhold [1858], and again Weil (in the notes
to [Weil 1954] in his collected papers) showed that these give a formula for the Jacobian. If n =4 then
C C P3 is the complete intersection of two quadrics. If we represent these quadrics by 4 x 4 symmetric
matrices A and B, then F(x{, x) = det(Ax| + Bxy) is a binary quartic. The invariants of this binary

MSC2010: primary 11GO0S5; secondary 13D02, 14HS2.
Keywords: elliptic curves, invariant theory, higher secant varieties.
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quartic again give a formula for the Jacobian. For further details of these formulae in the cases n =2, 3, 4,
see [An et al. 2001; Artin et al. 2005; Fisher 2008].

If n =5 then C C P* is no longer a complete intersection, and indeed the homogeneous ideal is
generated by 5 quadrics. The Buchsbaum-Eisenbud structure theorem [1982; 1977] shows that these
quadrics may be written as the 4 x 4 Pfaffians of a 5 x 5 alternating matrix of linear forms. The space
of all such matrices is a 50-dimensional affine space, with a natural action of GLs x GLs. In [Fisher
2008] we computed generators for the ring of invariants and showed that they again give a formula for
the Jacobian. In fact the invariants are too large to write down as explicit polynomials, so instead we
gave a practical algorithm for evaluating them (based in part on the case n = 5 of Proposition 9.3). More
recently, B. Gross [2011] gave a uniform description of the invariants in the cases n = 2, 3, 4, 5, using
results of Vinberg, although this does not appear to give any way of evaluating the invariants in the case
n=>3.

In this paper we extend these formulae for the Jacobian to genus one normal curves of arbitrary degree.

Let C c P"~! be a genus one normal curve of degree n > 3. Since C has genus one, the space of
regular differentials on C has dimension 1, say spanned by w. We call w an invariant differential, since
geometrically it is invariant under all translation maps. There is a linear map

A2L(H) — LQH); fAgr> @. )
Since (1) is surjective for d = 2, we may represent this map by an n x n alternating matrix of quadratic
forms in xy, ..., x,. This matrix €2 represents w in the sense that
2
xsd(x;/x;)
=1 U foralli # .
(X1, .00y Xy)

However if n > 4 then there are quadrics vanishing on C C P"~! and so this description does not determine
2 uniquely. Nonetheless we show, by proving [Fisher 2013b, Conjecture 7.4], that there is a canonical
choice of 2. We then define polynomials ¢4 and cg of degrees 4 and 6 in the coefficients of the entries
of 2, and show that the Jacobian has Weierstrass equation

y2 =x3— 27¢c4(S2)x — S4c6(£2).

These main results are stated in Section 1. In the next two sections we show that ¢4 and c¢ are invariants
for the appropriate action of GL,,, and that they reduce to the previously known formulae for n < 5. At
this point the proof of our results for any given value of » is a finite calculation. However finding a proof
that works for all n is more challenging.

In Section 4 we show that if we can find a matrix €2 satisfying some apparently weaker hypotheses,
then it will satisfy the properties claimed in Theorem 1.1. For the actual construction of €2 in Section 5 we
reduce to the case where C is an elliptic curve E embedded in P"~! via the complete linear system |n.0|.
At first we specify 2 as a linear map A2L(n.0g) — S2L(n.0g), and use this in Section 6 to complete
the proof of Theorem 1.1. Then in Section 7 we make a specific choice of basis for £(n.0g), so that Q2
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becomes an alternating matrix of quadratic forms. We compute this matrix explicitly and, in Section 8§,
prove the formula for the Jacobian by computing c4(£2) and ¢g(£2). Much of the work here is in checking
that the invariants ¢4 and c¢ are scaled correctly for all n.

The description of €2 in Theorem 1.1 involves higher secant varieties. We quote any general results we
need about these as required. Proofs, or references to the literature, are then given in Section 9.

In future work we plan to study the space of all matrices €2. This appears to be defined by d; + d»
quadrics in PY~!, where N = (n? — 1)(n> —4)/4 and

di= 0> =D(n*—4Hn>-9)/36, dr=n>—1)>*n*-9)/9.

The numbers N, d;, and d, are dimensions of irreducible representations for GL,,. Moreover, as suggested
by Manjul Bhargava, we expect that d, of the quadrics can be explained by an associative law, similar
to that used in [Bhargava 2008, §4].

We work throughout over a field K of characteristic 0, although it would in fact be sufficient that
the characteristic is not too small compared to n. Except at the end of Section 1, where we give the
application to computing Jacobians, we will assume that K is algebraically closed. For a projective
variety X we write I (X) for its homogeneous ideal, and Tp X for the tangent space at P € X. A Magma
script containing some of the formulae in this paper is available from the author’s website.

1. Statement of results

Let C c P! be a genus one normal curve of degree n > 3. For any integer > 1 the r-th higher secant
variety Sec” C is the Zariski closure of the locus of all (r — 1)-planes through r points on C. For example,
if r = 1 then Sec! C = C. The codimension of Sec” C in P"~! is max(n — 2r, 0). So according as 7 is odd
or even there is a higher secant variety of codimension 1 or 2. If n = 2r + 1 then Sec” C is a hypersurface
of degree n, whereas if n = 2r 4 2 then Sec” C is the complete intersection of two forms of degree r + 1.
In Section 9 we give references for these facts about higher secant varieties, and also explain how to
compute equations for Sec” C from equations for C.

We give the polynomial ring R = K|[x1, ..., x,] its usual grading by degree, say R = P, R4, and
write R(d) for the graded R-module with e-th graded piece R;.. Maps between graded free R-modules
are required to have relative degree 0, and are labelled by the matrices of forms that represent them. Our
first main result is

Theorem 1.1. Let C C P"~! be a genus one normal curve of degree n > 3:

(1) Ifnis odd, say n =2r 4+ 1, and Sec” C = {F = 0} then there is a minimal free resolution
T
0—>R(=21) %> R(—n— 1" 3 R(=n+1)" > R,

where Q2 is an n X n alternating matrix of quadratic forms and
9F OF )
0x1 ax, /"

v:vm:(
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(i) Ifn is even, say n = 2r + 2, and Sec” C = {F| = F, = 0} then there is a minimal free resolution
0—>R(—n) % R(L(—n—-2)" % R(L(-=n+2))" % R,
where 2 is an n x n alternating matrix of quadratic forms and

dF /ox) - - 8F1/8xn)

V=V, k)=
OFy/0x) --- 9F2/0x,

We remarked in [Fisher 2013b, §7] that Theorem 1.1(i) follows from the Buchsbaum-Eisenbud structure
theorem for Gorenstein ideals of codimension 3. In this paper we give a different proof, not only so
that it runs in parallel with our proof of Theorem 1.1(ii), but also because this is needed for the proof of
Theorem 1.2.

If the matrix €2 exists then, by the uniqueness of minimal free resolutions (see for example [Eisenbud
1995, §20.1; Peeva 2011, §7]), it is uniquely determined up to scalars. Moreover starting from equations
for Sec” C we can solve for €2 by linear algebra. The details are very similar to those in [Fisher 2013a, §4].

Let €2 = (€2;;) be as specified in Theorem 1.1. We put

n n
A, 3R IM;;
M:: = ———— and N;j = Q. 3
y= Y Tt =D e Sk 3)
rs=1 r=l1
We then define
3(n—2)2 < ’M;; 3*M,,
@ =" @
2 ”( 5 ) iy jors=1 0x,0xs 0x;0%;
and
n
(@)= = O Nijk__0Nrs 5)
26n(n47-5) i ihrai=l 0X,0X50X; Bxiaxjaxk'

Let C; and C; be genus one curves with invariant differentials @, and w,. An isomorphism y : (Cy, w1) —
(C3, wp) is an isomorphism of curves y : C; — C, with y*wr = w;.

Theorem 1.2. Let C C P"~! be a genus one normal curve of degree n > 3, and let Q be an alternating
matrix of quadratic forms as specified in Theorem 1.1. Then:

(i) There is an invariant differential w on C such that
xJZ.d (xi/x})

D=
Qj(x1, ..., x,)

foralli # j.
(1) The pair (C, w) is isomorphic (over K = K) to
(y? = x> — 27¢4(2)x — 54c6(2), 3dx/y).

The following corollary gives the application of Theorem 1.2 to computing Jacobians. For this result
only we drop our assumption that K is algebraically closed.
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Corollary 1.3. Let C C P"~! be a genus one normal curve defined over a field K. Suppose we scale the
matrix Q2 in Theorem 1.1 so that the coefficients of its entries are in K. Then C has Jacobian elliptic curve
y2 = x3 —27¢4()x — S4c¢6(2).

Proof. Let E be the elliptic curve y2 =x3—27¢4(Q)x —54ce(S2). By Theorem 1.2 there is an isomorphism
y : C — E with y*(3dx/y) = w. Let &, = o (y)y~! for 0 € Gal(K /K). Since 3dx/y and w are both
K -rational it follows that £} (3dx/y) = 3dx/y. This implies, as explained for example in [Fisher 2008,
Lemma 2.4], that &, : E — E is a translation map. Then C is the twist of E by the class of {&,} in
H'(K, E). It follows by Theorems 3.6 and 3.8 in [Silverman 2009, Chapter X] that C is a principal
homogeneous space under E, and E is the Jacobian of C. ]

Remark 1.4. Although we will not need it for the proofs of Theorems 1.1 and 1.2, it is natural to ask
whether C C P"*~! is uniquely determined by Q. The answer is that it is. Indeed by the minimal free
resolutions in Theorem 1.1 we can recover V from Q2. Then by Euler’s identity we obtain equations for
Sec” C where n — 2r = 1 or 2. This then determines Sec' C = C by Theorem 9.1(v).

2. Changes of coordinates

We show that the constructions in Section 1 behave well under all changes of coordinates. First we define
an action of GL, on the space of all n x n alternating matrices of quadratic forms in x1, ...x,. For
g € GL, we put

n n
gxQ2= g_T(Q(Z 8ilXis - -+, Zginxi))g_l,
i=1 i=1

T is the inverse transpose of g. Since the scalar matrices act trivially, this could equally be

where g~
viewed as an action of PGL,,.

Lemma 2.1. Let C C P! and C' ¢ P"! be genus one normal curves. Let Q and Q' be alternating
matrices of quadratic forms that satisfy the conclusions of Theorem 1.1, and define invariant differentials

wandw' on C and C'. If y : C' — C is an isomorphism given by
n n
(x1 :...:xn)r—> (Zgilxi . ---:Zginxi)
i=1 i=1
for some g € GL,, then there exists A € K* such that g« Q = AQ and y*w = 1"

Proof. Suppose n is odd, say n =2r + 1 and Sec” C = {F = 0}. Then Sec” C’ is defined by

F'(xt,....,x))=F(y1,..., )

where y; = _, gijxi. By the chain rule

V(F)x1, s X0) = V(EF)Y1, -5 90) 87
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Then
V(F)Q=0= V(F)(g*Q) =

It follows by the uniqueness of minimal free resolutions that g x 2 = AQ’ for some A € K *. The case n
is even is similar.
We also have y*w = uo' for some u € K*. If y; =Y "7_, gijx; then

n
yszd(yr/ys) = Z girgjssz'd(xi/xj)~
ij=1
Dividing by y*w = uw'’ gives
_ -1 _Teo
Qs -oyn) =0 g 2 (x1, .., X0)8.
Hence g« Q2 =p"'Q andso u =1~ O

Lemma 2.2. The polynomials c4 and cg are invariants for the action of GL,, i.e., c4(g x 2) = c4(2) and
c6(g * Q) = c6(R2) for all g € GL,.

Proof. Let Q' = gxQ, i.e.,
n
Q0t ) = Y (@ Dai (@ Qap Ot - v,
a,b=1
where y; = Y !_, gi;x;. Direct calculation using (3) shows that

n
M, x) =) (8 Dai (@7 b Map (31, - -, y),
a,b=1

n
NiGersoox) = (@ i (@ 5@ ek Nabe 1, -+ )

a,b,c=1
Then
ale-/ 8 Mab
m = . b; l(g )at (g )bjgrcgsda Oxy
> M, - -1 -1 0*Mcp
M = Z (& erl(g )DsglAng 8xA8xB'

A,B,C,D=1

Multiplying these together and summing gives

g M S, S
0x,0x5 0X;0X; o laxcaxd 9x,0xp

i,j,r,s= a,b,c,d=

Thus ¢4 () = ¢4(2). A similar argument shows that ¢(2') = ¢6(R2). O
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The following corollary shows that to prove Theorems 1.1 and 1.2 for a fixed value of n, it suffices to
prove them for a family of curves covering the j-line.

Corollary 2.3. Let 21 and 2, correspond to pairs (Cy, w1) and (Cy, wy). If there is an isomorphism
y 1 C1 = Co with y*wy = Ay then c4(1) = Mca(2) and cg(Q1) = 1ocs(2).

Proof. Let C; and C;, have hyperplane sections H; and H,. Then H; and y*H, are degree n divisors
on C;. After composing the isomorphism y with a translation map, we may suppose (see [Silverman
2009, 111.3.5]) that H; ~ y* H,. Then y is given by a change of coordinates on P"~!. The case A = 1 is
immediate from Lemmas 2.1 and 2.2. In general we use that c4 and c¢ are homogeneous polynomials of
degrees 4 and 6. ]

3. Curves of small degree

We compare our general formula for the Jacobian with the formulae previously known for genus one
normal curves of degrees 3, 4, and 5.

For curves of degrees 3 and 4 it is easy to write down a matrix 2 satisfying the conclusions of
Theorems 1.1 and 1.2(i). Indeed for C = {F (x1, x2, x3) =0} C P? a plane cubic we put

0 IF/dx3 —dF/dxs
Q=|-9F/ax; 0 aF/ax; |.
dF/dx, —dF/dx; 0

and for C = {F; = F, = 0} C P? a quadric intersection we let Q be the 4 x 4 alternating matrix with
entries
0F; 0F; 0F| 0F,

CN P R R P
where (i, j, k, I) is an even permutation of (1, 2, 3, 4). To prove Theorem 1.2(ii) in these cases we may
check by direct computation that c4(£2) and ce(£2) are the classical invariants of a ternary cubic or quadric
intersection, as scaled in [Fisher 2008, §7]. We note that these are polynomials of degrees 4 and 6 in the
coefficients of F, respectively of degrees 8 and 12 in the coefficients of F| and F;.

As described for example in [Fisher 2013a, §4], a genus one normal curve of degree n =5 is defined
by the 4 x 4 Pfaffians py, ..., ps of a5 x5 alternating matrix of linear forms on P*. We call the matrix of
linear forms ® a genus one model of degree 5, and note that there is a natural action of GLs x GLs on the
space of all such models. It is shown in [Hulek 1986, Proposition VIIL.2.5] that the secant variety Sec? C
is a hypersurface of degree 5 with equation F = 0, where F is the determinant of the Jacobian matrix of
P1, - .., ps. In [Fisher 2013b, §7] we proved that there is a degree 5 covariant €2 satisfying the conclusions
of Theorems 1.1 and 1.2(i). We gave an explicit formula for this covariant in [Fisher and Sadek 2016, §2].

We claim that c4(£2) and c¢(£2) are invariants for the action of SL5 x SL5. For the action of SL5 via
changes of coordinates on P* this follows from Lemma 2.2. For the action of SLs via ® > ADAT it
turns out that the coefficients of the entries of 2 are already invariants. Since €2 is a covariant of degree 5,

the invariants c4(€2) and c¢(€2) have degrees 20 and 30 in the coefficients of the entries of ®. Computing a
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single numerical example (to check the scaling) shows that c4(€2) and c(€2) are the same as the invariants
c4(®) and c¢(P) constructed in [Fisher 2008].

4. Minimal free resolutions

Let C C P"~! be a genus one normal curve of degree n > 3. Let Q be an n x n alternating matrix of
quadratic forms in xy, ..., x,. In Sections 5 and 6 we exhibit €2 satisfying the following three hypotheses:

(H1) If n —2r > 1 and f € I(Sec” C)thenZ of Q,JEI(Sec C)foralll <j<n.

oF

— =0.
U axj

oF

(H2) If n —2r =2 and Sec’ C = {F| = F, = 0} then Z 1
i,j= l

(H3) If n — 2r > 1 then there exists P € Sec” C with rank Q(P) = 2r.

In this section we prove:

Theorem 4.1. Let Q2 be an n x n alternating matrix of quadratic forms, satisfying the hypotheses (H1),
(H2), and (H3). Then there is a minimal free resolution as described in Theorem 1.1.

The next two propositions are proved in Section 9. By abuse of notation we write P both for a point in
P"~1 and for a vector of length n representing this point.

Proposition 4.2. Ifn—2r > land P =Y _._, & P; for some P\, ..., P, € C distinct and &y, ..., & #0
then the tangent space Tp Sec” C is the linear span of the tangent lines Tp,C, ..., Tp.C.

Proposition 4.3. Let V(F) and V (F, F>) be as defined in Theorem 1.1:
() Ifn—2r =1and Sec” C ={F =0} then the entries of V(F) define a variety in P"~! of codimension 3.
(i) If n —2r =2 and Sec” C = {F| = F, = 0} then the 2 x 2 minors of V(F|, F,) define a variety in

P~ of codimension 3.

Proof. (i) Theorem 9.1 tells us that Sec” C has singular locus Sec’~! C, and that this has codimension 3.

(ii) This is proved in Section 9.3. O
We start the proof of Theorem 4.1 with the following lemma.
Lemma 4.4. Let C C P! be a genus one normal curve. Suppose thatn —2r > 1 and €1, ..., £, are
linear forms in x1, . .., X, such that
~ 0
Z%T{. € [(Sec’ C) forall f e I(Sec’ C). ©)
i—1 l

Then there exists . € K such that £; = \x; forall 1 <i <n.

Proof. The coefficients of ¢4, ..., £, form an n x n matrix. Let V C Mat,(K) be the subspace of all
solutions to (6). We must show that V consists only of scalar matrices. Let E be the Jacobian of C.
Translation by T € E[n] is an automorphism of C that extends to an automorphism of P"~!, say given by
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a matrix Mr. Now V is stable under conjugation by each M7. By considering the standard representation
of the Heisenberg group (see for example [Fisher 2010, §3]) it follows that V has a basis {M7 : T € X}
for some subset X C E[n].

We suppose for a contradiction that M7 € V for some O # T € E[n]. Then translation by T on C
extends to an automorphism of P"~! that sends each point P € Sec’ C to a point in the tangent space
Tp Sec” C. Let H be the divisor of a hyperplane section on C. For D an effective divisor on C we write
D c P! for the linear subspace cut out by L(H — D) C L(H). For example, if D is a sum of distinct
points on C then D is the linear span of these points. We also write Dy for D translated by T. We choose
D = Py + - - -+ P, an effective divisor of degree r such that:

(i) Pi,..., P. € C are distinct,
(i) D and D7 have disjoint support, and
(iii)) 2D+ Dr # H.

Proposition 4.2 shows that for generic P € D we have Tp Sec” C = 2D. It follows from our assumption
My €V that Dy C 2D, equivalently L(H —2D) C £(H — Dr). Then by (ii) we have

L(H—-2D)=L(H-2D)NL(H—Dr)=L(H—-2D — Dr).

However by (iii) and the Riemann—Roch theorem these spaces do not have the same dimension. Indeed,
since r > 1 and n — 2r > 1 we have

dimL(H —2D) =n —2r #max(n —3r,0) =dim L(H — 2D — Dr).
This is the required contradiction. ]
We show that the resolution in Theorem 1.1 is a complex.

Lemma 4.5. Let C C P"~! be a genus one normal curve, and let Q be an alternating matrix of quadratic
forms satisfying the hypotheses (H1) and (H2):

(1) Ifn=2r+1andSec” C = {F =0} then

n

oF
— 0x;
i=1

(1) If n =2r +2 and Sec” C = {F| = F, =0} then

Qjj=0 foralll <j<n.

oF " dF, .
Z_;Qif:ZB_xiQUZO forall1<j<n.

i=1 i=
Proof. (i) By the hypothesis (H1) we have

n
oF

— Jx;
i=1

Qj=¢;F foralll <j<n,
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for some linear forms £, ..., £,. We multiply by 0 F/0x; and sum over j. Since €2 is alternating the
left-hand side is zero. Therefore
aF
Z tjs—=0
j=l1
By Lemma 4.4 and Euler’s identity it follows that £; = - - - = ¢, = 0 as required.
(ii) By the hypothesis (H1) we have
"\ IF .
Za—szijzejFl+ij2 forall 1 <j <n, (7)
, Xi
i=1
for some linear forms £y, ..., ¢, and my, ..., m,. We multiply by 0 F/0x; and sum over j. Since 2 is

alternating the left-hand side is zero. Since F| and F; are forms defining a variety of codimension 2 they
must be coprime. Therefore

n

n
8F1 aFl

Z T ox; §F an ijax- sk

j=1 J j=1 J

for some & € K. If instead we multiply (7) by dF>/0x; and sum over j then using the hypothesis (H2)
we find that

for some n € K.
By Lemma 4.4 there exist A, u € K such that ¢; = Ax; and m; = ux; for all 1 <i <n. By Euler’s
identity and the linear independence of F; and F; it follows that A = u = 0. Therefore

n

0F .
Z—Qij=0 forall 1 <j <n.
i=1 9xi

The corresponding result for F; follows by symmetry. (I

To complete the proof of Theorem 4.1 we must show that the complex is exact. First we need some
linear algebra. If B is an n x n matrix and S C {1, ..., n} then we write BS for the (n — |S|) x (n —|S])
matrix obtained by deleting the rows and columns indexed by S. The Pfaffian pf(M) of an alternating
matrix M is a polynomial in the matrix entries with the property that det(M) = pf(M)>.

Lemma 4.6. (i) Let A = (a;) be a 1 x n matrix and B an n X n alternating matrix over a field K.
Suppose that rank A = 1,rank B =n — 1, and AB = 0. Then there exists A € K™ such that

(—1)' pf(B") = ra;

forall1 <i <n.
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(i1) Let A = (a;j) be a 2 x n matrix and B an n X n alternating matrix over a field K. Suppose that
rank A =2, rank B =n — 2 and AB = 0. Then there exists A € K* such that

(=)™ pf(B"I)) = Mariaz; — arjax)
foralll <i < j<n.

Proof. (i) It is well known that the vector with i-th entry (—1)’ pf(B{i h belongs to the kernel of B. See
for example [Bruns and Herzog 1993, §3.4]. Since rank B = n — 1, this vector is nonzero and the kernel
is 1-dimensional. The result follows.

(ii) We first claim there exist A, ..., A, € K such that

(= 1)+ pf(BU-y = { ri(ariazj; — aijasi) 1fl < j

—Ai(arjaxj —ayjay) ifi > j.
Indeed taking ay; times the first row of A minus ay; times the second row of A gives a nonzero vector
in the kernel of B}, If rank B!} = n — 2 then we argue as in (i). Otherwise we can simply take A; = 0.
This proves the claim.

Now let C = (aj;azj — a1;a2;)i, j=1,...» and let D be the diagonal matrix with entries A1, ..., 1,. We

must show that if CD = DC then CD is a scalar multiple of C. More generally this is true for any rank 2
alternating matrix C and diagonal matrix D. Indeed we may reorder the rows and columns so that the
diagonal entries of D which are equal are grouped together. Then C is in block diagonal form. Since

C is alternating of rank 2, exactly one of these blocks is nonzero. The result is then clear. O

Lemma 4.7. Let C C P"~! be a genus one normal curve, and let Q be an alternating matrix of quadratic
forms satisfying the hypotheses (H1), (H2), and (H3):

(1) Ifn=2r + 1 and Sec” C = {F = 0} then the (n — 1) x (n — 1) Pfaffians of Q are (scalar multiples
of ) the partial derivatives of F.

(i) If n =2r + 2 and Sec” C = {F| = F, = 0} then the (n — 2) x (n — 2) Pfaffians of Q2 are (scalar
multiples of ) the 2 x 2 minors of V(Fy, F3).

Proof. We apply Lemma 4.6 over the function field K (x1, ..., x).

(i) By Lemma 4.5 we have ) ;| dF/dx; Q;; = 0. By the hypothesis (H3) the generic rank of € is n — 1.
So by Lemma 4.6(i) there exists A € K (xy, ..., x,) such that
—1) pf @y =29F  forall 1 <i <n.
ax,-
Since pf(Q!"}) and d F/dx; are forms of degree n — 1, we can write A = u /v where u and v are coprime

forms of the same degree. Then v divides d F'/dx; for all i, and so must be a constant by Proposition 4.3(i).
Therefore A is a constant.
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(ii) By Lemma 4.5 we have ) ', 0F/9x; ;j = Y :_, dF>/9x; Q;j = 0. By the hypothesis (H3) the

generic rank of 2 is n — 2. So by Lemma 4.6(ii) there exists A € K (x1, ..., x,) such that
o - Jo(F1, F
(=) pr(Qliily = GO F) < < j<n.
d(xi, xj)

Since pf(21:71) and 9(Fy, F»)/3(x;, x;) are forms of degree n — 2, we can write A = u/v where u and v
are coprime forms of the same degree. Then v divides d(F, F2)/d(x;, x;) for all i, j, and so must be a

constant by Proposition 4.3(ii). Therefore A is a constant. O
Let R = K[xy, ..., x,]. Consider a complex of graded free R-modules
0> F B8 F, 1> >3 R (8)

We write Vi, C P"~! for the subvariety defined by the r; x ry minors of ¢; where r; = rank(¢y). The
Buchsbaum-Eisenbud acyclicity criterion (see [Bruns and Herzog 1993, Theorem 1.4.13; Eisenbud 1995,
Theorem 20.9]) states that (8) is exact if and only if rank F; = rank ¢ + rank ¢¢4; and codim Vy > k for
alll <k <m.

Proof of Theorem 4.1. We already saw in Lemma 4.5 that the resolution in Theorem 1.1 is a complex.
We must prove it is exact. If n is odd then the free R-modules have ranks 1, n, n, 1 and the maps have
ranks 1,n — 1, 1. If n is even then the free R-modules have ranks 2, n, n, 2 and the maps have ranks
2,n —2,2. By Lemma 4.7 we have V| = V, = V3 and Proposition 4.3 shows that this variety has
codimension 3. We now apply the Buchsbaum-Eisenbud acyclicity criterion. (I

5. A basis-free construction

The results of Section 2 show that for the proof of Theorems 1.1 and 1.2 we are free to make changes of
coordinates on P"~!. Since we are working over an algebraically closed field we can therefore reduce to
the following situation. Let E be the elliptic curve

Y2 +aixy +azy = x° +arx® + asx + de
with point at infinity Og and invariant differential
w=dx/Q2y+ax+a3) = dy/(3x2 +2ayx + a4 —ayy).

Let C C P"~! be the image of E embedded via the complete linear system |n.0g|. The embedding depends
on a choice of basis for the Riemann—Roch space L£(n.0g), but the only effect of changing this is to make
a change of coordinates on P"~!. In this section we define a linear map Q2 : A2L(n.0g) — S2L(n.0f).
In the next section we show that the corresponding alternating matrix of quadratic forms satisfies the
hypotheses (H1), (H2), and (H3).

For f € L(n.0g) we put f =df/we L((n+1).0g). Motivated by (2) we define a linear map

A:ANLO0g) = S2L((n+1).0g); fAg fQe—g® f.
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Lemma 5.1. Let f, g € L(n.Og). Then the rational function on E x E given by
yp+yo+aixg+as
Xp —

belongs to L(n+1).0g) ® L((n+ 1).0g).

(P, Q) — (f(Q)g(P) — f(P)g(Q))

Proof. (i) If we fix Q = (xg, yo) then as rational functions of P = (x, y),

y+yo+taixg—+as
X—XQ

€LOr+ Q) and f(Q)g—g(Q)f€LnOr—0).

Therefore the product belongs to L((n + 1).0g).

(ii) If we fix P = (xp, yp) then as rational functions of Q = (x, y),
yptytaix+as
Xp—X

Therefore the product belongs to L((n 4+ 1).0g). O

e LOg+P) and g(P)f— f(P)geL(nOg—P).

We define a second linear map

B: A2L(n.0g) = S?L((n+1).0g)
yp+yo+aixg+as
Xp —XQ

frgr (f(Qg(P) = f(P)Z(QN)]p_y
where |p— is our notation for the natural map
L((n+1).05) & L((n+1).05) — S*L((n+1).0g).

We show that A and B both represent the invariant differential w, in the sense of Theorem 1.2(i).

Lemma 5.2. As rational functions on E we have

A A =B(frg)=fi—gf =188

Proof. This is clear for A. For B we apply I’Hopital’s rule to get

f(Qg—sQf] _ [(@e—8@f
X —Xo P=0 X P:Q’
and then use that x =2y +a;x + as. O

If we pick bases for £(n.0g) and L((n + 1).0g) then A and B are (represented by) n x n alternating
matrices of quadratic forms in n 4 1 variables. However the matrix €2 we seek is an n x n alternating
matrix of quadratic forms in n variables. It turns out that the correct choice of 2 is a linear combination
of A and B.

We may expand rational functions on E as Laurent power series in the local parameter ¢+ = x/y at Og.
Let ¢ be the linear map that reads off the coefficient of #"~!. There are exact sequences

0— Ln.0g) — L((n+1).05) > K =0
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and
0— S2L(n.0g) — S*L((n+1).05) B L((n+1).05) — 0 )
where ¢2(f @ ) = (flg+ () f.

Lemma 5.3. Let f, g € L(n.0g) be rational functions whose coefficients of t=—" (when expanded as
Laurent power series in t) are 0, 1 respectively. Then

b2(A(f Ag) =nf and  $2(B(f Ag))=2f.

Proof. (i) Wehave x =t 2+-.- and y=1¢t">+---. Then X =2y +ajx +a3 =2t +--- and
y = 3x2+2a0x +as —ayy = 3t~* + ... Writing g as a polynomial in x and y it follows that
g=t"4---and g =nt™""' +.... Therefore ¢(f) =¢(g) = ¢(f) =0 and ¢ (g) = n. We compute

$Af A =d(f®E—g® ) =nf.
(ii) If we fix Q = (xg, y¢) then as rational functions of P = (x, y),

y+yot+taxg+as _
X —XQ

-+ and  f(Q)g—g(Q)f=f(QDt7"+---

with product f(Q)t"" 1 4....
If we fix P = (xp, yp) then as rational functions of Q = (x, y),
ypt+yt+ax+as
Xp—X -

—t7 '+ and  g(P)f — f(P)g=—f(P)t " +---

with product f(P)t~"~! 4 .... In both cases the leading coefficient is f. Adding these together gives
$2(B(f Ag))=2f. O
Corollary 5.4. Let Q =nB —2A. Then 2 is a linear map AN2L(.0g) — S2L(n.0g).

Proof. This follows from Lemma 5.3 and the exact sequence (9). O

6. Proof of Theorem 1.1

If we pick a basis for £(n.0g) then the linear map defined in Corollary 5.4 is represented by an n x n
alternating matrix of quadratic forms in n variables. In this section we complete the proof of Theorem 1.1
by showing that this matrix €2 satisfies the hypotheses (H1), (H2), and (H3), as stated at the start of
Section 4.

For Og # P € E we write P and d P for the linear maps f — f(P) and f — f(P) in the dual space
L(n.0g)*. For example, if L(n.0g) has basis 1, x, y, x2, Xy, ...then

P=(1,xp, yp,x%,xPyp, ..., dP=(0,2yp+ajxp+as, 3x% +2ayxp +a4s—ayp,...).

We note that [P] is a point on C C P! = P(L(n.0g)*), with tangent line passing through [d P]. The
square brackets indicate that we are taking the 1-dimensional subspaces spanned by these vectors, i.e.,
the corresponding points in projective space. For O # Q € E we likewise define Q and d Q.
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For P, Q € E let Ap o be the slope of the chord (or tangent line if P = Q) joining P and Q. In
the following lemma the vectors P, Q,dP,dQ in L(n.0g)* are extended to L((n + 1).0g)* using
exactly the same definition. Evaluating A or B at a linear combination £ P + n Q gives an element of
(A2L(n.0p))* = A2 (L(n.0)").

Lemma 6.1. LetOg # P, Q € E,and&,n € K. Then
i) AEP+nQ)=&*(PANdP)+En(PAdQ+ QAdP)+1*(Q AdQ),
(ii) BEP+nQ)=E*(PAdP)+En(hg.—p—Arp_0)(PAQ)+1n*(QAdQ).
Proof. (i) For f, g € L(n.0g) we compute
AP)(fAg)=(fs—gf)(P)=(PAdP)(f Q).
The formula for A(§ P 4+ n Q) follows by bilinearity.
(ii) For f, g € L(n.0g) we write
BEP+nQ)(f Ag) =& By+&nBi +1°B..

By Lemma 5.2 we have

Bo=(f¢—gf)(P)=([P AdP)(frg), Ba=(f3—8f)(Q)=(QAdQ)(fAg).
Since for s,t € L((n + 1).0g) we have
@NEP+nQ)=sEP+nQ)i(EP+nQ)
=&%s(P)1(P) +&n(s(P)1(Q) +5(Q)t(P)) +1°s(Q)1(Q),
it follows from the definition of B that
By=hp_o(f(Q)g(P)— f(P)g(Q))+ Ao, p(f(P)Z(Q)— f(Q)g(P))
=g —p—Ap—)(PAO)fNY. O

We pick a basis for £(n.0g), so that now Q(P) is an n x n alternating matrix, and P, Q,d P, d Q are
column vectors.

Lemma 6.2. LetOg # Py, ..., P, € E distinctand &1, ...,& € K. Then

o(Sen)-n( 3D
i=1

(n—2)& 215 - —25&
—2%1& (-DE - 26

[x] *

where

1]

' ' (10)
2815, 288 - (n—2)§

and T1 is the n x 2r matrix with columns Py, ..., P.,dPy, ...,dP,.
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Proof. Recall that 2 =nB — 2A. The case r =2 is immediate from Lemma 6.1. Since the entries of <2
are quadratic forms the general case follows. (Il

We now check the hypotheses (H1), (H2), and (H3).

Proof of (H1) and (H3). Suppose n —2r > 1. A generic point P € Sec” C may be written P = [er: 1 &i P,-]
for some O # Pi,..., P, € E distinct and &, ..., & # 0. By Proposition 4.2 the tangent space
TpSec’ C C P !is spanned by Py, ..., P.,dPy,...dP,. In particular these 2r vectors are linearly
independent.

For f € I(Sec” C) we have Z?:l df/dx; (P)v; =0 for any v in the linear span of Py, ..., P.,d Py, ...,
d P,. By Lemma 6.2 the columns of 2 are linear combinations of these vectors. So for each 1 < j <n the
form Z;’zl df/dx; ;; vanishes at P. Since P € Sec” C is generic, this proves (H1). Since n ¢ {0, 2r}
and &, ..., & # 0, the matrix (10) is nonsingular. Therefore rank Q2 (P) = 2r and this proves (H3). U

Proof of (H2). We write n = 2r and Sec" ' C = {F1 = F, =0}, where F| and F; are forms of degree r.

‘We must show that the form
n

> g0 an

ij=1 "' J
is identically zero. A generic point P € Sec” C = P"~! may be written P = [Z;Zl & Pi] for some
Og # Py, ..., P. € E distinctand &1, .. ., & # 0. In addition we may assume that 2(P; +---+ P,) * H,
where H is the hyperplane section. This ensures that the vectors Py, ..., P,,d Py, ...dP, are linearly
independent. We choose coordinates on P"!sothat [P]]=(1:0:---:0),[P.]=(0:1:0:---:0), ...,
dP.=(0:---:0:1). Since F; and F, vanish on Sec™ ' C they vanish on the linear span of any r — 1 of

the [ P;]. Replacing F| and F, by suitable linear combinations we may assume

Fi(x,....,x,0,...,0=0, Fo(x1,...,%,0,...,0) =x1x2...x,.

Therefore at P =(&;:---:&.:0:---:0) we have
oF oF
(—I(P),..., 1(P)>:(0,...,O,*,...,>x<),
0X1 0xy
0F, Bl
<a_(P)”a_(P)>:<l_[$l791_[517*,a*)
1 *n i#1 itr
By Lemma 6.2 we have
* &
Q((P) =
(P) (_E 0>,

where E is the matrix (10). Since n = 2r, the coefficients in each row and column of E sum to zero.
Therefore the form (11) vanishes at P. Since P € P"~! is generic, this shows that the form is identically
Zero. (]

This completes the proof of Theorem 1.1.
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7. Explicit formulae

In this section we give an explicit formula for the matrix €2 defined in Section 5. As before E is the
elliptic curve

v +aixy+azy = x> +ayx* + asx + ag
with invariant differential w = dx/(2y + a;x 4+ az). We embed E in P! via
3%y, xt ). (12)

(xo:x2:x3:-- 1) = (1, x, y, X%, xy, x

Notice there is no x;. The indicator function of a set X is denoted 1x. We define linear forms in
indeterminates {x,, : m € Z} as follows:

6
K = 3m Q41+ Q1 + @33 2) + Loaa(m) D (= 1) (m = 3i)aiXim 11,

i=1

6
B = 3 g1+ @1 +a3%m2) + Loaa(m) D (=1 @iXpi1-i,

i=1

where by convention as = 0. The relation to the notation f = df/w used in Section 5 will be explained

below. For x € R we let sign(x) = —1, 0, 1 according as x is negative, zero, or positive. For r, s € Z we
define
o0
. . . 1 - -
Aps = XpXg — XsXp, By = Z Slgn(k + 5)(xr+2kxs—2k — X542k Xr—2k)-
k=—o00

Theorem 7.1. Let C C P"~! be the image of E under the embedding (12):

(1) A= (Arg)rs=02...nand B = (Byg)rs=02...n are n X n alternating matrices of quadratic forms in
X0y X25 oo+ Xp41-

(i)  =nB —2A is an n X n alternating matrix of quadratic forms in xg, X3, . .., X,. It satisfies the

conclusions of Theorem 1.1 and

x3d(xi/x;)

n—2w=—>"—""""_
Qij(xl, . .,x,,)

foralli # j. (13)
Proof. 1t is part of the theorem that the indeterminates x,, for m ¢ {0, 2, 3, ..., n} cancel from the formula
for ©2. So when applying the theorem we simply set them to be zero. However we will not do this in
the proof. Since x,, is a linear combination of x,;, 41, X, . . . , Xm—s, €ach B, is of the form Zi  CijXiXj,
where each ¢;; is a finite sum. But it is not immediately clear that the B, are polynomials, i.e., that
¢;j = 0 for all but finitely many pairs (i, j). We check this first.

If r =5 (mod?2) and < s then

By = 2(xp X5 + Xp2X5-2 + . . .+ Xs—2Xr42), (14)
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whereas if r is even and s is odd then

By = —a1x,xs + Qr,s—H +ap Qr,s—l +ay Qr,s—3 +ae Qr,s—S - Qs,r-‘rl, (15)
where
XiXj+XipoXj o+ -+ X)X ifi <j—+2,
Qij= 0 ifi =j+2,
—(Xj 2Xjy2+XiaXjpa+ ...+ xj0x2) ifi> j+2.
Since By, = — B, this proves that the B, are polynomials.

We show that the matrices A and B defined in the statement of the theorem represent the linear maps
A and B defined in Section 5. The theorem then follows from the results of Sections 4, 5, and 6. In
particular (13) follows from Lemma 5.2.

In the statement of the theorem the {x,, : m € Z} are indeterminates. However for the proof they will
be the following rational functions on E,

xm/2 if m is even,
Xy =
T x ™32y if mis odd.

As rational functions on E, we claim that x,, = dx,,/w (in agreement with the notation in Section 5) and
Xy = %xm_z(Zy + a1x + a3). In checking these claims, we start with the right-hand sides, since this also
serves to motivate the definitions of x,, and x,,. For m even we have
dxp /o= %mx(m_z)/z(dx/a))
= %mx(m’z)/z(Zy +aix +az)

1
= 5mM(2xXpy+1 + a1 Xm + a3Xm-2),

and

3xm—22y +arx +az) = 3 2xXpmi1 + 1% + A3%m-2).

For m odd we have

dxp/w = 3(m—=3)x""2y(dx/w)+x" I (dy/w)
= 5(m=3)x""2Q2y* fayxy+azy) +x "V Gx 4 2arx +as—ary)
= %(m—3)x(m_5)/2(—a1xy—a3y+2x3+2a2x2+2a4x+2a6)
+xM=I23x3 4 2a5 x> +agx —ay xy)

3
=x"2 (mx? = Lm—Dayxy—4(m —3)a3y+Z(m —i)ayx*"")
i=1
6
= My a1 +asxn2)+ Y (=1 (m—3i)aixn i1,

i=1
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and

1, (m=5)/2
2x

Tm—2(2y +aix +az) = 2y* +aixy +asy)

= %x(m_S)/z(—alxy —azy+ 2x3 + 2a2x2 + 2asx + 2ag¢)

6
= 5 QXmp1 +a1xp + a3xm2) + Y (=D aixmy1 .
i=1
It is now clear that A(x, Ax;) = A, for all r, s € Z. It remains to prove the same for B. By definition

of B we have

B(x, Ax,) = yp+yo+aixg+as

(o (D)5 (P) =, (P)x; (D)) p_ -

Xp —XQ
where P, Q are points on E. Since x,, = %xm_2(2y + aix + az) we have
2x,(P)Xs(Q) = 2yg +aixg +az)x, (P)xs—2(Q)

2
= TN LD (¢ (Prea(Q) — %, (P)x(Q)).

Xp —XQ

Adding this to the same expression with (7, s) replaced by (s — 2, r 4+ 2) and then setting P = Q gives
B,y — Br+2,s—2 = 2(xr)zs + xs—22r+2) =B(x, Axg) — B(xr+2 AXg—2). (16)

Rather more obviously, replacing (r, s) by (r + 2, s + 2) changes B,s and B(x, A x) in the same way,
that is, by shifting the subscripts up by 2. So to prove B(x, A xys) = B, for all r, s € Z it suffices to prove
it for all » € {0, 1} and s € {0, 1, 2, 3}. This is a finite calculation. We give two examples:

yp+yo+aixg+as

B(xgAx3) = —
(xo A x3) r—xg (yp yQ)|P:Q
(vp +arxpyp +asyp) — (vg +ai1x0yo +a3yo)
= —al)’P‘p:Q
Xp —XQ
= (x5 +xpxg +XE —aiyp+ax(xp +xg) +a4)\P:Q
= 2x0x4 + x% — a1xox3 + 2axxpx2 + a4X§,
and
yp+yp+aixg+as
B(xa Ax3) = - ¢ (yp(xg —xp) +xp(yp — )’Q))‘P:Q

Xp —XQ
= (—yp(yp + Yo +a1xg +az) +xp(xp +xpxg+--- +a4))|p:Q
= (XpXQ +XpXh — YPYo — A1XQVp +A2xpX0 —as)| p_,

=2xpXx4 — x32 —ayxoxz + azx% — a6x§.

It is easy to check using (15) that these are equal to Bys and Bp3. The other cases we need can then be
checked using (16) and the fact that B is alternating. U
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8. Proof of Theorem 1.2

Let 2 =nB —2A be as in Theorem 7.1. Then c4(2) = fu(ai, ..., as) and c(R2) = gn(ay, ..., ag) for
some polynomials f, and g,. We consider the effect of a change of Weierstrass equation, with notation
as in [Silverman 2009, Chapter III].

Lemma 8.1. Let ay, ..., as and ai, el aé be the coefficients of two Weierstrass equations related by
x=u’x"+randy=u’y +u’sx' +t. Then

foar, ... ae) =u' fu(ay, ... ag),  galar.....a) =u’gu(aj, ..., ag).
Proof. This follows from Corollary 2.3 and ™'’ = . ]

It follows by Lemma 8.1, and the standard procedure for converting a Weierstrass equation to the
shorter form y% = x3 4+ ax + b, that f,, and g, are scalar multiples of the usual polynomials ¢4 and cg in
a, ..., as. Explicitly,

falar, ..., ag) = &, (b3 — 24bs) = &,(af + - - ),

3 6 (17)
gn(al, e 616) - nn(_bz + 36b2b4 — 216[76) = nn(—al + .- ),

where by = a12 +4ay, by = 2a4 + ayaz and bg = a% + 4ag.

To complete the proof of Theorem 1.2 we must compute the constants &, and 5,. For any given value
of n these can be read off from a single numerical example. However we need to compute these constants
for all n. We write

Q=09 4+4,00 + 5,07 +139% + aQ® +4Q©®.

Since c4(€2) and cc(£2) have degrees 4 and 6 in the coefficients of the entries of €2, we see by (17) that it
suffices to compute the invariants of Q.
We put
Vrs = (=)™ sign(s — r)n —2((=D*| 35| — (=D 3r]).

Lemma 8.2. The alternating matrix QD has entries above the diagonal
(s—r)/2—1

VrsXrXs + (_l)snleven(r +5) Z Xr42kXs—2k- (18)
k=1

Proof. Since Q =nB —2A we have Q) =nBM — 24D where the superscripts indicate that we are
taking the coefficient of a;. Then A" has (r, s) entry

((=D7[3s] = =037 )xexs,
whereas (14) and (15) show that if r < s then B) has (r, 5) entry

(=D (xp x5 + Xp12X52 + ... Xs_2X,42) if r =5 (mod 2),
(=1, xg if r #5 (mod 2).
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Lemma 8.3. The matrices QV, Q' = (Vr5X,Xs)r.5—0.2.3....n and

A= ((sign(j —in =2 — i))xixf)i,j=0,1,...,n71

all have the same invariants c4 and ce.

Proof. We first explain why Q) and Q' have the same invariants, despite the “extra terms” in (18). We
start with Q1. The only entries involving xq are in the first row and column. We replace xo by A ~!xg
and multiply the first row and column by A. By Lemma 2.2 this does not change the invariants, but setting
A = 0 removes the extra terms from the first row and column. Now the only entries involving x; are
in the second row and column. We replace x, by 1~ 'x, and multiply the second row and column by .
This does not change the invariants, but setting A = 0 removes the extra terms from the second row and
column. We repeat this procedure for all subsequent rows and columns. In the end we remove all the
extra terms, and are left with the matrix '.
We define a bijection 7 : {0, 1,...,n —1} = {0,2,3,...,n} by

2i ifi <n/2,

7T(i)={ : e
2m—i)+1 ifi>n/2.

We then compute

sign(j —i)n —2(j — i) ifi <n/2and j <n/2,
) n=2(=(n—=j)—0) ifi <n/2and j >n/2,
Va0 =Yy Z 2+ (n—i)) ifi >n/2and j <n/2,

sign(j —i)n—2(—(n—j)+m—1i)) ifi >n/2and j>n/2.

In all cases we have Yy (i) x(j) = sign(j —i)n —2(j —i). Therefore Q" and A are related by a permutation
matrix. It follows by Lemma 2.2 that they have the same invariants. (]

Lemma 8.4. The alternating matrix of quadratic forms

0 m—=2)x1x, n—4x1x3 M—6)x1x4 -+ Q—n)x1x,
0 n—2)xx3 M—Bxx4 -+ (E—n)xzx,
0 n—2)x3x4 -+ (6—n)x3x,

(n—2)x,_1x,
0

has invariants c4(A) = (n —2)* and cg(A) = —(n — 2)°.

Proof. We have A = (AysX,Xg)r5=1,...n, Where A,; = sign(s —r)n — 2(s —r). Following the definitions
of ¢4 and cg in Section 1 we put

n n

8Air 8Ajs 3M,’ i
M;i; = ”Z_l . o, M Nijk = ; ™ A vk = VijrXiXjXxg,
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where w;; = (Zle Ai,kj,) — Al.zj and v;jx = ;j(Aix + A ji). It is not hard to show that

n
> “sign(i —r)sign(j —r) =n—2[i — j| - &;.

r=I1

D G —r)sign(j —r) =2ij — j* — (4 Di+n(n+1)/2,

r=1
Y =rG—r=nij—(+j)nm+1)/24n@m+1)2n+1)/6.
r=1

We use these to compute

n
D hirkjr=2nli = j* =2n’li = j| = 8ijn® + (n* +2n)/3
r=1

and then subtract off

Ay =4 — jIP—4nli — jl+ (1= 8;)n’
to get
iy =2 —2)(|i — jI* —nli — jD +n(n—1)(n—-2)/3.

Noting the symmetries ;; = pj; and v;jx = vjix, and using computer algebra to check our calculations,

we find
n

M 0°M,s 5 6 L (n+3
2 3%, 9%, 90 =4) = (R)nmn-2) ( 5 )
ijrs=1TUTS TR i<

and
n

Z 83]Vijk 33]Vrst
0x,0x50x, 0x;0X;0x

i,j,k,rs,t=1

=4 Z (Vijk + Viki + viij)*

i<j<k
_ 2
=4 Z Aij (i — mjir) + A (i — mix) + Aix(ij — k)
i<j<k
=64(n—2)" Y (i —2j+k) (n+i+j—2k (n+2i—j—k)>
i<j<k
— 64n(n —2)3(”;5).

The final sums are evaluated using the standard formulae for ) ;_ i, Y ', i?, etc. In practice it is simpler
to observe that the answer is a polynomial in n, say of degree at most d, and then check the result for
d + 1 distinct values of n.

Finally scaling by the constants included in the definitions (4) and (5) it follows that c4(A) = (n — 2)%
and cg(A) = —(n — 2)5. O
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The last two lemmas show that &, = (n — 2)* and 1, = (n — 2)%. Therefore c4(Q) = (n — 2)*c4(E)
and ¢(Q2) = (n — 2)%¢6(E). Let = dx/(2y 4+ ajx + a3). By the formulae in [Silverman 2009, Chapter
III] we have

(E, w) = (y* = x> = 27c4(E)x — 54¢6(E), 3dx/y).
Therefore

(E, (n —2)w) = (y* = x> = 27c4(Q)x — 54¢6(R), 3dx /).

Recalling from Theorem 7.1 that 2 =n B —2 A represents the invariant differential (n —2)w, this completes
the proof of Theorem 1.2.

9. Higher secant varieties
In this final section we give references and proofs for the facts about higher secant varieties we used
earlier in the paper.
Theorem 9.1. Let C C P"~! be a genus one normal curve of degree n > 3:
(i) Sec” C c P! is an irreducible variety of codimension max(n — 2r, 0).

(ii) The vector space of forms of degree r + 1 vanishing on Sec” C has dimension B(r + 1, n), where

B(r.n) = (n:r) n (n:iIl>

is the number of ways of choosing r elements from Z /nZ such that no two elements are adjacent.
(iii) If n —2r > 2 then the homogeneous ideal I (Sec” C) is generated by forms of degree r + 1.
(iv) If n —2r = 1 then Sec” C is a hypersurface of degree n.
(v) Ifn —2r > 1 then Sec” C has singular locus Sec” ! C.
Proof. (i) This is a general fact about curves. See for example [Lange 1984, §1].

(ii), (iii), (iv) More generally the minimal free resolution for I (Sec” C) was computed in [Graf v. Bothmer
and Hulek 2004, §8]. See [Gross and Popescu 1998, §5] for the cases » = 1, 2, and [Fisher 2010, §4] for
further discussion.

(v) This is [Graf v. Bothmer and Hulek 2004, Proposition 8.15]. O

9.1. Computing equations for higher secant varieties. The following two propositions may be used
to compute equations for Sec” C from equations for C. We say that a form f vanishes on C with
multiplicity r if (passing to affine coordinates) the Taylor expansion of f at each point P € C begins
with terms of order greater than or equal to r.

Proposition 9.2. Let C C P"~! be a variety contained in no hyperplane. Let f be a form of degree r + 1:

(1) Ifr = 1 then
f € I(Sec” C) < f vanishes on C with multiplicity r.
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(i1) If r = 2 then
f e I(Sec” C) = - af eI(Sec” ' C) foralli=1,

Proof. (i) We choose P, ..., P, € C spanning P"~!. By a change of coordinates we may assume
Pr=1:0:---:0,P,=0:1:0:---:0),...,P,=(0:0:---:1). If f €I(Sec” C) then it vanishes
on the linear span of any r of the P;. Therefore the monomials appearing in f involve at least r + 1 of
the x;, and since f has degree r 4+ 1 must be squarefree. But then f vanishes at P; with multiplicity r.
Since P; € C was arbitrary it follows that f vanishes on C with multiplicity r.

Conversely, suppose f vanishes on C with multiplicity r. Let IT be an (r — 1)-plane spanned by points
Py, ..., P, € C. By achange of coordinates we may assume P; =(1:0:...:0), P,=(0:1:0:---:0), ...
Then f(xl, ...y X, 0,...,0) has total degree r + 1, but has degree at most 1 in each of the variables.
It follows that f vanishes on I1. By definition Sec” C is the Zariski closure of the union of all such
(r — 1)-planes. Therefore f € I(Sec” C) as required.

(ii) Since char(K) = 0 this follows from (i). U

Now let C C P"~! be a genus one normal curve. Taking r = 1 in Theorem 9.1 shows that the
homogeneous ideal 7 (C) is generated by a vector space of quadrics of dimension n(n — 3)/2. Suppose
we know a basis for this space. Then by repeatedly applying Proposition 9.2(ii) we can find a basis for
the space of forms of degree r 4 1 vanishing on Sec” C. Theorem 9.1(iii) tells us that if n — 2r > 2 then
these forms define Sec” C. The following proposition covers the remaining case:

Proposition 9.3. Suppose n —2r = 1. Let f be a form of degree n. If r > 2 then
fel(Sec C) af elSec” ' C)? foralli=1,...,n

Proof. For =: Let H be the divisor of a hyperplane section, and let P € C be any point. Let Cy C P"
and C_ C P"~2 be the images of C embedded via the linear systems |H £ P|. We choose coordinates so
that the isomorphisms C; — C — C_ are given by

(g xpp) B (s X)) > (X i X)),

In particular P is the point (x;:---:x,) =(0:---:0:1). By Theorem 9.1 we know that I(Secr_] Cc))
is generated by forms g1, g» € K[x1, ..., x,—1] of degree r. By [Fisher 2010, Corollary 2.3] there exist
forms hy, hy € K[x1, ..., x,] of degree r 4+ 1 such that f; = x,11g; +h; € [(Sec” C4) fori =1, 2. Then
F = g1hy — goh belongs to

ISec" C)NK[xy,...,x,]=1(Sec” C).
Since g1, g2 are coprime and f1, f> are irreducible it is clear that F is nonzero. By Theorem 9.1(iv) we
have I(Sec” C) = (F). We compute
OF  8fi 39fa 3fi 3f2

Xy OXpp1 0Xy  0Xp OXpyl
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On the other hand, fori = 1,2 and j =n,n + 1 we have

afi
al elISec” ' CHNKIxy, ..., x,1=1(Sec’ ™' C).
Xj

Therefore 0 F/0x, € 1 (Sec’_1 C)?. Since P € C was arbitrary, and C spans P!, the result follows.

For <: Let Py, ..., P, be r distinct points on C. By a change of coordinates we may assume P; = (1 :
0:-+-:0), ,=(0:1:0:---:0), ... By Proposition 9.2 we know that f vanishes on C with multiplicity
2(r — 1)+ 1 =n — 2. Therefore f(xi,...,x,,0,...,0) has total degree n, but has degree at most 2
in each of the variables. Since 2r < n it follows that f vanishes on the linear span of Py, ..., P.. By
definition Sec” C is the Zariski closure of the union of all such (r — 1)-planes. Therefore f € I(Sec” C)
as required. U

9.2. Proof of Proposition 4.2. Let C C P"~! be a genus one normal curve of degree n. Let H be the
divisor of a hyperplane section. We identify £(H) with the space of linear forms on P"~!. For D an
effective divisor on C we write D C P~ for the linear subspace cut out by L(H — D) C L(H). We have

Sec” C = U D.
deg D=r

We also put D° = D\Up/_pD’. The gcd and lem of divisors " mp P and } m'p P are ) min(mp, m’p) P
and ) max(mp, m'’p)P.
Lemma 9.4. Let D, Dy, D; be effective divisors on C:

() Ifdeg D < n then dim D =deg D — 1.

(i1) The linear span of D and D, is m
(iii) If deg(lem(Dy, D)) < n then Dy N D, = gcd(Dy, Dy).
Proof. (i) By Riemann—Roch we have dim L(H — D) =n —deg D.
(it) We have L(H — D{)NL(H — Dy) = L(H —lcm(Dy, Dy)).
(iii) The inclusion “D” is clear. Equality follows by counting dimensions using (i) and (ii). U

With the above notation, Proposition 4.2 becomes

Proposition 9.5. Suppose n —2r > 1. Let D = Py + - - - + P, be an effective divisor of degree r with
Py, ..., P, € C distinct. Then for any P € D° we have Tp Sec” C = 2D.

Proof. If P € D’ for D’ an effective divisor of degree at most r, then by Lemma 9.4(iii) we have D = D'.
In particular P ¢ Sec’~! C. It follows by Theorem 9.1(v) that P is a smooth point on Sec” C. The next
lemma shows that 2D C Tp Sec” C, and equality follows by comparing dimensions, using Lemma 9.4(i)
and Theorem 9.1(1). [l
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Lemma 9.6. Let X be an affine variety and Py, ..., P, € X. Let P =) & P;, where >_ & = 1. If§ #0
then Tp, X C Tp(Sec” X).

Proof. There is a morphism X x - -- x X — Sec” X; (ay, ..., a,) — Y_ &a; with derivative Tp X X - - - X
Ter—>Tp(SCCrX); (b],...,b,)r—>Z§ibl~. O
In fact Proposition 9.5 is true without the hypothesis that Py, ..., P, are distinct. However, since we

do not need this, we omit the details.

9.3. Proof of Proposition 4.3. We must prove the following:

Proposition 9.7. Suppose n — 2r = 2 and write Sec’ C = {F| = F» = 0}. Then the variety X C P"~!
defined by
oF /ox, --- OF|/0x,
k <1
ran <8F2/8x1 8F2/8xn) =
has codimension 3.

If n =4 then C = {F| = F, = 0} C P? is the intersection of two quadrics. There are four singular
quadrics in the pencil spanned by F; and F», and each is singular at just one point. Then X is the union
of these four singular points, and so has codimension 3.

We now generalise this argument. Let H be the divisor of a hyperplane section. We identify L(H) with
the space of linear forms on P"~1. Let D; and D5 be divisors on C of degree r + 1 with D; + D, = H.
Let ®(Dy, D) be the (r + 1) x (r + 1) matrix of linear forms representing the multiplication map

L(D1) x L(Dy) — L(H).

Since ® (D, D) has rank at most 1 on C, it has rank at most r on Sec” C. Therefore det ® (D;, D,) is a
form of degree r + 1 vanishing on Sec” C. In particular it belongs to the pencil spanned by F; and F5.

Lemma 9.8. Every linear combination of F| and F, arises in this way. Moreover there are exactly four
forms in the pencil arising as det ® (D1, D,) with D1 ~ D;.

Proof. We say that divisor pairs (Dy, D») and (D}, D)) are equivalent if Dy ~ D} or D; ~ D). It
is shown in [Fisher 2010, Lemma 2.9] that if (D, D;) and (D}, Dj) are inequivalent then Sec” C =
{det ®(Dy, D) =det ®(D}, D)) =0} C P! In particular these two forms are linearly independent.

We claim that the map (D1, Dy) — ® (D, D») is a bijection between the equivalence classes of divisor
pairs and the pencil of forms spanned by F) and F,. To prove this let C be the image of an elliptic curve
E embedded in P"~! by |n.0g|. Then writing

det®(r.0g+ P, (r+2).0g — P) =s(P)F1 +t(P)Fy,

for P € E, we can see that s /¢ is a rational function on E. It therefore defines a morphism (s : ) : E — P!,
By the previous paragraph, this morphism is nonconstant, and indeed has fibres of the form {P, —P}. It
must therefore be surjective. This proves the claim.

For the final statement we note that ».0g + P ~ (r +2).0g — P if and only if P € E[2]. U
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Lemma 9.9. Let S be the singular locus of V = {det ® (D, D») =0} C P*~'. Then S contains Sec’ ! C.
Moreover:

() If Dy # D, then S = Sec’ ™! C.
(i1) If Dy ~ D, then S has codimension 3.

Proof. Since C spans P"~! it is clear that for each P € Sec’~! C we have Tp Sec” C = P"~!. Therefore
S contains Sec’ ! C.

(i) Let P € V \ Sec’~! C be any point. According to [Fisher 2010, Theorem 1.3] the r x r minors of
® (D, D;) generate I (Sec” e ). Therefore evaluating ® (D, D) at P gives a matrix of rank ». Moving

Pto(1:0:---:0) and picking suitable bases for £(D;) and £L(D;) we have
00 ---0
01 ---0 ,
WD, Dy)=x1|. . . [+,
00 --- 1
where @’ is an (r + 1) x (r + 1) matrix of linear forms in x5, ..., x,. Now the top left entry of ® (D1, D,)

is an equation for 7p V. Since the product of nonzero rational functions on C is again nonzero, the entries
of ®(Dy, D) are nonzero. Therefore P € V is a smooth point.

(ii) Picking suitable bases for £(D;) and L£(D,) we may suppose that (D, D,) is symmetric. Since
{rank ® (D, D) <r — 1} C S, and the quadratic forms of rank at most m — 2 have codimension 3 in
the space of all quadratic forms in m variables, it follows that S has codimension at most 3. Suppose
for a contradiction that S has codimension at most 2. Then its intersection with Sec” C = {F|, = F, = 0}
has codimension at most 3. But this intersection is contained in the singular locus of Sec” C, which by
Theorem 9.1 has codimension 4. This is the required contradiction. U

To complete the proof of Proposition 9.7, we note that X is the union of the singular loci of the
hypersurfaces defined by linear combinations of F; and F;. It follows by Lemmas 9.8 and 9.9 that X has
codimension 3.
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Random flag complexes and
asymptotic syzygies

Daniel Erman and Jay Yang

We use the probabilistic method to construct examples of conjectured phenomena about asymptotic
syzygies. In particular, we use Stanley—Reisner ideals of random flag complexes to construct new examples
of Ein and Lazarsfeld’s nonvanishing for asymptotic syzygies and of Ein, Erman, and Lazarsfeld’s
conjecture on how asymptotic Betti numbers behave like binomial coefficients.

Using the probabilistic method, we produce examples of conjectured behavior on asymptotic syzygies.
One of these provides the first known example of a phenomenon conjectured by Ein, Erman, and
Lazarsfeld.

Our central construction involves random flag complexes. We use G ~ G (n, p) to denote an Erdés—
Rényi random graph on n vertices, where each edge is attached with probability p. We turn G into a
flag complex by adjoining a k-simplex to every (k + 1)-clique in the graph, and A ~ A(n, p) denotes
a flag complex chosen with respect to this distribution. The properties of random flag complexes have
been studied extensively in recent years; see [Kahle 2014b] for a survey of recent results. From A,
Stanley—Reisner theory yields a squarefree monomial ideal /p C k[xy, X2, ..., x,] [Bruns and Herzog
1993, Chapter 5], and we analyze the Betti numbers of /4.

A recent paper by De Loera, Petrovic, Silverstein, Stasi, and Wilburne [Loera et al. 2017] also produces
random monomial ideals via a construction similar to Erd6s—Rényi random graphs, and one of their
constructions specializes to ours. They study thresholds and the distribution of algebraic invariants in this
framework, and they provide an array of results and conjectures.

We are motivated by questions and conjectures about asymptotic syzygies. These questions are
generally outside of the range computable in Macaulay?2 or elsewhere, and so there is a lack of known
examples. By contrast, results on random flag complexes are asymptotic in nature. By using probabilistic
techniques to analyze the syzygies of /5, we produce new examples of behaviors conjectured in [Ein and
Lazarsfeld 2012; Ein et al. 2015].

We now summarize Ein and Lazarsfeld’s central result on asymptotic syzygies. For a graded module
M over a polynomial ring, we recall that B; ; (M) denotes the number of minimal generators of degree j
of the i-th syzygy module of M; see [Eisenbud 2005, §1B] for a review. We define pr (M) as the ratio of

MSC2010: primary 13D02; secondary 05C80, 13F55, 14J40.
Keywords: syzygies, monomial ideals.
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Figure 1. Each dot represents a known nonzero entry in the Betti table of P embedded
by O(n) for n = 10. By Ein and Lazarsfeld’s Theorem 1.1, the density of the dots in rows
1, 2, and 3 will approach 1 as n — oco. Theorem 1.3 shows a similar phenomenon holds
for ideals of random flag complexes.

nonzero entries in the k-th row of the Betti table:
#{i € [0, pdim(M)] where B; ; 11 (M) # 0}

(M) = pdim(M) + 1

Under increasingly positive embeddings, [Ein and Lazarsfeld 2012] shows that these densities approach 1.

Theorem 1.1 (Ein and Lazarsfeld 2012). Let X be a smooth, d-dimensional projective variety and let A
be a very ample divisor on X. For any n > 1, let S,, be the homogeneous coordinate ring of X embedded
bynA. Foreach 1 <k <d, pi(S,) — 1 as n — oo.

See [Ein and Lazarsfeld 2012, Theorem A] for the sharper result and Figure 1 for an illustration.
A similar nonvanishing phenomenon was shown to hold for integral varieties [Zhou 2014, Theorem,
p- 2256], arithmetically Cohen—Macaulay varieties [Ein et al. 2016, Theorem 3.1], and certain iterated
subdivisions of Stanley—Reisner rings [Conca et al. 2018]. Moreover, experiments in Macaulay2 with
different asymptotic families of ideals (graph curves, unions of linear spaces, etc.) suggest that this
asymptotic nonvanishing behavior occurs in a broad range of examples. This motivates the following
question:

Question 1.2. Let {/,,} be a family of ideals where pdim(/,) — o0. Fix some k. Under what conditions
will px(S/1,) = 1 as n — oc0?

One way to understand these asymptotic nonvanishing results is by considering the overlaps between
the nonzero entries in the rows of the Betti table. The Hilbert function of a graded module will determine
the alternating sum of the entries along the slope one diagonals of the Betti table. We define overlapping
Betti numbers as Betti numbers that are not determined by the Hilbert function: e.g., when B; ; and B; 41 ;
are both nonzero. Theorem 1.1 and the related followup results show that such overlapping Betti numbers
are the norm in many different families of examples.

While Question 1.2 addresses qualitative expectations about asymptotic syzygies, the corresponding
quantitative behavior of asymptotic syzygies was raised in [Ein et al. 2015]. They introduce a random
Betti table model to provide a heuristic for the asymptotic behavior of certain families of Betti tables.
Their analysis suggests that, roughly speaking, each row of the Betti table of any very positive embedding
displays the pattern of a large Koszul complex [Ein et al. 2015, Conjecture B and Theorem C]. Yet despite
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the expectation that this behavior should be common, the only known occurrence is for a smooth curve of
high degree [Ein et al. 2015, Proposition Al].

Our main results provide new families whose Betti tables exhibit the conjectured behaviors described
above. We write f(n) < g(n) if lim,_. o f(n)/g(n) =0.

Theorem 1.3. Fix somer > 1. Let A ~ A(n, p) with l/nl/’ LK pKl Foreach1 <k <r+1, we have
ok (S/IA) — 1 in probability.

Saying that px(S/Ia) — 1 in probability is equivalent to asking that for any € > 0, the probability
that pr(S/Ip) > 1 —€ goes to 1 as n — o0. In particular, for the given parameter range, random flag
complexes in the A(n, p) model provide a positive answer to Question 1.2, similar to Theorem 1.1. See
Example 5.1.

The proof of Theorem 1.3 uses randomness to find particular subcomplexes of A. As we will review
in Section 2, the boundary complex of the (s + 1)-dimensional octahedron has the minimal number of
edges possible for a flag complex with (s 4+ 1)-th homology, and it is thus the most likely subcomplex
to contribute to the (s 4 1)-th row of the Betti table of S//x. The main step of the proof comes from
Theorem 1.6 below, where we show that the bound 1/n!/* « p is the threshold for the existence of this
particular subcomplex. Once we have crossed this threshold, we can find this particular subcomplex, and
minor variants of it, yielding nonzero Betti numbers throughout nearly the entire (s + 1)-th row.

Next we construct examples whose Betti tables exhibit the more detailed asymptotics suggested in [Ein
et al. 2015]. For any I, the Hilbert function of S/ will have the form (1, n, ...), and thus as n — oo,
the Betti table will necessarily scale with n. To account for this growth, we normalize the Betti table,
defining B(S/1p) == (1/m)B(S/1x).!

Theorem 1.4. Fix a constant 0 < ¢ < 1 and let A ~ A(n, c/n) be a random flag complex. If {i,} is an
integer sequence satisfying i, =n/2+o(n), and if C := (1 —c)/2, then

Biy.in+1(S/1n)

-1
(i)
in probability.

Theorem 1.4 is a local limit theorem, in the sense that it is a pointwise convergence rather than a global
result about the whole distribution. Moreover, the theorem is entirely focused on Betti numbers near the
middle of the first row. Yet, by a standard change of variables, this suffices to provide an example of the
behavior predicted by [Ein et al. 2015, Conjecture B].

Corollary 1.5. Fix a constant 0 < ¢ < 1 and let A ~ A(n, c/n) be a random flag complex. If {i,} is a
sequence of integers converging to n/2 +a+/n/2, then

V2w

2
B i (S)IN) — e/
(1—C)2nﬁ ﬂln,l,l+l( /A) e

in probability.

IFor a similar reason, [Ein et al. 2015, Conjecture B] also allows for a rescaling function.
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Figure 2. We plot the function i +— B;;11(S/Ia) for a random A ~ A(IO, %) and

A~ A(IS, %), respectively. These appear consistent with the appearance of binomial

coefficients, as in the heuristic of [Ein et al. 2015] and in Theorem 1.4.

See Figure 2 for a couple of examples.

The only previously known example of this kind comes from smooth curves [Ein et al. 2015, Theorem A].
However, that example avoids the complexity of overlapping Betti numbers. By contrast, for the family
of ideals in Theorem 1.4, the Betti numbers are not always clustered in a single row (see Remark 6.1).
Thus, Theorem 1.4 produces the first known families of ideals which exhibit overlapping Betti numbers
and behave like [Ein et al. 2015, Conjecture B].

The following simple computation suggests why the Betti numbers of random flag complexes should
behave like rescaled binomial coefficients. For a subset o of the vertices, we write A|, for the restricted
flag complex. Hochster’s formula [Bruns and Herzog 1993, Theorem 5.5.1] shows that 8; ;+1(S/1a) is the
[n]

1

sum over all @ € ( ) of dim ﬁo(Ala). By linearity of expectations, the expected value of B; ;+1(S/Ia) is

ElBiii(S/I)] =Y dimFo(al) = (7) Elfloa),
ae('})
where A’ ~ A(i, ¢/n) is a random flag complex. So it suffices to control how the expectation E [ﬁO(A/ )]
varies with i. The main issue in proving Theorem 1.4 thus arises in showing convergence in probability,
stemming from the fact that 8; ;+1(S//a) is a sum of dependent random variables.

Not coincidentally, the choice p = ¢/n (as in Theorem 1.4) is a much-studied regime in the random
graph literature. See [Alon and Spencer 2016, §11; Frieze and Karonski 2016, §2.1], among other
references. We rely on some of those structural results about random graphs in this regime for our proofs
of Proposition 6.2 and Theorem 1.4.

We also prove some results on the algebraic invariants of S/ . For instance, we prove the following
threshold result for individual Betti numbers:

Theorem 1.6 (Betti number thresholds). Fixi,vwithl <iandi+1<v <2iandlets :=v—i—1. Fix

some constant 0 < € < % and let A ~ A(n, p):
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(1) If 1/n's <« p <€ then P[Bi,(S/1p) #0] — 1.
(2) If p K 1/n'/s then P[B; (S/1a) =0] — 1.

We use this to bound the Castelnuovo—Mumford regularity of S/Ix in Corollary 5.2. Corollary 7.1 also
shows that while S/ is almost never Cohen—Macaulay, the depth and codimension of S/I5 converge as
n— o0.

This paper is organized as follows. Section 2 provides some essential definitions. Section 4 provides a
threshold for the vanishing/nonvanishing of individual Betti numbers, the nonvanishing half of which
relies on a variance bound proven Section 3. In Section 5 we use the Betti number threshold to prove
Theorem 1.3. In Section 6 we prove Theorem 1.4 and Corollary 1.5. Section 7 contains estimates on the
projective dimension of the ideal /.

2. Background and notation

We work over an arbitrary field k. We write P[—] for the probability of an event and E[—] for the
expected value of a random variable.

A flag complex is a simplicial complex obtained from a graph by adjoining a k-simplex to every
(k + 1)-clique in the graph. We use G ~ G(n, p) to denote an Erd6s—Rényi random graph on n vertices,
where each edge is attached with probability p, and we use A ~ A(n, p) to denote the corresponding
random flag complex. If H is a subset of the n vertices, then we use A|g for the induced flag complex.

The generators of /5 correspond to the maximal nonfaces of A [Bruns and Herzog 1993, Chapter 5],
and since A is flag this means that /, is generated by quadrics. Hochster’s formula (Theorem 5.5.1 in the
same reference), which relates the Betti table of S/I to topological properties of A, is our key tool for
studying the syzygies of S//x.

Remark 2.1. As discussed in the introduction, our goal is to use the /5 to model asymptotic syzygies.
The ideals of high degree Veroneses always admit a quadratic Grébner basis [Eisenbud et al. 1994], and
this is one reason why we chose to use random flag complexes. By contrast, models in [Loera et al. 2017]
often produce ideals with generators in different degrees, and those would thus provide better models for
other families of examples.

Example 2.2. Hochster’s formula implies that 8,41 2,42(S/1a) is the number of subcomplexes A|y € A,
where H has 2r + 2 vertices and where ﬁr(A| u) # 0. For instance 1 2(S/1) is the number of pairs of
disjoint vertices in A, or equivalently it is the number of nonedges of the A, and 2 4(S/IA) is the number
of squares in A. On the other hand, 8> 5(S/1a) counts subcomplexes on five vertices with nonzero ﬁl.
There are several different types of examples, such as

| [/
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Lemma 2.3. If A is a flag complex, then B; j(S/Ix) =0 for all j > 2i.

Proof. Since A is flag, I is a monomial ideal generated by quadrics. The Taylor resolution of S//x thus
involves monomials of degree 0, 1, or 2 [Peeva 2011, Construction 26.5]. O

The boundary complex of the (r + 1)-dimensional octahedron plays a key role in our results (for
instance, see Remark 3.1), and we denote this flag complex by <,. We note that <, is also the r-fold
suspension of 2 points. See Figure 3. Since a pair of points is disconnected, we have Ho () =7, and
since taking suspensions shifts reduced homology groups up by one degree, we have that H, (o) = 7.
We now observe that any flag complex with nonzero r-th homology will have at least as many vertices
and edges as <.

Lemma 2.4. Let A be a flag complex with H,(A) #0:
(1) Then A has at least 2r + 2 vertices.
(2) If v € A is a vertex such that ﬁ,(AA_U) =0, then deg(v) > 2r.
(3) A has at least 2r (r + 1) edges.

Proof. This result is folklore. Part (1) is proven in [Conca et al. 2018, Lemma 3.6]. Parts (2) and (3)
follow easily by standard topological arguments. (]

Remark 2.5. The complex <>, shows that the bounds in Lemma 2.4 are sharp.

3. Variance bound
In this section we prove a variance bound that is used in our convergence results. The proof is similar to
those in [Bollobas and ErdGs 1976, Theorem 1; Kahle 2014a, Lemma 2.2].

Remark 3.1. We are particularly interested in the appearance of subcomplexes of the form <>, as by
Lemma 2.4 these are the flag complexes with the fewest edges and nonzero s-th homology. Since in our
models p goes to 0 as n — 00, subcomplexes with fewer edges are more likely to appear, and so we
expect these <, to control the (s + 1)-th row of 8(S/1A).

Remark 3.2. In <, every vertex has a unique antipodal vertex, and thus as a subgraph of A, <y is
determined by s + 1 pairs of vertices, all distinct. In particular, given a set of vertices V € ( L] ) there

2(s+1)
\

\

<o <1 <2

Figure 3. Among flag complexes with nonzero r-th homology, the boundary complex
of the (r + 1)-dimensional octahedron, which we denote <>,, has the fewest edges.
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are multiple ways that A|y could be an <>;-subcomplex; to simplify the computations in this section,
it will be useful to parametrize each potential <>, separately, even those that involve the same vertices.
We define A, as vertex sets V &€ (2(£’£1)) of size 2(s + 1) together with an unordered decomposition
V =PyU-..-U Py, where each P; is an unordered pair of vertices. With this definition, there is then a
bijection between elements of A and potential subcomplexes <3 € A. Thus, given any H € Ay, the
probability that A|g is <y is given precisely by the probability that A|g has exactly the specified edges,
which is p26+D (1 — p) () =2s6+D),

Definition 3.3. Let X; = X (n, p) denote the random variable for the number of copies of <>; appearing
as a subgraph of a random graph G ~ G (n, p). Given H € A we then define X as the indicator random
variable for whether the subgraph on H has the form <;.

Thus we have X, =) 5 A, X . We will now use this to bound the variance Var[X;].
Lemma 3.4 (variance bound). If np®*1/? — oo and p < (1 — p), then Var[X,]/E[X,]*> — 0.
Proof. We start by computing

EX{1= ) EXuXyl= ) PIX;=1|Xy=1P[Xy=1]

H,JeAs H,JeA;
=Y PIXy=1]1) PX;=1|Xyg=1].
HEAS JEAS

Since ), A, PIX; =1|Xpy = 1] is independent of the choice of H, we may fix an H " to decouple the
factors, yielding

= ( Z P[Xy = 1]) Z PX;=1|Xy =1]1=E[X,)E[X; | Xy =1].

Hel; JeA;

Since Var[X;] = F [Xf] — E[X,]?, the above computation allows us to compute

Var(,) /B[, — FXs [ Xn = 1= BIX.] _ Yoo Lisntim PIXs =11Xg =11 P[X, =1]
’ T E[X;] B E[X;] ‘

If J and H are disjoint or intersect in only a single vertex, then P[X; =1|Xyg = 1] = P[X; =1]. We
can thus ignore the terms with m = 0 or m = 1 in this sum:
S Y oiem PIXs = 11Xy = 11— P[X; = 1]

E[X;]

By Lemma 3.5, we obtain the bound

_ X0 e P VPPIX = 11— PIX = 1
= E[X;]
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Since the probability P[X; = 1] does not depend on J, we can use the bound from Lemma 3.6 to pull
P[X; =1]/E[X] outside, and simplify the expression, where C is a constant:

2542

< Cn—Z(s—H) Z Z p—m(m—l)/Z —1.

m=2 |JNH|=m

Up to a constant, for a fixed H there are n>TD=" choices of J where |J N H| = m. Absorbing those
constants into our C we get

2542 2542 2542
< Cn—2(s+l) Z n2(s+1)—m(p—m(m—l)/2 _ 1) =C Z n—m(p—m(m—l)/Z _ 1) <C Z (np(m—l)/2)—m‘
m=2 m=2 m=2

Since 0 < (m—1)/2 <s+ % we have np~1/2 — oo by hypothesis. It follows that all of the finitely
many terms in the sum go to 0, and thus Var(Xy)/E [X,]> — 0. ]

Lemma 3.5. Given J, H € A such that |J N H| =m,
PIX;=1]Xy=1]1<p """ V2P[X; =1].

Proof. If Xy =1 then the edges in J N H are completely determined. If those edges do not match the
required edges for J, then P[X; = 1| Xy = 1] = 0. If they do match the required edges, then since
the probability of any edge existing or not existing is p or 1 — p, and since p < 1 — p, we get that
PIX;=1|Xpg=1]<p™""=D2P[X,; =1]. O

Lemma 3.6. For any fixed H € Ag, we have P[ Xy = 1]/ E[X] < Cn_z(er])for some constant C.

Proof. Since Xy =Y, Xy we have E[X;] =), P[Xy =1]. Butsince P[Xy = 1] does not depend on
H, this amounts to counting the number of possible choices of H, which is the cardinality of A. Each
element of A; corresponds to s + 1 pairs of vertices in A, of which there (1/(s + 1)!)(2’2’2’“”2_2(3 +1))
choices. It follows that, for an appropriate constant C, we have P[Xy = 1]/E[X;] < C n=26+D, U

4. Betti number thresholds

In this section, we determine thresholds of nonvanishing for individual Betti numbers. Lemma 2.3 shows
that B; ,(S/Ia) = 0 whenever v <i or v > 2i, and Theorem 1.6 computes thresholds in the remaining
cases. To prove that theorem, we first bound the expected values of the Betti numbers. For A ~ A(n, p)
we define B; , where B; ,(A) := B; ,(S/Ia). By convention, when s = 0 we interpret l/nl/“ KL pasa
trivial bound.

Lemma 4.1. Fix any constant 0 <€ < 1. Let 1/n'/* < p <€ and A ~ A(n, p). We have E[Bsi12542] =

oo asn — OQ.

Proof. By Hochster’s formula [Bruns and Herzog 1993, Theorem 5.5.1], since H, (<) # 0, we have
E[Bgi125+2] > Y5 E[Xg], where as in Definition 3.3, H is a set of s + 1 pairs of vertices, all distinct.
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Since any <>; involves s(2s +2) edges and s + 1 nonedges, we have
E[Xpl=P[Xy =11=p*@* (1 - pyt'.

As in the proof of Lemma 3.6, the number of choices for H is at least Cn***2 for some positive constant C,
and thus

E[Byy1202] =Y E[Xpl> Cn® P2 p" @ H2(1 — py ! > C'(np*)» 2,
H

where C' = C(1 —€)’*t!. Since np® — oo it follows that E[B 2542] — 00. O
To prove the other threshold, we introduce new random variables.

Definition 4.2. Let Y] =Y} (n, p) be the number of subgraphs with m < v vertices and at least ms edges.
If K is a subset of m vertices, we let Y} be the indicator random variable for whether the subgraph on K
has at least ms edges.

Lemma 4.3. If p < 1/n!'/ then E[B; ,]— 0.

Proof. Lemma 2.4 shows that if K is a minimal subset of vertices of A such that I~{S(A| k) 7 0, then each
vertex in A|g has degree > 2s. In particular, if 8; ,(S/Ia) # 0, then there must exist some subgraph K
of size at most v (and with at least 2s + 2 vertices) where every vertex has degree > 2s. It thus suffices to
prove that E[Y]] — 0.

We have Y;, =} g |k|<, Y- For a fixed K with |[K| = m, we want to compute the probability that
Alk has at least ms edges. We use M := (’g ) to denote the maximal number of possible edges. We thus

have
M
M
s _ e _ M—e
Py =11=Y_ (') )pra—ph.
e=ms
We then compute
v v n M M
Eril= Y Y Pk=1= Y (;) (7 )rra-mh
m=2s5+2 K,|K|=m m=2s+2 e=ms
v M v M
n M n M _
= Z (m) 2:<e)peS Z (m)pms Z<e>pe "
m=2s+ e=ms m=2s+ e=ms

However, we can bound Zg’lzm s (Ae/[
bound (") by n™. This yields

n
m

) p°~™ by a constant C; ;, depending only on s and m, and we can

v v
= Z nmpmscs’m == Z (”ps)mcs,m-

m=2s m=2s

Finally, since np*® — 0 by assumption, we conclude that E[Y}] — 0. ]
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Proof of Theorem 1.6. For statement (1), we first consider the case where v = 2i = 2s + 2. Lemma 4.1
implies that E[Bs41 2542] — 00. Thus to prove that P[B, 2542 # 0] — 1, we may bound the variance
of By41,25+2. This is done in Lemma 3.4 since B 2542 = X;. There we show that

VarlBy+1.0,42]
E[By11,2042]?

Thus we can apply Chebyshev’s inequality to say the following:

— 0.

Var[Bs 11,2521
P[By 12542 =0] < P[|E[Byy1,2542] = Bsy1.2542] = E[Byy1,2642]] < 5 = 0.
(E[Bs+1,2s+2] - 1)

We now let v < 2i. The case v = 2s + 2 implies the existence of some <>; € A with probability

1 —o(1). Fix some vertex u € <. Let J be the set of vertices w € A which don’t lie in <, and which are
not connected with u#. Since the complement of <>; consists of n — (2s + 2) vertices, the expected number
of vertices in J is (n — (2s +2))(1 — p) = n — o(n). Moreover, since those conditions are independent,
the weak law of large numbers implies that this happens with high probability. Let J' C J be any subset
of cardinality v — (2s + 2). Since the only edges in <>y U J’ through the vertex u are the ones from <, it
follows Hy (¢G5 U J) is still nonzero. Hence B, », # 0 with high probability as desired.

For (2), we must show that B; ,, converges to 0 in probability. Hochster’s formula [Bruns and Herzog
1993, Theorem 5.5.1] implies that §; ,(S/Ia) is nonzero if and only there is some subset K € A with
|K| = v and where ﬁv_i_l(AlK) # 0. By Lemma 2.4 it suffices to show that P[Y] = 0] — 1 for
s =v—1— 1. But by Lemma 4.3, we know E[Y]] — 0, and since Y} > 0 and Y takes integer values,
this implies that P[Y; =0] — 1. O

5. Ein-Lazarsfeld asymptotic nonvanishing of syzygies

Whereas Theorem 1.6 provides the nonvanishing thresholds for individual Betti numbers, Question 1.2
asks about the simultaneous nonvanishing of more and more Betti numbers as n — oo. However, as we
now illustrate, the proof of Theorem 1.6 is sufficiently strong to obtain simultaneous nonvanishing of the
various Betti numbers.

Proof of Theorem 1.3. For each n, we partition the vertices into r + 1 sets Sp, S, ..., S, each of size
approximately n/(r41). Since A|g, is a random flag complex for any 0 <s < r, the proof of Theorem 1.6
implies the existence of some <, in A|g, with probability 1 — o(1). Moreover, since r is fixed, we can
assume that these all occur simultaneously. By construction, the vertices involved in <, <1, ..., <, are
all disjoint.

Fix some 0 < € < 1. For each 0 < s <r, fix some vertex v € <;. Since the complement of U;:O s
consists of n — O (1) vertices, the expected number of vertices w ¢ | J;_, < that are not connected with
vertex v is (n — O(1))(1 — p) > n —n'~¢, at least for n sufficiently large. Since those conditions are
independent, the weak law of large numbers implies that this happens with high probability. Call that
set J and J' C J be any subset. Since the only edges in &4 U J' through the vertex v are the ones from



Random flag complexes and asymptotic syzygies 2161

<y, it follows FIS(A|<>SUJ/) is still nonzero. Since |y U J'| ranges from 2s +2 to n — n'"€ 42542, it
follows that ;11 4s12(S/Ia) # 0 for all s <i <n —n'~¢ + s with high probability. In particular, with

high probability we have

lim pg1(S/1x) > lim 2 1.
n— 00 n— 00 n

Moreover, since the <>; involve disjoint vertices, these nonvanishing conditions are independent in s, and
we thus obtain the desired convergence of p,,; for all s simultaneously. U

The proof of Theorem 1.3 shows that if we cross the threshold for the appearance of subcomplexes
of the form <>y, then we get nonvanishing across nearly the entire (s 4 1)-th row of the Betti table. The
appearance of <, subcomplexes thus accounts for why ps4+1(S/Ia) goes to 1.

Example 5.1. Here is the Betti table of /I, for a randomly chosen A ~ A(18, 1/18%6), as computed
in Macaulay?2:

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

0 1 o . . . . . . . . . . ° . . . o o
126 1203 5986 19491 45278 78385 103667 106356 85548 54408 27541 11118 3550 873 156 18 1
2 | e o 1 24 233 1282 4568 11261 19911 25743 24538 17229 8815 3204 786 117 8 e

As predicted by Theorem 1.3, the entries in rows 1 and 2 are almost all nonzero.

Though we do not compute a precise threshold for the Castelnuovo—Mumford regularity of S/1x, we
do obtain a linear bound.

Corollary 5.2. If1/n'/" « p < 1/n* @D then with high probability r + 1 < reg(S/I5) < 2r.

Proof- Since 1/n'/" <« p we have that B, 1 2,42(S/1a) # 0 and thus reg(S/I5) > r, with high probability.
For the other direction, we let s = 2r 4+ 1 so that p <« 1/n%/*. A simple computation shows that the
expected number of (s 4 1)-cliques in A is

< n )p(ﬁzrl) < ns+l(ps/2)s+l < ns+l(n71)s+l =1.

s+1
Since the expected number of (s + 1)-cliques goes to zero, it follows that with high probability A has no
subcomplex with (s + 1)-th homology and thus reg(S/1p) < s =2r + 1. (I

Question 5.3. Does reg(S/1a) converge in probability (with appropriate conditions on p)? More precisely,
if 1/n'/" <« p <« 1/nY0+D does reg(S/1,) converge to r + 1 in probability?

6. Normal distribution of quadratic strand

In this section, we prove Theorem 1.4 and Corollary 1.5.

Remark 6.1. For A as in Theorem 1.4, the second row of the Betti table of S//A is interesting as
well, because p = c¢/n is a boundary case for the nonvanishing in Theorem 1.3. In [Erdds and Rényi
1960, Theorem 5b], they prove that the 1-skeleton of A will contain a cycle with probability 1 —
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V1 —=cel/ DH(C/4), Among graphs containing at least one cycle, an argument similar to the proof of
Theorem 1.3 yields n — n!~¢ nonzero entries in the second row of the Betti table of S/IA, and thus in
this case, S/ will have overlapping Betti numbers throughout two rows, similar to the case of a smooth
surface in Theorem 1.1.

Given a graph G, we define
Hy(G.k)= Y Ho(Gla)
ae(})
as the sum of ﬁo(G|a), where o € ([Z]) is a subset of the vertices of size k and where G|, is the induced
subgraph. Hochster’s formula [Bruns and Herzog 1993, Theorem 5.5.1] implies that if I is a Stanley—
Reisner ideal, then the Betti number Sy x+1(S/1a) equals Hy(G, k), where G is the one-skeleton of the
simplicial complex A. We can thus reduce Theorem 1.4 to the following computation about graphs:

Proposition 6.2. Let G ~ G(n, ¢/n) be a random graph with 0 < ¢ < 1. If {i,} is an integer sequence
satisfying i, =n/2+o(n),and if C := (1 —c)/2, then

in probability.

Proof. If we remove graphs from the distribution G € G (n, p) which arise with probability o(1), then this
will not affect facts about convergence in probability. For instance, with probability 1 —o(1) a random
G ~ G(n, c/n) with ¢ < 1 will be the disjoint union of trees and components with a single cycle [Frieze
and Karonski 2016, p. 31]. Thus, we may restriction attention to graphs G which are the disjoint union of
trees and components with a single cycle. Moreover, since the expected number of cycles is constant
when ¢ < 1, we conclude that with probability 1 —o(1), A has at most n' =€ cycles for any fixed 0 < € < 1.
We thus further restrict attention to the case where A is the disjoint union of trees and at most n' ¢
components each with a single cycle. We denote this restricted distribution of graphs by Gn, c¢/n) and
we henceforth choose G ~ é(n, c/n).

To prove the main result, we introduce several auxiliary random variables. For a graph G, we now set

E(G) to be the number of edges in G and we define C(G) to be the number of cycles in G. Finally, for a

[n]

pair of vertices e € ( 2

), we define Z, to be the indicator random variable of whether that pair of vertices
is an edge in G.
With this notation, and using our assumption that G is a disjoint union of trees and components

containing a single cycle, we have

Hy(G,in)= Y in—B(Gla) +C(Gla).

ae ()

= Y =BGl =(} )in— Y EGl).

ae (E:'l]) ae(t

in

Ignoring the cycles, we get
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We may rewrite the right-hand sum in terms of individual edges to obtain
ny. n
ee(%)

But E(G) is the sum of the Z,, and thus we have

= (i) )in=(;, 22 JEG

By a similar argument, but where we do not ignore C(G|,), we can use the fact that G has at most n'~
cycles to obtain an upper bound Hy(G, in) < (' )in — (" ,) (B(G) —n'~¢):

€

(1) (Lo o=

In n

Jin— (in’iz)(E(G) —n'=e). 6.3)

‘We have

( n )_(n) i(i,—1
in=2)" Nin/ (n—in+2)(n—in+1)
and since i, =n/2+o(n) this yields that (, ")) = (') (1 +o(1)). Applying this to (6.3) yields:

(i) (in = (1 +0(E@G) = Ho(G.in) = () (in = (1 4+ 0D EG) —n'7)).

Recall that C = (1 —¢)/2. We now divide through by 1/(Cn(i")). By rewriting i, = n/2 + o(n) and
absorbing the 7!~ term into the o(n), the left-hand and right-hand bounds have the same form, and we
obtain

Hy(G,iy) _ (n/2)—E(G)+o(n)4+0(1)E(G)
Cn(l':l) N Cn ’

Since E(G) is a sum of independent random variables, one for each potential edge, this now essentially
reduces to a weak law of large numbers argument. In particular, we have that the variance of E(G) is
(5)p(1— p) and the mean is (5) p = c(n — 1) /2. We apply Chebyshev’s inequality to the random variable
E(G)/n:

cn—1) E(G) Var(E(G)/n) _ (3)p(1—p)
PH n ‘ZE]S €2 n2ez2

2n -
Since p =c¢/n and 1 — p < 1 this simplifies to ¢(n — 1)/(2n%€?). For fixed € we have
I c(n—1) _
nggo 2n2e?2

Since lim, . c(n — 1)/(2n) = ¢/2, we conclude that E(G)/n converges to c¢/2 in probability. This

implies that
Hy(G, in)
Cn(;)

in probability. U
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Proof of Theorem 1.4. Let G be the 1-skeleton of A. By Hochster’s formula [Bruns and Herzog
1993, Theorem 5.5.11, Bi,.i,+1(S/Ian) = Ho(G, i,). The statement is now an immediate corollary of
Proposition 6.2. U

Proof of Corollary 1.5. Let C = (1 — ¢)/2. Using Theorem 1.4 and the normal approximation of the
binomial distribution, e.g., [Boas 2006, (8.3), p. 762], we obtain that

2n+l

—a?/2

n
Bivia+1(S/1n) ~ Cn( [} ) ~ Cn"—e
n

2nn
Therefore we have

V2mn 2

i Pinint1 8/18) = = =B (/1) ~ &,

Cn2n+1
Since the right-hand side is a constant, we have convergence in probability. O

Conjecture 6.4. In cases where Theorem 1.3 yields nonvanishing Betti numbers in row k, we conjecture

that the k-th row of the Betti table will be normally distributed, in a manner similar to Corollary 1.5.

7. Projective dimension estimates

We conclude with a corollary about Cohen—Macaulayness. For many values of p, we show that S/
will essentially never be Cohen—-Macaulay. However, while the projective dimension almost never equals
the codimension of S//a, with high probability the ratio of these quantities converges to 1 as n — oo.

Corollary 7.1. For any k > 1, and any p satisfying 1/n*3 < p <« (logn/n)***+> we have that
codim(S/1A)/pdim(S/Ipn) — 1 in probability, yet the probability that S /I is Cohen—Macaulay goes to 0.

First we prove a quick lemma bounding the dimension of A.
Lemma 7.2. If p <€ for some 0 <€ < 1 then P[dim A > € -n] — 0 as n — oo.

Proof. The dimension of A is the size of the largest k-clique in A. Let N := (Z) The expected number of
k-cliques in A is Np" < NeV, which goes to zero as n — oo. O

Note that [Bollobas and Erd6s 1976, Theorem 1] provides a much sharper estimate of the dimension
of A, though we will not need that.

Proof of Corollary 7.1. Lemma 7.2 shows that dim A = o(n) with high probability. By Auslander—
Buchsbaum, this implies that

n—o(n) <codim(S/Ix) <pdim(S/Ix) <n.

Thus the ratio between pdim(S/75) and codim(S/Ia) goes to 1 in probability.

For the statement on Cohen—Macaulayness, using Reisner’s criterion [Bruns and Herzog 1993, Corol-
lary 5.3.9] it suffices to show that there exists a vertex v € A and an integer i < dim(linka (v)) where
H; (linka (v)) # 0. For A ~ A(n, p) and a vertex v, the link of v is itself a random flag complex, namely

linka (v) ~ A(np, p).
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For convenience we write m := np. In terms of m we can rewrite the left-hand side of the original
constraints on p as 1/m?> <« p. For the right-hand side of the constraint, since 1/n < p, we have
logm ~logn so we get p < (logn/n)**+3 ~ (logm/m)**+D_ Thus the constraints in terms of m are

# <p< (logm)2/(k+l).

For 1 <t < k, we consider the interval 1/m*" « p <« (logm/m)* D Since 1/m* 1+ «
(logm/m)?“*D  the successive intervals overlap, and it suffices to show that for each of these intervals
A is not Cohen—Macaulay with probability approaching 1.

First let us consider the case where ¢ > 2. Setting i := [¢/2] and applying [Kahle 2014a, Theorem 1.1]
we have ﬁi (linka (v)) # 0 with probability 1 —o(1). Since 1/ m?/" « p, there exist (f + 1)-cliques and
thus dim(linka (v)) > ¢ with probability 1 — o(1). Together these imply that A is not Cohen—Macaulay
with probability 1 — o(1)

We now consider the case t = k = 1, where we have 1/m? < p < logm/m. Thus we apply [Erdés
and Rényi 1959, Theorem 1] to get ﬁo (linka (v)) # 0 with probability 1 — o(1). On the other hand, since
1 /m2 <« p, we have 2-cliques and thus dim(linka (v)) > ¢ with probability 1 —o(1) U
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Grothendieck rings for Lie superalgebras
and the Duflo—Serganova functor

Crystal Hoyt and Shifra Reif

We show that the Duflo—Serganova functor on the category of finite-dimensional modules over a finite-
dimensional contragredient Lie superalgebra induces a ring homomorphism on a natural quotient of the
Grothendieck ring, which is isomorphic to the ring of supercharacters. We realize this homomorphism as
a certain evaluation of functions related to the supersymmetry property. We use this realization to describe
the kernel and image of the homomorphism induced by the Duflo—Serganova functor.

1. Introduction

The Duflo—Serganova functor was originally introduced in [Duflo and Serganova 2005] together with
associated varieties of modules over Lie superalgebras. On the category of finite-dimensional modules, the
Duflo—Serganova functor is a tensor functor which preserves the superdimension. This functor was used
by Serganova [2011] to prove the conjecture of Kac and Wakimoto that the superdimension of a finite-
dimensional module is zero if and only if the atypicality of the module is maximal. The Duflo—Serganova
functor was also used to give an additional proof for the superdimension formula of GL(m | n)-modules
in [Heidersdorf and Weissauer 2014], and has been applied to study Deligne categories in [Comes and
Heidersdorf 2017; Entova-Aizenbud et al. 2015; Heidersdorf 2015; Heidersdorf and Weissauer 2015].
Given an odd element x in a Lie superalgebra g satisfying [x, x] = 0, we have that x> = 0 in the
universal enveloping algebra of g, and so for every g-module M, we can define the cohomology

M, :=Kery x/xM.
In fact, M, is a module for the Lie superalgebra
gy := Kerad, /Imad,,

which is a Lie superalgebra of smaller rank than g. For example, if g = gl(m | n) and x is a root vector,
then g, = gl(m — 1 | n — 1). Duflo and Serganova [2005] defined the functor DS, : M +— M, from the
category of g-modules to the category of g,-modules, which we refer to as the Duflo—Serganova functor.

One of the difficulties that arises in using the Duflo—Serganova functor is that it is not exact. It is
therefore surprising that it induces a ring homomorphism ds, on a natural quotient of the Grothendieck ring
Wy supported by BSF Grant 2012227. Reif was partially supported by ORT Braude College’s Research Authority.
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of the category of finite-dimensional g-modules. This quotient is defined by identifying the equivalence
class of a module [M] with —[TT(M)], where IT is the shift of parity functor. We refer to this quotient as
the supercharacter ring of g and show that the homomorphism ds, is indeed well defined.

Sergeev and Veselov [2011] described the supercharacter ring as a ring of functions admitting a
certain supersymmetry condition. In this paper, we realize the homomorphism dsy in terms of evaluation
of functions related to the supersymmetry condition. For example, the supercharacter ring of the Lie
supergroup GL(m | n) corresponding to the Lie superalgebra gl(m | n) is isomorphic to the ring of
doubly symmetric Laurent polynomials in xy, ..., Xu, Y1, ..., ¥, for which the evaluation x; = y; =¢
is independent of 7. If x is a root vector for the root &; — ; of gl(m | n), then the homomorphism ds,
is given by the evaluation x; = y; = ¢, which is independent of the variable ¢ after evaluation, by the
supersymmetry property.

We use this realization to describe the kernel of the homomorphism ds, when x is a root vector. In
particular, we show that if g is a Lie superalgebra of type I, the supercharacters of Kac modules form a
basis for the kernel. When g is a Lie superalgebra of type II, there are no Kac modules; however, we show
that the kernel has a basis consisting of expressions similar to the supercharacters of Kac modules. These
are the same expressions that were used by Gruson and Serganova [2010] to define Kazhdan-Lusztig
polynomials for the orthosymplectic Lie superalgebras.

We also describe the image of ds,. In particular, for g = sl(m | n), m # n, and osp(m | 2n), we show
that the image is the supercharacter ring of G, where G, is the Lie supergroup corresponding to the Lie
superalgebra g,. Moreover, we prove that the homomorphism induced by the Duflo-Serganova functor
from the category of finite-dimensional G-modules to the category of finite-dimensional G,-modules
is surjective. For the exceptional Lie superalgebras, we explicitly describe the image using a set of
generators.

2. Preliminaries

2A. Lie superalgebras. Lie superalgebras are a natural generalization of Lie algebras which first appeared
in mathematical physics. In this paper, we study the finite-dimensional contragredient Lie superalgebras
g = g5 ©® g7 with indecomposable Cartan matrix. These are the Lie superalgebras sl(m | n), m # n,
gl(n | n), osp(m | 2n), D2, 1, a), F(4), or G(3). We also consider the case when g = gl(m | n) is the
general linear Lie superalgebra. These Lie superalgebras resemble reductive Lie algebras in their structure
theory; in particular, they are defined by a Cartan matrix and they possess an even supersymmetric
invariant bilinear form (-, - ) which has kernel equal to the center of g.
Fix a Cartan subalgebra h C g5 C g, and consider the corresponding root space decomposition

g=h®@ga

aeA

Then the set of roots A C h* splits A = Ag LI A7 into even roots Ay and odd roots Aj. A choice of
positive roots AT = A(i; W A;’ determines a triangular decomposition of g given by g=nt @ hdn~,
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where n® = Doca+ 9o Let p5=3 Zaey o, p7 =5 ZQEN o, and p = py — p7. The Weyl group W of g
is by definition the Weyl group of gg. The sign map sgn : W — {#1} is defined by w > (—1)'®), where
[(w) denotes the length of w as a product of simple reflections with respect to a set of simple roots for gg.

The space h* inherits an even supersymmetric bilinear form (-, -). A root B € A7 is called isotropic
if (B8, B) = 0. Two roots «, B € A are called orthogonal if («, 8) = 0. The maximal number of linearly
independent mutually orthogonal isotropic roots is called the defect of g. We denote by Ajso := {8 € A7 |
(B, p) =0} the set of all isotropic roots and by Algo Aiso N AT the set of positive isotropic roots, and
we let piso i= 5 ZUGA& o. We define

Fg={B C Aiso | B={B1,..., B | (Bi, Bj) =0, Bi #+B;}} 2-1)

to be the set of subsets of linearly independent mutually orthogonal isotropic roots.

The space h* has a natural basis ¢y, ..., &y, 81, . . ., 64, Which for gl(m | n) and osp(m | 2n) satisfies
(&i,€j) = 8;j = —(8;,0;) and (¢;,8;) = 0. The roots of g have a nice presentation in this basis (see
[Cheng and Wang 2012; Musson 2012] for more details). Let Q4 = span; A be the root lattice of g, and
let Q; = spany A™". The parity function p : A — Z, extends uniquely to a linear function p : Qg — Z.
The root lattice Qg is contained in the integral weight lattice Py for g5, where

20, )

(a, )

Poz{keh* erorallaer}.

The set of dominant integral weights

2(h, @)

(a,a)

+
P; ={/\ePO

>0forall @ € AO}

is the set of highest weights of finite-dimensional simple gg-modules.

The category of finite-dimensional modules %, over a Lie superalgebra g is not semisimple; that is,
there exist indecomposable modules which are not irreducible. For example, a Lie superalgebra g of type I
has a decomposition g = g_ ® g5 @ g1, so one can define the Kac module of highest weight A € Py as

K (1) =Ind®

g @ngl Lé()")’

where L(A) is the finite-dimensional simple gg-module of highest weight A and g acts trivially on Lj(1).
Then K (1) is a finite-dimensional, indecomposable g-module with a unique simple quotient L(X), where
A is the highest weight with respect to the distinguished choice of simple roots, and K (1) is simple (i.e.,
K (1) = L)) if and only if A is a typical weight: (A + p, B) # 0 for all 8 € Aj (see, for example,
[Cheng and Wang 2012, Chapter 2] for more details).

If G is a simply connected and connected Lie group corresponding to the Lie algebra g; [Serganova
2014], and % is the full subcategory of F; consisting of all finite-dimensional G-integrable modules,
then % is equivalent to the category of finite-dimensional modules over the corresponding algebraic
supergroup G [Serganova 2014].
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2B. Supercharacter rings of Lie superalgebras. The character theory of Lie superalgebras is a rich area
of research which has led to interesting applications in number theory [Kac and Wakimoto 1994; 2014].
For a finite-dimensional g-module M, with weight decomposition M =
M* = Mg &) M{‘ , the supercharacter of M is defined to be

uenr M and weight spaces

sch M =) " (dim MY —dim M¥)e",
nebh*

while the character of M is given by ch M = ) (dim Mg + dim M{“L )e'*. A finite-dimensional simple
g-module is determined by its supercharacter, as well as by its character [Sergeev and Veselov 2011,
Proposition 4.2].

The supercharacter ring $4 of a Lie superalgebra g is defined to be the image of the map

sch: ¥y — Z[P()]W,

where Z[Pg] := Z{e" | © € Pg}. For an element f € $,, with f = ZME[,@ cet, we call the set
Supp f = {u € Py | ¢, # 0} the support of f.

For a fixed choice of positive roots AT = A(f)r I_IA;F, we denote the super Weyl denominator by R = R/ Ry
where Ry =[],c AF (I1—e ) and Ry =[], A (I —e™*). Note that the supercharacter of the Kac module
equals

schK(x)=e PR~ .chLz(),

where A1 = A(i; L A}’ is the distinguished choice of simple roots.

The Grothendieck group of the category %, is defined by taking the free abelian group generated by
the elements [ M ] which represent each isomorphism class of finite-dimensional g-modules, and modding
out by the relations [M;] — [M>] + [M3] for all exact sequences 0 — M| — M, — M3 —. Since Fy is
closed under tensor products, the Grothendieck group inherits a natural ring structure.

The Grothendieck ring of F; has a natural quotient described as follows. Let IT denote the parity
reversing functor from %; to itself, and let 3y denote the quotient of the Grothendieck ring of %, by
the ideal ([I[1(M)] + [M] | M is a g-module). The map sch : H; — Z[P()]WG given on generators by
[M]+— sch M is injective [Sergeev and Veselov 2011, Proposition 4.4], and its image is the supercharacter
ring $4 of g.

Remark 1. In this paper, we identify the rings 34 and $, under this isomorphism, and use the notation $4
to denote this ring. Given a module M € F,, we write [M] for its image in $,.

Sergeev and Veselov [2011] gave an explicit description of supercharacter rings for basic classical Lie
superalgebras as follows. The supercharacter ring of g is isomorphic to the space of supersymmetric
exponential functions

$o=1{f €Z[P;]" | Dgf is in the ideal generated by (e — 1) for any B € Ajso} (2-2)
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where Dg (") =, p)eP. Sergeev and Veselov [2011, §7] also described the supercharacter ring $ C $4
for the Lie supergroup G corresponding to the Lie superalgebra g as a ring of Laurent polynomials subject
to some additional conditions. Recall the basis €1, ..., &y, 81, ..., 8, of h*, and define x; := e, y; := edi,

—1 —1
up =Xx; +Xx; ,andvj=yj+yj .

GL(m | n): The supercharacter ring of GL(m | n) is

+1 +1 [+l 1980 X Sp
}GZ{fGZ[Xl y e Xy ,yl yeees Vp ] %

yj7+xif€(yj—xi>}- (2-3)

SL(m | n), m # n: The supercharacter ring of SL(m | n) for m # n is the quotient of (2-3) by the ideal
(X1 Xm = Y1+ Yn).

B(m | n): The supercharacter ring of OSP(2m + 1| 2n) is

a a
$6=1f €Zluy, ..., um, vi,..., 0,1 ,-—f-i-vj—f € (u;i —vj)
ou; ov;
C(n+1): The supercharacter ring of OSP(2 | 2n) is
a a
§G= er[M],U],...,Un]Sm uj f +vj_f€<u]—vj> .
8M1 81)‘,'

D(m | n), m > 2: The supercharacter ring of OSP(2m | 2n) for m > 2 is

0 0
gG: fEZ[Mly~"9MH17U17"'9U}’!]Sm><S” ul_f+vj_f€<ul U])
aui 81)]'
Remark 2. Note that f € $Gr0un) if and only if it is supersymmetric in x1, ..., X, Y1, . .. Y, that is,
if it is invariant under permutation of x, ..., x,, and of yy, ..., y,, and if the substitution x; = y; =¢

made in f is independent of ¢ (see for example [Musson 2012, §12]).

2C. The Duflo—Serganova functor. The idea behind the Duflo-Serganova functor is simple and natural.
For any odd element x € g7 of a finite-dimensional contragredient Lie superalgebra g which satisfies
[x, x] =0, we have that x> = 0 in the universal enveloping algebra of g, and so for any finite-dimensional
g-module M we can define the cohomology

M, :=Kery x/xM. 2-4)
Then M, is in fact a module over the Lie superalgebra
gx = gx/['xv g]’

where g* = {a € g | [x, a] = 0} is the centralizer of x in g [Duflo and Serganova 2005, Lemma 6.2]. The
Duflo-Serganova functor DS, : F5 — % is defined from the category of finite-dimensional g-modules
to the category of finite-dimensional g,-modules by sending M — M,.
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The Duflo—Serganova functor is a cohomology functor and hence is a symmetric monoidal tensor
functor; that is, for g-modules M, N one has a natural isomorphism M, ® Ny, — (M ® N), [Serganova
2011]. Moreover, the Duflo-Serganova functor commutes with direct sums; however, it is not exact.

Let Xy = {x € g7 : [x, x] =0}, and let ¥ be the set of subsets of mutually orthogonal isotropic roots
(see (2-1)). Then the Gg-orbits of X are in one-to-one correspondence with the W-orbits of ¥ via the
correspondence

B={,31,...,ﬂk}l—>x=Xﬂl+---+XﬂkEXg, (2—5)

where each xg, € gg, is chosen to be nonzero [Duflo and Serganova 2005, Theorem 4.2].

The Lie superalgebra g, can be naturally embedded into g* C g, in such a way that h, = hNg, is
a Cartan subalgebra of g, and the root spaces of g, are root spaces of g [Duflo and Serganova 2005,
Lemma 6.3]. More explicitly, Duflo and Serganova proved the following:

If B={B1,...,B} € ¥ and x = xg, + --- + xp, for some nonzero xg, € gg,, then g* C g can
be decomposed into a semidirect sum g* = [x, g] @ g., where g, = h, & (@QGAX ga), the subspace
bx =bNg, is a Cartan subalgebra of g, and

Ay,={aeA|(x,B)=0forall B € Band o ¢ B} (2-6)

is the root system of g.

For each finite-dimensional contragredient Lie superalgebra g with irreducible Cartan matrix, we can
explicitly describe the isomorphism type of g,. If B ={B1, ..., B} € ¥ and x = xg, + - - - +xp, for some
nonzero xg; € gg;, then by [Duflo and Serganova 2005, Remark 6.4] we have the following description. In
particular, the defect of g, equals the defect of g minus k. Note that in the last three columns the defect
ofgisland k= 1:

g gl(m | n) sl(m | n),m #n osp(m | 2n) D2,1,a) Fy Gj
Ox | glim —k|n—k) slim—k|n—k) osp(m—2k|2n—2k) C sl(3) sl(2)

Remark 3. Note that when g, is simple, the embedding g* C g is determined by the condition that the
root spaces of g, are mapped into the respective root spaces of g, since in this case b, C [n], n_]. For
g = gl(m, n), we take the matrix embedding of g, = gl(m — k | n — k) into gl(m | n) which has 2k zero
rows and 2k zero columns at the locations r;, n+s;, fori =1, ..., k, when B = {B; = ¢, — 05, }i=1....k 1S

.....

the set of maximal isotropic roots defining x.

3. The Duflo—Serganova functor and the supercharacter ring

In this section, we prove that the Duflo-Serganova functor DS, : 3 — % induces a ring homomorphism
dsy:$4— $g4., and we realize it as a certain evaluation of the functions f € $, related to the supersymmetry
property defining $,.
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3A. The ring homomorphism induced by the Duflo—Serganova functor. Let g be a finite-dimensional
contragredient Lie superalgebra with indecomposable Cartan matrix, or let g = gl(m, n), and fix a Cartan
subalgebra f of g. Let B={By, ..., B} € ¥y, x € X, and x = xg, + - - - +xp, for nonzero xg, € gg,. Fix
an embedding g, C g* C g with Cartan subalgebra b, = h N g, (see Section 2C).

Lemma 4. For g-modules M and N we have

(1) sch M, (h) =sch M (h) for all h € b, and
(2) ifsch M = sch N, then sch M, = sch N,.

Proof. We have an exact sequence 0— kery; x — M — x M — 0 of h*-invariant spaces. Thus, M/ kery x =
I[T(xM) as h*-modules, where I1 switches the parity of a superspace, and so sch(M/kery x)(h) =
schIT(xM)(h) for all h € h*. Hence, for all & € b, C h* we have that

sch M (h) =schkerx(h) +schIT1(xM)(h) = schkerx(h) —sch M (h) = sch(kery; x/x M) (h)
=sch(M,)(h). U

Remark 5. The following example shows that Lemma 4 does not hold if we replace supercharacter by
character. It also shows that the Duflo—Serganova functor is not exact.

Example 6. Let g = gl(2 | 1) with the standard choice of simple roots {& = ¢; — &3, B = &3 — &1}
Let K(0) be the Kac module with highest weight zero, and denote the highest weight vector by vy.
Then K (0) = span{vo, fgvo, futpvo, fpfatpVo}, Where fg € g_g and fo4p € g_o—p are nonzero. The
maximal submodule of K (0) is K (0) := span{ fgvo, fotpvo, f8fatpvo}, and the simple quotient of K (0)
is isomorphic to the trivial g-module L(0). Clearly, the g-modules K (0) and L(0) & K (0) have the same
character and supercharacter.

Let us show that for x = fg, the g,-modules K (0), and (L(0) ® K (0)), have the same supercharacter
but not the same character. In this case, g, = gl(1 | 0). By a direct computation using (2-4) and
the basis given above, one can check that K(0), = {0}, L(0), = Cyjo, and K(0), = Coj1, where Cyjo
and Co|; are the even and odd trivial g,-modules, respectively. Thus, ch K(0), = sch K (0), = 0 and
sch(L(0) ® K (0)), = 0, while ch(L(0) ® K (0)), = 2.

Definition 7. We define ds, : $; — $,4, on the generators [M] € $4, where M € F 4, by
dsx([M]) = [DSx(M)],
and we extend linearly to $,.

It is not difficult to show that ds, is a well defined linear map using Lemma 4. The fact that ds, is a
ring homomorphism then follows from the fact that DS, is a tensor functor. Hence, we have:

Proposition 8. Let g be a finite-dimensional contragredient Lie superalgebra, and let x € g7 nonzero
such that [x, x] = 0. The functor DS, : ¥y — Fg, induces a ring homomorphism on the corresponding

supercharacter rings dsy : $4— $q..



2174 Crystal Hoyt and Shifra Reif

Remark 9. The proofs in Section 3A also work for modules in the BGG category O, and so the Duflo-
Serganova functor induces a group homomorphism on the quotient of the Grothendieck group by the
parity. However, it is not a ring homomorphism since category O is not closed under tensor products.

3B. Realization of the ring homomorphism. Given f € $; we canrealize f :h — C as a supersymmetric

function in the variables xi, ..., X, y1,..., ¥, With x; =% and y; = el using the supercharacter ring

description of Sergeev and Veselov (see (2-2)). (Note that for F'(4) we take x; = e"/2%i and yji= e1/2)3;

Theorem 10. Suppose dsy : $4 — $4, is defined by x = xg, + - - - + xp, for nonzero xg; € gg,, where
B={Bi,..., B €Y.
(1) Then for any f € $g,

dsx(f) = fly,-

(2) If B ={¢e1 — 41}, then ds,(f) is given by substituting x| = y; into f, that is,

dsxf = f|x1:y1-

Ifg=F@)orDQ2,1,ax)and B = {%(81 +ey+e3—061)}or B={e1 — ey — &3}, thends, f is given
by substituting y| = X1X3X3 or X| = XpX3 into f, respectively.

(3) If B={Bi = ai&y, — b;8s }i=1....x for some a;, b; € {1}, then dsy f is given by substituting x;. = yfi"
into f, that is,

ds, f = flx“i

Gy =1,k
(4) Forany f € $g,
dsy(f) = f|/31="'=/3/<=0‘

Proof. It suffices to prove (1) for a spanning set of $4. Suppose [M] € J 4 corresponds to a module M € ;.
By Lemma 4, we have

dsy([M]) = [DSx(M)] = sch M, = (sch M)y, = [M]ly, € g,

Hence, ds,(f) = fly, forany f € $,.
To prove (2), fix f € $4, and suppose that x € gg. If B = &1 — 41, then the evaluation fy —, — is well
defined and independent of 7 due to the supersymmetry property of f € $4. Thus,

f|x1:y1:t = f(t,XQ,...,met, y29"'5yn)

is equal to the restriction of f to the hyperplane x; — y; = 0. Since h, C h* ={h € b | B(h) =0} belongs
to the hyperplane x| —y; =0, we have proven that ds, f = f|y, = f|x,=y,. The cases B =¢1+e2+63—6
and 8 =& — &) — &3 are similar.

Now (3) can be proven using arguments similar to that of (2) and the fact that

b ={h eh|B(h) =0 forall B B).
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Finally, (4) follows from (3) since if 8; = a;&,, — b;,,, then B; = 0 if and only if xfii Vri bi _ ePi = 1 if and
only if xf = yy. O

Corollary 11. If x = xg, +- - - +xp, where xg, € gg, and B={B, ..., B} € ¥, then for all f € $

dsy(f) = dsxm S odSXﬂk (f)-

4. The kernel of the ring homomorphism

In this section, we give a Z-basis for the kernel of ds, when x € gg is a root vector of an isotropic root
for the Lie superalgebra g. Our basis is given by elements of the following form.

Definition 12. For each A € P;, we define

k(L) := RL. Z (_1)l(w)+P(w(P)*P)ew(}»+p)*P‘
weW

Here p(w(p) — p) denotes the parity of w(p) — p, which is well defined since w(p) — p € Q. Note
that the element w(p) — p may be odd, e.g., in osp(1 | 2).

For each A € Pg , the expression k(A) is in Z[P()]W since it is the product of the W-invariant polynomial
e”1 Ry and the character of a finite-dimensional gg-module given by the Weyl character formula. Moreover,
since the evaluation k(1)|g=o equals zero for any B € Ajso, we have that k(1) € $4. Itis clear that k(1) is
in the kernel of ds, for any x € gg, since ds,(R7) = 0.

For Lie superalgebras of type I with the distinguished choice of simple roots, k(A) is the supercharacter
of a Kac module when X € P(;r , whereas in type II, k() is a virtual supercharacter. Similar virtual
characters were used by Gruson and Serganova [2010] to study the character formula of simple modules
over orthosymplectic Lie superalgebras.

We need the following definition to prove the main result in this section for Lie superalgebras of type II.

Definition 13. Given a finite-dimensional Lie superalgebra g with root system A, we define a Lie algebra g
as follows. We let A be the root system with positive even roots given by

At = {aeAg

- +
EéAT U{QGAI | ¢ Ajso},

and we let g be the semisimple Lie algebra with root system A.If A7 = Ajso, then g=gg. If g= B(m | n),
G(3), then g = B, x B, Go x Ay, respectively. We set p := % Zae& o. Note that p = p — piso, SiNce
B € Ajso if and only if B € A but 28 ¢ Aj. Let P; denote the set of dominant integral weights of g.
Then P(;“ C Pg“ and the Weyl group of g is isomorphic to the Weyl group of g5. We extend the definition
of k(1) to A € Py by letting

k() =R Z (= 1) @H+p@GAp)=p) g (htp)—p
weW

We have the following lemma.
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Lemma 14. The set {k(u) | 1 € P; + piso} is linearly independent.

Proof. To prove linear independence we consider a completion of Z[ Ps], where we allow expansions in
the domain |e™| < 1 fora € A*. Note that in this completion, R = ZUG*QE b,e" for some b, € Z. For
each u € P§+ ~+ Piso, We will show that u + p is a strictly dominant element of P;, thatis, w(u+p) < u+p
for w e W, w # 1. Indeed, if u € P; ~+ piso, then u+ p = A+ p for some A € P;. Since A + p is strictly
dominant with respect to g, it is also strictly dominant with respect to gg and the claim follows. Thus,

K=+ Y ape’
veu—0;
and linear independence follows. U

Remark 15. Note that if one takes the distinguished choice of simple roots for gl(m, n), then PT =
P + piso, since in this case (piso, &) = O for every even root .

The following lemma is used in the proof of the main theorem of this section.
Lemma 16. For each u € P;, we have k(| + piso) = ePis HO‘GAKO(I —e %) -chLz(n).

Proof. For any element g € Z[ Pg] with Supp g C u+ Qg, we write g = Z)»GQ@ cuﬂe’”k, and we define
g=Y,c Q@(—I)P(’\)cu+xe“+’\, where p : Q3 — 75 is the parity function. Clearly, this operation is an
involution. So we have that

ero [T (1—e=)-chLg(u) = (—1)PPlefe [T (14e)-schLy(w)
OZGA:S—O aEA;:O

ZweW(_ 1)l(w)+P(w(M+/3)—,5)ew(u-i-ﬁ)—ﬁ
HO[GA%’ (1 - e_a)

:(_l)p(l)iso)episo l—[ (1+e 9

aeAIﬂ
1_[ 3 GW(_1)l(w)+p(w(u+pim+p)—p)ew((u+pim)+ﬁ—piso)—ﬁ+pis0
= (I4+e™) - =2 — —
aeat Haeﬁg(l —e™) naeA?'\Ai‘:o(l +e7%)
1_[ > ew(— 1) ) +p (it piso)+p)=P) g (1t Piso) +0)—p
= (I4e =2
+ [Toear (1 =e7)
oceAI 0
= k(1L + piso)
and hence, the claim follows. O

We have the following theorem.

Theorem 17. If B is an odd isotropic root and x € gg, then the set
k() | 2 € P+ pigo) (4-1)

is a Z-basis for the kernel of dsy : $4 — $q,.
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Proof. Linear independence of the set (4-1) follows from Lemma 14 since P(;r C P;. So it only remains
to show that the set (4-1) spans the kernel of dsy : $5 — $g..

Let f € $4 such that ds,(f) = 0. According to Theorem 10, this means that the restriction of f to
the hyperplane 8 = 0 is zero, or equivalently, substituting e™# = 1 yields zero. Hence, f is divisible
by (1 —e~P). Since f is W-invariant and W8 = Aj,, it follows that f is divisible by e”is ]_[we AIO(I —e™9).

Write

f=er [ =g

T
aeA

Then g is a W-invariant element of Z[ P;], since both f and e”s [] . a+ (I —e™) are W-invariant.

Case 1. First suppose that g does not have nonisotropic roots; then A:go = A;r and pj5o = p7. By the
theory of symmetric functions,
finite
8= Z au Cth()(IL)’
[LEPgr

for some a,, € Z, where Pg’ is the set of highest weights of finite-dimensional gg-modules (see for example
[Macdonald 1995]).
By the Weyl character formula for semisimple Lie algebras, we have that

f=¢"Ry-g
= e’ Ry Y aychLg (1)
uePg
} 3 (= 1)tw) gwlp+po)
— pP1T R- weW
=R, Z A e’ R5
;,LePg'
— 1)l w) pwr+po—p1)
_oiry Y by e D
€p0R6
rePS +p;
= Y bk,
AEP{-FPT

where b, := a;_,;. For each w € W, the parity of w(p) equals the parity of p, since p € P;. Hence, the
last equality follows.

Case 2. Suppose that g has nonisotropic roots. Since Py C Py, by the theory of characters of Lie algebras

finite
§= ) auchLy(w)

+
uePé
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for some a, € Z. By Lemma 16, we have that

f=er~ [ =g

aeAI,O
=er~ [[ 1= Y auchLyw)
aeAf, MePg'
= Z a, - e’ 1_[ (1—e")-chLz(n)
uePr aeAT
g iso
= Z ay - k(u + piso)
;J,GPg+
= Y bik(n) (4-2)
}"EPg—'HOiso

where b, :=a;_,,,. We are left to show that b, =0 for A ¢ P(;r + piso- Since Supp f C Py, Supp k(1) C Py,
the elements k(A) for u € P; + piso are linearly independent, and the sum in (4-2) is finite, we conclude that

f= Y bk, O

AE Pg— =+ Piso

Corollary 18. Let G be one of the Lie supergroups SL(m |n), m #n, GL(m | n), or SOSP(m |2n), and let g
be the corresponding Lie superalgebra. Let B be an odd isotropic root and x € gg, and let DS, : ¥ — Fg,
be the Duflo—Serganova functor from the category Fg of finite-dimensional G-modules to the category
Fg, of finite-dimensional G -modules, where G denotes the Lie supergroup corresponding to the Lie
superalgebra g,. Then the kernel of the induced ring homomorphism dsy : $¢ — $¢, has a Z-basis

(k) |2 € Pg + Piso}s
where Pg is the set of highest weights for finite-dimensional G-modules.

Proof. Let PG C P be the sublattice of integral weights of finite-dimensional G5-modules. Then for
G = GL(m | n) or SOSP(m | 2n)

m n
Pc = {Z)\,i&‘i +ZMj8j
i=1 j=1

)»i,MjGZ},

and the supercharacter ring for the category of finite-dimensional G-modules % is

o +Xi% €(yj —Xi)}

= eZ[xEY, o xE yEL L yEW Ly L
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as shown in [Sergeev and Veselov 2011, §7] (note that this ring is therein denoted by J(g)o). If
G =SL(m | n), m # n, then

m n m "
PG={Zki8i+Z,uj3j Xi,ujeZ,ZAi—Zszo}’
i=l j=1 i=1 j=1

and the supercharacter ring for the category of finite-dimensional G-modules F¢ is

of of
Yj 3y, + i ax;
as shown in [Sergeev and Veselov 2011, §7]. Since in both cases $G = $4 N Z[ P, the kernel of the

homomorphism dsy : $6 — $¢, equals Kerg ds, = Kery ds, NZ[ Pg], where Kerg ds, is the kernel of the

$6 = {fel[xlﬂ,...,x,,fl,yf“,...,y,i“]W/<x1-‘-xm—y1~-yn> € <)’j_xi>}

corresponding homomorphism dsy : $5— $4, . It follows from the linear independence of the elements k(A)
and the fact that A € Pg if and only if Supp k(1) € Pg that Kerg ds, = span{k(}) | A € Pg + piso}. Since
Pl = P,7 N Pg, the claim follows. O

Remark 19. On the level of categories, it was shown in [Boe et al. 2012] that a module M over a type-1I
finite-dimensional contragredient Lie superalgebra has a filtration of Kac modules or dual Kac modules if
and only if DS, (M) =0 for all x € X or x € X, respectively, where X" = X;Nn* and g=n"@h@n*
is the triangular decomposition with respect to the distinguished choice of simple roots.

5. The image of the ring homomorphism

5A. Image of ds, for classical Lie superalgebras. Let g be one of the Lie superalgebras: sl(m | n),
m #n, gl(m | n), and osp(m | 2n). In this section, we describe the image of ds, for every x € X;. We
use the realization of ds, given in Theorem 10 and the explicit description of the supercharacter rings

given by Sergeev and Veselov [2011, §7].

Theorem 20. Let G be one of the Lie supergroups SL(m | n), m # n, GL(m | n), or OSP(m, 2n) and g be
the corresponding Lie superalgebra. For any x € X, the Duflo-Serganova functor DSy : ¥ — F¢, from
the category F¢ of finite-dimensional G-modules to the category F¢, of finite-dimensional G x-modules
induces a surjective ring homomorphism on the corresponding supercharacter rings dsy : $¢ — $¢,.

Proof. We will use Corollary 11 to reduce to the case that x € gg for some isotropic root 8. Using the
realization of ds, given in Theorem 10, we will show that ds, transfers a certain set of generators of the
supercharacter ring J¢ to a set of generators of the supercharacter ring $ . We use the same set of
generators of $¢ that Sergeev and Veselov [2011, §7] used to give explicit descriptions of supercharacter
rings over basic Lie superalgebras and their corresponding Lie supergroups.

GL(m, n): The supercharacter ring of GL(m, n) is generated by (x1---x,)/ (V1 Yu), V1 Yn)/
(X1 Xm)s k(X5 oy Xy V15 -5 ya)s and g (et x o yr L o), k € Zog, where

"o —- it ad
[z (1 =) DI TICSTRPPUE R I YL (5-1)
k=0

[==—/—mmm =
16 ® [Tioi(=yin) £
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SL(m, n), m #n: The supercharacter ring of SL(m, n), m #n, is generated by hg(x1, ..., Xm, Y1, - - - » Yn)
and hk(xl_l, e x,;l, yl_l, ey yn_l), k € Z-, where hy, is given by (5-1).
OSP(2m+1,2n): The supercharacter ring of OSP(2m+-1,2n) is generated by g (x1, ..., Xm, Y15+ - -+ Yn)s
k € Z-.¢, where
[T (1 =y (1 —
a1-nl~, —xlt)(l —X;

X (1) = thm,...,xm,yl,...,yn)z".

OSP(2,2n): The supercharacter ring of OSP(2, 2n) is generated by hg (x1, y1, ..., Yu), k € Z~0, where

M -ynd—y'n & k
= = h s Vs s Y.
xa (1) (—xn(—x1) g k(x1, Y1 )t

OSP(2m,2n), m >2: The supercharacter ring of OSP(2m,2n) is generated by g (X1, ..., Xm, Y1, - -» Yn)s
k € 7Z-¢, where

[TH= =y -

[TL,(d—xi)(d —x;

X6 (1) = th(xl,...,xm,yl,...,yn)t"-

By Theorem 10, ds, (h )= (hg)|,3 —0. Since ¢ is W-invariant and W = A, for any B € Ajs,, it suffices

to consider the case that 8 = ¢; — §;. In this case, 8 = 0 if and only if x; = y;. It is not difficult to check

that xG(¢)|x,=y, = XG,, and hence, ds, (h )= hg‘ Thus, all the generators of $¢, are in the image of ds,.
The general case for arbitrary x € Xy now follows from Corollary 11, since the composition of surjective

maps is surjective. O

Proposition 21. Let g = sl(m | n), m # n, or g = 0sp(m | 2n). Then for any x € X, the image of
dsy : $4 — $g, is the supercharacter ring $, of the Lie supergroup G .

Proof. We use Theorems 20 and 10, together with the description of the rings $4 given by Sergeev and
Veselov [2011] to prove that the image of the map dsy : $5 — $4, equals $¢, in the case that x € gg is
an isotropic root 8. The claim for any element x € X then follows Corollary 11.

The supercharacter ring of g = sl(m | n), m #n,is $53=F6 ® EBaeC/Z J(g)q, where

'](g)a = (xl ... Xn)a l_[(l —xiyj_])Z[xil, y:tl]gmxS,l,
i,j

and Z[x*!, 11]5 50 i< the quotient of the ring Z[xfcl, R xil, yfcl, R y;—Ll]SmXS" byideal (xq - - - x;,—

yi---yn). Clearly, flg=0 = flx=y; = 0 for any f € J(g),. Hence, ds,(f) = 0 for any x € X and
feJ(@a
If g=B(m |n), C(n+1),or D(m | n), then $5=$5® $ and ds,(f) =0 forall f € $. Indeed, for
B = %e&; £4§; it is not difficult to check that f|g—o = f|x_¢1:y_¢1 = fluj=v; =0
i J
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The supercharacter ring of g = B(m | n) is $3 = $6 @ Jq,1/2, Where

m
1/2 —-1/2
Jg,l/2={l_[(xl_/ +x; /)H(”i_vj)g‘gEZ[”I’""”m’Ul,-..,vn]SmXSn}.

i=1 i,j

The supercharacter ring of g = C(n+1) is $3 = $6 ® (J (@), D DBcc/z J(9)a), where

J(@)y = {m ]_[(ul —v;)8 ‘ g €luy, vy, ..., vn]S"},

j=1
n
J(@a=xf [T —xiyp —xy;HzieE yE L yEY.
j=1
The supercharacter ring of g = D(m | n) is $3 = $6 ® (J(g)a ® Jg,l/z), where
J(g)a - :a)l—[(ul - U])g ‘ g e Z[Ml, ey uma Ul? ceey U}’l]Smxsn}’
i,j

Ja12 = l_[(ui =) (1) P Z U, et o1 DY O
i,j

Proposition 22. Let g = gl(m | n) and x € Xy. The image of dsy : $5 — $g, is

P i) Gr ) e,

aeC/z

where k is the size of Y (x) € Sy under the bijection  : Xq/ Gy — Sg/ W, and $, is the supercharacter
ring of the Lie supergroup G.

Proof. By Sergeev and Veselov [2011], the supercharacter ring of gl(m | n) is $4 = @a,be@/z J(@ab
where J(g)o,0 = ¢,
J(@ap =1 x0) 1+ yn) T (@)0.0

whena+b e Z,buta ¢ 7, and

J@ap =1 xn)*Or--- )" [ [ =2y HZIx gt oy
i,j

whena+b ¢ 7.
Then we have that f|y,—y, =0 for any f € J(g)a» Witha +b ¢ Z. By Theorem 20, dsx(J(9)0,0) =
J(gx)0,0- Since dsc(f) = flx, =y, i=1,...k by Theorem 10, we have that

dsx(-](g)a,b) = (Xl o 'xm—k)a(yl s Yn—k)_aj(gx)0,0 = J(gx)a,b

whena+beZ,buta ¢ 7. U
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5B. The image of ds, for the exceptional Lie superalgebras. In this section, we describe the image
of ds, for the Lie superalgebras G(3), F'(4), and D(2, 1, «), using the explicit description of the super-
character rings given by Sergeev and Veselov [2011, §7].

Since G(3), F(4), and D(2, 1, @) have defect 1, we may assume that x € gg for some isotropic root S.
Moreover, since W = Ay, it suffices to describe the image for a fixed choice of B.

5B1. G(3). Let 8 =e3461. Then g, =5l(2) with A, = {£(e; —&2)}. The supercharacter ring of G(3) is
g = {g(w) + (V1 —u) (1 —u2) (i — uz)h | h € Z[uy, uz, uz, v11%, g € Z[wl},
where y; =%, =y +y1_1, xi=¢e%, u; =x; —I—xi_1 fori =1,2,3, and

w =v12—v1(u1 +ur+us+1)+ujur+ujusz + urusz.

Note that x;x2x3 =1, SO u3 = x1x2 +x1_1x2_1.

Theorem 10 implies that ds, (f) = f| yi=x; ' =x
(v —u3) |}1_x —xx, = 0. Thus, the image of dss is the polynomial ring Z[w,] generated by the element

for every f € $4. Hence, ds,(f) = dsc(g(w)) since

Xl
Wy = w|

€ Jq.-

Note that w, + 1 is the supercharacter of the adjoint representatlon of s[(2), and that x| /x; 4+ x> /x| equals

—1 =
YI=X3 =X1X2 X2

xf + x% in $4. due to the relation x1x, = 1. Finally, we obtain that
Imds, =Z[x} +x,°1C $6, = Isroy =ZIx;, x5 1%/ (xixy = 1) = Z1x; +x77'1.

5B2. F(4). Let g = 5(81 + &2+ &3 —61). Then g, =sl(3) with A, ={g; —¢; | 1 <i,j < 3}. The
supercharacter ring of F(4) is

g = {g(wi, w2) + Qh | h € Z[x2, x32, x52, (xixoxn)EL, yEN™, g € Z[wy, wal),

where y; = /D01y = /D8 for i =1,2,3, and

3 2
- —1,.—-1_— _ X1X2X3 X:
Q= (i +y " —xixxs —x; 'xy x 1)| |(y1-{—y 1_ __hi )
l : : 3 i=1 ! xi2 X1X2X3
xt 2% |, -2k x k > P ‘
wk=2x +Z(x +x At = OF O TG +x75, k=1.2.
i#j " i=1 i=1

Theorem 10 implies that ds, (f) = f|x,x,x3=y, for every f € $4. Hence, ds, (f) = ds,(g(wy, wz)) since
Olx1xox3=y; = 0. Thus, the image of ds, is generated by the elements

- w1|x1x2xz =y = E 2,

iz~

= w2|x1x2xz =y = E 4,

iz~

and is a proper subring of $5, = $sr3) = Z[x1 xécl, x3 ] S‘/(xlxzxo, —1).
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5B3. D(2,1,a). Let 8 =¢; — &y —&3. Then g, =C.
If o ¢ Q, then the supercharacter ring of D(2, 1, ) is

}g = {C+ Qh | (S Zv h € Z[I/ll, uz, I/l3]},

where x; 1= €%, u; = x; —i—xl._1 fori =1,2,3, and

2 -2

2 2 _
Q = (x1 — x2x3) (x2 — x1x3) (X3 — x1x2) (1 — x1X2X3) X, "X, “x3

=u%+u%+u%—u1u2u3 —4.

If « = p/q € Q, then the supercharacter ring of D(2, 1, @) is

}g = {g(wa) + Qh | g € Z[woz]’ h € Z[ulv uZa u3]}7
where

p -pP q —-q
_ -1 1 (g =X g x5 )
We = (X1 +Xx; —XpxX3—Xx, X
1 27—y D — g h
2 3

By Theorem 10, ds, (f) = f|x,=x,x; for every f € $4. Since Qlyx,—x,x; =0, ds,(f) = ¢ for some ¢ € Z
when o ¢ Q, while ds, (f) = dsy(g(wy)) when « € Q. Thus, the image of ds, is Z C $¢ when o ¢ Q
and the image is Z[w,] C $¢c when o € Q.

pP.—4q -p_q
Fxyx3 7 +x, T x5
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Dynamics on abelian varieties in positive characteristic

Jakub Byszewski and Gunther Cornelissen
Appendix by Robert Royals and Thomas Ward

We study periodic points and orbit length distribution for endomorphisms of abelian varieties in character-
istic p > 0. We study rationality, algebraicity and the natural boundary property for the dynamical zeta
function (the latter using a general result on power series proven by Royals and Ward in the appendix),
as well as analogues of the prime number theorem, also for tame dynamics, ignoring orbits whose order
is divisible by p. The behavior is governed by whether or not the action on the local p-torsion group
scheme is nilpotent.
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Introduction

The study of the orbit structure of a dynamical system starts by considering periodic points, which,
as advocated by Smale [1967, §1.4] and Artin and Mazur [1965], can be approached by considering
dynamical zeta functions. More precisely, let S denote a set (typically, a topological space, differentiable
manifold, or an algebraic variety), let f: S — S be a map on a set S (typically, a homeomorphism,
a diffeomorphism, or a regular map), and denote by f, the number of fixed points of the n-th iterate
We thank Fryderyk Falniowski, Marc Houben, Jakub Konieczny, Dominik Kwietniak, Frans Oort, Zeév Rudnick and Tom Ward
for feedback on previous versions, Bartosz Naskrecki and Jeroen Sijsling for pointing us to the LMFDB, Jan-Willem van Ittersum
for crucial corrections in SageMath code, and Damaris Schindler for help with identifying main and error terms in the final
section. JB gratefully acknowledges the support of National Science Center, Poland under grant no. 2016/23/D/ST1/01124.
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f*'=fofo---of (ntimes), i.e., the number of distinct solutions in S of the equation f"(x) = x. Let
us say that f is confined if f, is finite for all n, and use the notation fC'S to indicate that f satisfies
this assumption. For such f, the basic question is to find patterns in the sequence (f;;),>1: Does it
grow in some controlled way? Does it satisfy a recurrence relation, so that finitely many f, suffice
to determine all? These questions are recast in terms of the (full) dynamical zeta function, defined as

¢r(z) :=exp(} fuz"/n). Typical questions are:
(Q1) Is ¢r (generically) a rational function? [1967, Problem 4.5]

(Q2) Is ¢ algebraic as soon as it has a nonzero radius of convergence? [Artin and Mazur 1965, Question 2
on p.84]

Answers to these questions vary widely depending on the situation considered; we quote some results that
provide context for our study. The dynamical zeta function ¢ (z) is rational when f is an endomorphism
of a real torus [Baake et al. 2010, Theorem 1]; f is a rational function of degree > 2 on P!(C) [Hinkkanen
1994, Theorem 1]; or f is the Frobenius map on a variety X defined over a finite field F,, so that f,, is the
number of Fy»-rational points on X and ¢y (z) is the Weil zeta function of X [Dwork 1960; Grothendieck
1965, Corollary 5.2]. Our original starting point for this work was Andrew Bridy’s automaton-theoretic
proof that {¢(z) is transcendental for separable dynamically affine maps on P! (Fp), e.g., for the power
map x — x™ where m is coprime to p ([Bridy 2012, Theorem 1] and [Bridy 2016, Theorems 1.2 and 1.3]).
Finally, we mention that ¢ s(z) has natural boundary (namely, it does not extend analytically beyond the
disk of convergence) for some explicit automorphisms of solenoids, e.g., the map dual to doubling on
Z[1/6] (see Bell, Miles, and Ward [2014]).

In this paper, we deal with these questions in a rather “rigid” algebraic situation, when S = A(K) is
the set of K-points on an abelian variety over an algebraically closed field of characteristic p > 0, and
f = o is a confined endomorphism o € End(A) (reserving the notation f for the general case). It is
plain that ¢, has nonzero radius of convergence (Proposition 5.2). We provide an exact dichotomy for
rationality of zeta functions in terms of an arithmetical property of cC A. Call o very inseparable if
o’ — 1 is a separable isogeny for all n > 1. The terminology at first may appear confusing, but notice that
the multiplication-by-m map for an integer m is very inseparable precisely when p | m, i.e., when it is an
inseparable isogeny or zero. For another example, if A is defined over a finite field, the corresponding
(inseparable) Frobenius is very inseparable.

Theorem A (Theorems 4.3 and 6.3). Suppose that o: A — A is a confined endomorphism of an abelian
variety A over an algebraically closed field K of characteristic p > 0. Then o is very inseparable if
and only if it acts nilpotently on the local p-torsion subgroup scheme A[pl°. Furthermore, the following
dichotomy holds:

(1) If o is very inseparable, then (oy,) is linear recurrent, and ¢, (z) is rational.

(ii) If o is not very inseparable, then (o,) is nonholonomic (see Definition 1.1 below), and ¢, (z) is

transcendental.
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Since the local p-torsion group scheme has trivial group of K-points, in the given characterization
of very inseparability it is essential to use the scheme structure of A[p]°. When A is ordinary — which
happens along a Zariski dense subspace in the moduli space of abelian varieties — very inseparable
endomorphisms form a proper ideal in the endomorphism ring. Thus, in relation to question (Q1) above,
in our case rationality is not generic at all.

The proofs proceed as follows: The number o, is the quotient of the degree of 0" —1 by its inseparability
degree. We use arithmetical properties of the endomorphism ring of A and the action of its elements on
the p-divisible subgroup to study the structure of these degrees as a function of n, showing that their
£-valuations are of the form “(periodic sequence) x (periodic power of |n|¢)” (Propositions 2.3 and 2.7).
The emerging picture is that the degree is a very regular function of n essentially controlled by linear
algebra/cohomology, but to study the inseparability degree, one needs to use geometry. The crucial tool
is a general commutative algebra lemma (Lemma 2.1). We find that for some positive integers ¢, @,

dy :=deg(c" — 1) = Zmik? for some m; € Z and distinct A; € C*, and
i=1 (D

deg;(c" — 1) = rn|n|i;‘ for @ -periodic sequences r, € Q*, s, € Z<o.

Note in particular that this implies that the degree zeta function

r

Do () i=exp( Y daz/n) = [[1 = 2i)7™,
i=1
(called the “false zeta function” by Smale [1967, p.768]) is rational. In Proposition 3.1, we then prove
an adaptation of the Hadamard quotient theorem in which one of the series displays such periodic
behavior, but the other is merely assumed holonomic. From this, we can already deduce the rationality or
transcendence of ¢,. In contrast to Bridy’s result, we make no reference to the theory of automata.

Example B. We present as a warm up example the case where E is an ordinary elliptic curve over F3
and let o = [2] be the doubling map and T = [3] the tripling map, where everything can be computed
explicitly. Although the example lacks some of the features of the general case, we hope this will help
the reader to grasp the basic ideas. For this example, some facts follow from the general theory in [Bridy
2016]; and, since {5 (z) equals the dynamical zeta function induced by doubling on the direct product of
the circle and the solenoid dual to Z[1/6] [Bell et al. 2014], some properties could be deduced from the
existing literature, which we will not do.
First of all,

deg(6"—1)=Q"—1)?=4"-2.2"+1 and deg(z"—1)=B"—-1)2=9"—-2.3"+1.
The corresponding degree zeta functions are:

- (1= 2z)> B (1 —3z)?
D= ama-n ™ PO a0y
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From the definition, o is not very inseparable but 7 is. In fact, 7, = deg(3" — 1) and ¢; = D, but, since

we are on an ordinary elliptic curve (where E[p™] is of order p™), we find
o0 =" = D2" = 13= Q"= D, nl3", withw =2;ry =3, 50 = —1; o1 = 1, 52641 = 0.

In our first proof of the transcendence of ¢, (z), we use the fact that o, differs from a linear recurrence
by a factor |n|3 to argue that it is not holonomic.

Since we are on an ordinary curve, the local 3-torsion group scheme is E[3]° = 3, which has
End(E[3]°) = F3 in which the only nilpotent element is the zero element. Thus, we can detect very
inseparability of o or 7 by their image under End(E) — End(E[3]°) = F3 being zero, and indeed, 7 = [3]
maps to zero, but o = [2] does not. O

In some cases, we prove a stronger result. Let A denote a dominant root of the linear recurrence (1)
satisfied by deg(c” — 1), i.e., A € {A;} has |A| = max|};|. In Proposition 5.1, we prove some properties
of A, e.g., that A > 1 isreal and 1/A is a pole of ;.

Theorem C (Theorem 5.5). If o : A — A is a confined, not very inseparable endomorphism of an abelian
variety A over an algebraically closed field K of characteristic p > 0 such that A is the unique dominant

root, then the dynamical zeta function ¢, (z) has a natural boundary along |z| = 1/ A.

This result implies nonholonomicity and hence transcendence for such functions; our proof of
Theorem C is independent of that of Theorem A. The existence of a natural boundary follows from the fact
that the logarithmic derivative of ¢, can be expressed through certain “adelically perturbed” series that
satisfy Mahler-type functional equations in the sense of [Bell et al. 2013], and hence have accumulating
poles (proven in the Appendix by Royals and Ward). From the theorem we see, in connection with
question (Q2) above, that a “generic” ¢, is far from algebraic (not even holonomic), despite having a
positive radius of convergence.

Example B (continued). The dominant roots are A, =4 and A; =9, which are simple. Since ¢; is
rational, it extends meromorphically to C. We prove that {,(z) has a natural boundary at |z| = 4—1‘, as
follows. It suffices to prove this for the function Z(z) = z¢. (z)/¢s(z) = Y_ 0,2", which we can expand as

Z() =) ("= 1*"+51) Inh@" — 12"

24n 2|n
if we write f () = >_|n|3t", then

2(1 42822 +16z%)
(1 —16z2)(1 —4z2)(1 — z2)

It suffices to prove that f(¢) has a natural boundary at |t| = 1, and this follows from the fact that f

Z(z) = + 10162 —2f(42%) + f ().

satisfies the functional equation
4z

f@=T"—=+1f),

1-23
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and hence acquires singularities at the dense set in the unit circle consisting of all third power roots
of unity. O

Section 6 constitutes a purely arithmetic geometric study of the notion of very inseparability. We prove
that very inseparable isogenies are inseparable and that an isogeny o : E — E of an elliptic curve E is
very inseparable if and only if it is inseparable. We give examples where very inseparability is not the
same as inseparability even for simple abelian varieties. We study very inseparability using the description
of A[p]° through Dieudonné modules, from which it follows that very inseparable endomorphisms are
precisely those of which a power factors through the Frobenius morphism.

Example D. Let E denote an ordinary elliptic curve over a field of characteristic 3 and set A = E x E;
then the map [2] x [3] is inseparable but not very inseparable, since there exist n for which 2" — 1
is divisible by 3. In this case, End(A[3]%) is the two-by-two matrix algebra over F3, which contains
noninvertible nonnilpotent elements, and under End(A) — End(A[3]°) = M»(F3), [2] x [3] is mapped to

the matrix diag(2, 0), which is such an element. O

We then introduce the tame zeta function ¢, defined as

L (2) = exp(Zon%), )

pin

summing only over n that are not divisible by p. The full zeta function ¢, is an infinite product of tame
zeta functions of p-power iterates of o (Proposition 7.2). Thus, one “understands” the full zeta function
by understanding those tame zeta functions. Our main result in this direction says that the tame zeta
function belongs to a cyclic extension of the field of rational functions:

Theorem E (Theorem 7.3). For any (very inseparable or not) o0 C A, a positive integer power of the tame

zeta function { is rational.

The minimal such integral power 7, > 0 seems to be an interesting arithmetical invariant of cC'A;
for example, on an ordinary elliptic curve E, one can choose f, to be a p-th power for cC E, but for a
certain endomorphism of a supersingular elliptic curve, t, = p*(p + 1) (cf. Proposition 7.4).

Example B (continued). The tame zeta function for o is, by direct computation,

g,(z)-exp( Y - )2Z + Y @- )22)

3tn, 2|n 3fn, 2tn

_ o P@7Fa@) o E )= (1—az)?
F3(23)3 Fa(22)3’ YT A —a2)(1—2)’

and hence t, = 9. Note that even for the very inseparable t, {(z) = D-(z)/ v/ D,3(z3) is not rational,
and t; = 3. O
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In Section 8, we investigate functional equations for ¢, and ¢} under z — 1/(deg(c)z). For very
inseparable o, there is such a functional equation (which can also be understood cohomologically), but
not for {, having a natural boundary. On the other hand, we show that all tame zeta functions satisfy a
functional equation when continued to their Riemann surface (see Theorem 8.3).

In Section 9, we study the distribution of prime orbits for cC A. Let P, denote the number of prime
orbits of length ¢ for o. In case of a unique dominant root, we deduce sharp asymptotics for P, of the

form
¢

=—— +0(A%), where © :=max{Re(s) : D, (A™*) =0}. 3)
Lrellly

Py

We average further, as in the prime number theorem (PNT). Define the prime orbit counting function
s (X) and the tame prime orbit counting function w}(X) by

me(X):=> P and mi(X):=) P
<X <X
pit

Again, whether or not o is very inseparable is related to the limit behavior of these functions.

Theorem F (Theorems 9.5 and 9.9). If cC A has a unique dominant root A > 1, then, with @ as in (1)

and for X taking integer values, we have:
() If o is very inseparable, limy_, | oo X1, (X)/AX exists and equals A /(A —1).
(ii) If o is not very inseparable, then Xm,(X)/AX is bounded away from zero and infinity, its set
of accumulation points is a union of a Cantor set and finitely many points (in particular, it is

uncountable), and every accumulation point is a limit along a sequence of integers X for which
(X, X) converges in the topological group

{(a.x) €Z/wLxL,:a=x mod |w|,'}.

(iii) Forany k € {0, ..., pw — 1}, the limit Xlim Xﬂj(X)/AX =: Py exists.
XEantdO?)w
An expression for p; in terms of arithmetic invariants can be found in (39). We also present an analogue
of Mertens’ second theorem (Proposition 9.10) on the asymptotics of

Mer(o) := Z P/ A"
<X

in X. It turns out that, in contrast to the PNT analogue, this type of averaged asymptotics is insensitive to
the endomorphism being very inseparable or not.

Example B (continued). Including a subscript for o or t in the notation, Mdbius inversion relates Py ¢
to the values of o, and hence of A;, r,, s,,; we find for the very inseparable 7 that P, , = 9t /€ + 039,
which we can sum to the analogue of the prime number theorem 7, (X) ~ 9/8 - 9%/ X. The situation is
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Figure 1. Plot of X > X7 }(X)/4%, where o is doubling on an ordinary elliptic curve
in characteristic 3 (dots) and the six limit values as computed from (39) (horizontal
solid lines).

different for the not very inseparable o, where

=7 +0(@2YH, (4)

4% (13¢]5 if € is even,
Pa( = — . .
1 if £ is odd

and 7, (X)X /4% has uncountably many limit points in the interval [1/12, 4/3] (following the line of
thought set out in [Everest et al. 2007]).

We find as main term in Mer(z) the X-th harmonic number ), <x 1/¢, and, taking into account the
constant term from summing error terms in (3), we get Mer(t) ~ log X + ¢ for some ¢ € R. On the other
hand, a more tedious computation gives Mer(c) ~ 5/8log X + ¢’ for some ¢’ € R.

Concerning the tame case, Figure 1 shows a graph (computed in SageMath [SageMath 2016]) of
the function 7} (X)X /4X , in which one sees six different accumulation points. The values p; can be
computed in closed form as rational numbers by noticing that if we sum (4) only over £ not divisible
by 3, we can split it into a finite sum over different values of £ modulo 6. We show the computed values
in Table 1, which match the asymptotics in the graph.! O

We briefly discuss convergence rates in the above theorem (compare, e.g., [Pollicott and Sharp 1998])
in relation to analogues of the Riemann hypothesis (see Proposition 9.11): there is a function M (X)

1An amusing observation is the similarity between Figure 1 and the final image in the notorious paper by Fermi, Pasta, Ulam
and Tsingou (see the very suggestive Figures 4.3 and 4.5 in the modern account [Benettin et al. 2008]): the time averaged fraction
of the energy per Fourier mode in the eponymous particle system seems to converge to distinct values, whereas mixing would
imply convergence to a unique value; by work of Izrailev and Chirikov the latter seems to happen at higher energy densities.
This suggests an analogy (not in any way mathematically precise) between “very inseparable” and “ergodic/mixing/high energy
density”.
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kmod6 p-272-3%.5.7-13 p; (numerical)

0 839 0.27317867317867
1 17-193 1.06829466829467
2 22.461 0.60040700040700
3 461 0.15010175010175
4 17-67 0.37085877085877
5 22.839 1.09271469271469

Table 1. Exact and numerical values of the six limit values in Figure 1.

determined by the combinatorial information (p, A, @, (r,), (s,)) associated to cC A as in (1), such that
for integer values X, we have
7T (X) = M(X) + O(A®%)

where the “power saving” ® is determined by the real part of zeros of the degree zeta function D, (A™*).
Said more colloquially, the main term reflects the growth rate (analogue of entropy) and inseparability,
whereas the error term is insensitive to inseparability and determined purely by the action of ¢ on the
total cohomology.

Example B (continued). If we collect the main terms using the function, for k € {0, 1},

Fe(A,X)= Y At

<X
£=k mod 2

we arrive at the following analogue of the Riemann hypothesis for o:

[logs (X)) ) X

7o (X) = M(X)+ 02%), with M(X) :={F4. X)+ Fi(4.X)— Y §F0<43",HJ).
i=l

See Figure 2 (computed in SageMath [SageMath 2016]) for an illustration. ¢

Example G. All our results apply to the situation where A is an abelian variety defined over a finite field
F, and o is the Frobenius of F,, which is very inseparable. This implies known results about curves C/F,
when applied to the Jacobian A = Jac(C) of C, such as rationality of the zeta function and analogues of
PNT (compare [Rosen 2002, Theorem 5.12]).

We finish this introduction by discussing some open problems and possible future research directions.
In the near future, we hope to treat the case of linear algebraic groups, which will require different
techniques. Our methods in this paper rest on the presence of a group structure preserved by the map.
What happens in absence of a group structure is momentarily unclear to us, but we believe that the study
of the tame zeta function in such a more general setup merits consideration. We will consider this for
dynamically affine maps on P! in the sense of [Bridy 2016] (not equal to, but still “close to” a group) in
future work. It would be interesting to study direct relations between our results and that of compact group
endomorphisms and S-integer dynamical systems — we briefly touch upon this at the end of Section 5.
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Figure 2. Plot of X +— log,|n,(X) — M (X)|/ X (dots) for integer X € [10, 700] and the
solid line ® = 1/2, where o is doubling on an ordinary elliptic curve in characteristic 3.

1. Generalities

Rationality and holonomicity. We start by recalling some basic facts about recurrence sequences.

Definition 1.1. A power series f = ) - a,z" € C[[z] is holonomic (or D-finite) if it satisfies a linear
differential equation over C(z), i.e., if there exist polynomials qo, ..., gs € C[z], not all zero, such that

0D f@D+a@f @D +...+q@) D) =0. Q)

A sequence (a,),>1 18 called holonomic if its associated generating function f = Zn>] a,7" € C[[z] is
holonomic.

In the following lemma, we collect some well-known equivalences between properties of a sequence
and its generating series:

Lemma 1.2. Let (a,),>1 be a sequence of complex numbers.

(1) The following conditions are equivalent:

(a) The sequence (ay,),>1 satisfies a linear recurrence.
(b) The power series ), -, a,z" is in C(2).
(c) There exist complex numbers A; and polynomials q; € Clz], 1 < i < s, such that we have
ap =Y ;_y qi(n)A! for n large enough.
(i1) The following conditions are equivalent:

(a) The power series f(z) = exp(z dn ”) is in C(2).

n=1 n
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(b) There exist integers m; and complex numbers A;, 1 <i < s, such that the sequence a, can be
written as a, =y ;_, m;A! foralln > 1.
Furthermore, if all a, are in Q, then f(z) is in Q(z).
(iii) The following conditions are equivalent:

(a) The sequence (a)y>1 is holonomic.
(b) There exist polynomials qq, ..., qq € Clz], not all zero, such that for all n > 1 we have
qo(m)an +...+qa(n)ana =0.

Furthermore, if a power series f(z) € Cllz] is algebraic over C(z), then it is holonomic.

Proof. Statement (i) follows from [Stanley 2012, Theorem 4.1.1 and Proposition 4.2.2]. Statement (ii) is
[Stanley 2012, Example 4.8]; the final claim holds since C(z) N Q((z)) = Q(z) (see, e.g., [Milne 2013,
Lemma 27.9]). Statement (iii) is [Stanley 1980, Theorems 1.5 and 2.1]. [l

Initial reduction from rational maps to confined endomorphisms. Let A denote an abelian variety over
an algebraically closed field K. Rational maps on abelian varieties are automatically regular [Milne 2008,
1.3.2], and are always compositions of an endomorphism and a translation [Milne 2008, 1.3.7]. We say
that a regular map o: A — A is confined if the set of fixed points of ¢” is finite for all n, which we
assume from now on. We use the notations from the introduction: o, is the number of fixed points of ¢”
and ¢, is the Artin—-Mazur dynamical zeta function of o.

If o is an endomorphism of A, confinedness is equivalent to the finiteness of the kernel ker(o” — 1)
for all n, or the fact that all 6" — 1 are isogenies [Milne 2008, 1.7.1]. For arbitrary maps, the following
allows us to restrict ourselves to the study of zeta functions of confined endomorphisms (where case (i)
can effectively occur, for example, when o is a translation by a nontorsion point):

Proposition 1.3. Let 0: A — A be a confined regular map and write o = T\, where Ty, is a translation
by b € A(K) and  is an endomorphism of A. Then either

(i) o, =0 for all n and hence ¢, (z) = 1; or else
(i) ¥ is confined and {5 (2) = Ly (2).

Proof. Iterates of o are of the form

n—1
o" = 1my", where b = Z vi(b).

i=0
Thus, 0, = ¥, if b™ e im(y" — 1) and o,, = 0 otherwise. If o,, = 0 for all n, then ¢, (z) = 1. Otherwise,
for some m > 1 we have o, > 0 and thus b e im(y" — 1), 6,, = ¥n, and Y™ — 1 is an isogeny. It
follows that for all k > 1 we have b*™ = Zf;é Y™ (b)Y and hence b*™ e im(Y*" — 1), otm = Viem,
and ¥*" — 1 is an isogeny. Since ¥* — 1 is a factor of ¥/*" — 1, we conclude that ¥ is a confined
endomorphism, and hence W‘ — 1 is surjective. In particular, b e im(ll/k —1), so g, =, for all n, and
hence ¢;(z) = ¢y (2). U
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We make the following standing assumptions from now on, that we will not repeat in formulations of
results. Only in Section 6 shall we temporarily drop the assumption of confinedness, since this will make
exposition smoother (this will be clearly indicated).

Standing assumptions: K is an algebraically closed field of characteristic p > 0. A is an

abelian variety over K of dimension g. The endomorphism o : A — A is confined.

2. Periodic patterns in (in)separability degrees

For now, we will consider ¢, as a formal power series
Zl’l
{o(2) == eXP(Z O—l’l;)a
n>1

and postpone the discussion of complex analytic aspects to Section 5. Let deg; (7) denote the inseparability
degree of an isogeny t € End(A) (a pure p-th power). We then have the basic equation
_ deg(c" — 1)
 degi(o"— 1)’

The strategy is to first consider the “false” (in the terminology of Smale [1967]) zeta function with o,

(6)

On

replaced by the degree of " — 1. This turns out to be a rational function. We then turn to study the
inseparability degree, which is determined by the p-valuations of the other two sequences.

We start with a general lemma in commutative algebra that is our crucial tool for controlling the
valuations of certain elements of sequences:

Lemma 2.1. Let S denote a local ring with maximal ideal m and residue field k of characteristic p > 0
such that the ring S/ pS is artinian. For o € S and a positive integer n, let I, := (6" — 1)S. Let & denote
the image of o in k.
(1) If o e m, then I, = S for all n.
(ii) If o € S*, let e be the order of & in k*. Then:
(a) If efn, then I,, = S (this happens in particular if e = 00).
(b) Ife|n and ptm, then I, = I,.
(c) There exists an integer nq such that for all n with e | n and ord,(n) > no, we have 1,, = pI,.
Proof. Part (i) is clear, so assume o € §*. If etn, then ¢” — 1 is invertible in S, since " — 1 # 0 in k and
hence I,, = S.

If e | n, we can assume without loss of generality that e = 1 (replacing o by 0¢). Write " =1 + ¢ for
¢ € m. Then for m coprime to p, we immediately find

for a unit u € S*, and hence I,,,, = I,,, which proves (b). On the other hand,

oP"—1=pev+e? @)
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for some unit v € S*. This shows that 7" — 1 = &(pv +&P~!) C em, which already implies that we get
Ipn € I,m, forall n. ()
Since S/ pS is artinian, there exists an integer ng such that m"® C pS. By iterating (8) no+1 times, we have
I, € pm, forall n with ord,(n) > no.

Assuming now that ord,(n) > ng, we have ¢ € pm, so ¢’ € pem. Hence we conclude from (7) that
oP" —1 = pew for some unit w € S*, and hence 1,, = pI,. ]

The degree zeta function. We start by considering the following zeta function with o, replaced by the
degree of 0" — 1.

Definition 2.2. The degree zeta function is defined as the formal power series

D, (z) := exp(z wZ").

n>1
Proposition 2.3. (i) D, (z) € Q(2).

(1) Let £ be a prime (which might or might not be equal to p). Then the sequence of £-adic valuations
(Ideg(a" — 1)[¢)n=1 is of the form

deg(a" — D¢ =1y - |nly’

for some periodic sequences (r,,) and (s,) with r, € Q* and s, € N. Furthermore, there is an integer

w such that we have

Fn = Fecd(n,w) fOT £4n.

Proof. By [Grieve 2017, Cororllary 3.6], the degree of o and the sequence deg(o” — 1) can be computed as

k k
dego = [ [Nrdg jo(e)", deg(c” — 1) = [ [ Nrdg, jq(e — )",
i=l1 i=1

where the R; are finite-dimensional simple algebras over Q, the «; are elements of R;, Nrdg, q is the
reduced norm, and the v; are positive integers. These formule come from replacing the variety A by an
isogenous one that is a finite product of simple abelian varieties and applying the well-known results on
the structure of endomorphism algebras of simple abelian varieties.

After tensoring with Q, the algebras R; become isomorphic to a finite product of matrix algebras
over Q. For matrix algebras the notion of reduced norm coincides with the notion of determinant, and
since the determinant of a matrix is equal to the product of its eigenvalues, we obtain formulae of the form

q q
deg(o) =] ]& deg(c" —D)=]]&" - D, ©)

i=1 i=1
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with & € Q (with possible repetitions to take care of multiplicities) and g = 2g (since deg is a polynomial
function of degree 2g). Multiplying out the terms in this expression, we finally obtain a formula of the form

deg(o” — 1) =Y m;A}, (10)

i=1

for some m; € Z and A; € Q. Now (i) follows from 1.2(ii).

In order to prove (ii), we will use (9). Consider a finite extension L of the field of £-adic numbers Q,
obtained by adjoining all &; with 1 <i < ¢g. There is a unique extension of the valuation |-|, to L that
we continue to denote by the same symbol. Then we have

q

|deg(o” = D¢ = [ JI&" — 1le.

i=1

We now claim that for & € L, we have

& 17 if [§]¢ > 1,
&
" == {riinll if gl =1, (11)
1 if €], < 1,

where (r,%; ), and (sﬁ )n are certain periodic sequences, r,f e R¥, s,g, € {0, 1}. The first and the last line of the
claim are immediate, and the second one follows from applying Lemma 2.1 to the ring of integers S =0
with o =&, as follows: set a, = |§" — 1|£_1 and let e¢ be the order of & in the residue field of S (note that
e¢ is not divisible by £). Then by Lemma 2.1 there exists an integer N such that a,, = 1 if ez {n; ap, = a,
if ez | n and £{m; and ay, = £a, if ez | n and ord,(n) > N. Therefore, it suffices to set (r,f, sﬁ) =(1,0)
for eg{n; (r,%, sﬁ) = (“e_g}v’ 0) for ez |n and v := ord(n) < N; and (r,%, s,%) = (a;zNgN’ 1) for ez | n and
ordy(n) > N. Note that for £/n we have

=

{1 if ez n,

—1 .
a,, ifeg|n.

Multiplying together formule (11) for § =&, ..., §,, we obtain

Sn

|deg(cr” —Dle= pnrnlnlg ,
where

q
p=][max(i&le. D >1
i=1
and (r,) and (s,) are periodic sequences, r, € R*, s, € N. We claim that p = 1 (that is, there is no i such
that |&;]¢ > 1). Indeed, we know that deg(c” — 1) is an integer, and hence p”r,,lan" < 1 for all n. Thus,
taking n — oo, £{n, we get p = 1 and r, € Q*. This finishes the proof of the formula for |deg(c” — 1)],.
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Furthermore, we have
r, = | | ae_s_l, for £4n,
1

and hence the final formula holds with w = lcm(eg, . . ., egq). O

Remark 2.4. We present an alternative, cohomological description of the degree zeta function D, (z).
Fix a prime £ # p and let H' := Hét(A, Q)= /\i(VgA)v denote the i-th £-adic cohomology group of A,
(ViA =T, A ®z, Qq, T/ A is the Tate module and ¥ denotes the dual); then

2g

D, (z) = Hdet(l —o*z|HH !
i=1

)i+l

(12)

This follows in the same way as for the Weil zeta function: let I';» € A x A denote the graph of 0" and
A C A x A is the diagonal [Milne 2013, 25.6]. The Lefschetz fixed point theorem [Milne 2013, 25.1]

implies that
2g

(Cyn - A) = Z(—l)f tr(c" [HY).
i=0
Now I',» intersects A precisely along the (finite flat) group torsion group scheme A[o" — 1], and hence
the intersection number (I';» - A) is the order of this group scheme, which is deg(c” — 1). Then the
standard determinant-trace identity [Milne 2013, 27.5] implies the result (12).
The characteristic polynomial of o, acting on H! has integer coefficients independent of the choice of
£ and its set of roots is precisely the set of algebraic numbers &; from the proof of Proposition 2.3 (with
multiplicities), see, e.g., [Mumford 2008, IV.19, Theorems 3 and 4].

Example 2.5. Suppose A is an abelian variety over a finite field F, and o is the g-Frobenius. Then 0" — 1
is separable for all n, so o, = deg(c” — 1) for all n, and ¢, (z) = D, (z) is exactly the Weil zeta function
of A/F,. Thus, we recover the rationality of that function for abelian varieties; note that this is an “easy”
case: by cutting A with suitable hyperplanes, we are reduced to the case of (Jacobians of) curves, hence
essentially to the Riemann—Roch theorem for global function fields proven by F. K. Schmidt in 1927.

The inseparability degree. As in Proposition 2.3, we can control the regularity in the sequence of
inseparability degrees, with some more (geometric) work; this is relevant in the light of (6). We start with
a decomposition lemma in commutative algebra:

Lemma 2.6. Let R be a (commutative) ring and let M be an R-module such that for every m € M the

ring R/ ann(m) is artinian. Let m be a maximal ideal of R. Then the localization My, is equal to
My = M[m™®] :={m € M : w*m = 0 for some k > 1)

and

M:@Mm,

m
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the direct sum being taken over all maximal ideals m of R.

Proof. Assume first that the module M is finitely generated, say, with generators my, ..., ms. Set
I = ann(M). Then M is of finite length as a surjective image of the module @le R/ ann(m;) and
hence the ring R/ is artinian, since it can be regarded as a submodule of M*® via the embedding
r— (rmy, ..., rmys). Therefore, the ideal I is contained in only finitely many maximal ideals my, ..., m;
of R, and for the remaining maximal ideals m of R we have M, = 0. The artinian ring R/ decomposes
as the product

N
R/1 :]_[Rmi/mm,.. (13)
i=1
Since I = ann(M), we have M g R/I =~ M and M @ Ry, /I Ry, = My, . Thus, tensoring (13) with M,
we obtain an isomorphism
M—> My &My,

Since the modules My, are also of finite length, we see that each My, is annihilated by some power of
the maximal ideal m;.
We now turn to the case of an arbitrary module M. Consider the canonical map
®: M — [ [ M,
m
the product being taken over all maximal ideals m of R. Restricting ® to finitely generated submodules
N C€ M, and using the (already established) claim for finitely generated modules, we conclude that the

image of @ is in fact contained in @ M, and that the induced map
m

P M—>E|9Mm
m

(that we continue to denote by the same letter) is an isomorphism. For a maximal ideal n of R, multi-
plication by elements outside of n is bijective on M,. Therefore, restricting ® to M[m*] shows that
M[m*>] = M,,[m®°]. Finally, we conclude from the case of finitely generated modules that every element
in My, is annihilated by some power of the maximal ideal m. Thus, M[m*°] = M. O

Proposition 2.7. The inseparability degree of 0" — 1 satisfies
degi(0" — 1) =ry - |nl} (14)

for periodic sequences (r,) and (s,) with r, € Q* and s,, € Z, s, < 0. Furthermore, there is an integer

such that we have
'n = Tged(n,w) for Pj(n-
Proof. The strategy of the proof is as follows: since deg;(c” — 1) is a power of p, it is sufficient to

compute |deg(c” — 1)|, and |0y, |,. The former number has been already computed in Proposition 2.3(ii);
for the latter, we study the p-primary torsion of A as an R-module, where, not to have to worry about
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noncommutative arithmetic, we work with the ring R = Z[o] € End(A). Note that R need not be a
Dedekind domain. Let X := A(K ), denote the subgroup of torsion points of A(K). It has a natural
structure of an R-module, and as an abelian group is divisible; in fact,

) sl

q#p

=)=Vl

As R acts on X, the localization Ry, acts on X, for each maximal ideal m of R. Since X is torsion as an

where f is the p-rank of A, and

abelian group, the conditions of Lemma 2.6 are satisfied, and hence we have X, = X[m] and
X =D
m

the sum being taken over all maximal ideals m of R. For an element T € R, we have

X[z] = @ Xl

Since X, = X[m®], for any prime number ¢ we have X3[¢*°] =0if g € m and Xu[¢™®°] = X if ¢ € m,

and hence we get

X[q™1=EP Xm.

gem
Thus the groups X, for ¢ € m are g-power torsion. It follows that for t € R, T # 0, we can compute
X[elly = [ [1Xulzlly. (15)
gem
Since X is a divisible abelian group, the groups X, being quotients of X, are also divisible. Thus, the
surjectivity of p: X, — Xy, implies that there is a short exact sequence

0— Xulpl = Xulpt]l & Xul[r]— 0. (16)

Let o be an element of R, let e, denote the order of & in (Ry/mRy,)* for maximal ideals m of R
with p € m and ¢ ¢ m. Note that e, is then coprime with p. Applying (16) to T = ¢” — 1 and using
Lemma 2.1, we get

1 for o e m,
Xulo™ — 1] 1 for o ¢ m and ey tmn,
o —_ =
" P | Xwlo™ — 11|, for o ¢ m, pfm and ey | n,

[Xmlo" =11, - | Xulpll, foro ¢m, m=p,en|n, and ord,(n) > 0.
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Arguing in the same way as in the proof of Proposition 2.3, we conclude that there exist periodic sequences
(r,")n and (531, with ;" € Q* and s, € N such that

Xmlo" =111, =™l forn > 1. (17)
Furthermore, r;' =1 and s, = 0 for all n if 0 € m, and
ry = rg“ld(n’em) for o ¢ m and ptn.
Applying (15) to T =¢" — 1 and g = p, we get the equality
loulp = [ [1Xulo™ =111,

pem

Taking the product of the formula (17) over all maximal ideals m of R with p € m, we obtain periodic
sequences (r},), and (s, ), with r;, € Q* and s, € N such that

s/
|6n|p :r;l|n|[;

and
= récd(n,w,) for pin,
where
o' =lcm{eyn | 0 ¢ m}.
Writing
deg, (0" — 1) = deg(c” — 1) _ ol p
On |deg(c™ — DI,

and using Proposition 2.3(ii), we get sequences (r,) and (s, ) satisfying all stated properties except that it
might be that s, > 0 for some n. However, since deg;(c" —1) is an integer, letting @ be the common period
of (r,) and (s,), we automatically get s, < O for all n such that the arithmetic sequence n 4+ @wN contains
terms divisible by arbitrarily high powers of p. For all the remaining n we have ord,(n) < ord, (=), and
thus whenever s, > 0, we replace s, by 0 and r,, by r,|n|)’, obtaining the claim. ]

3. A holonomic version of the Hadamard quotient theorem

The next proposition is our basic tool from the theory of recurrent sequences. It bears some resemblance
to the Hadamard quotient theorem (which is used in its proof), and to conjectural generalizations of
it as proposed by Bellagh and Bézivin [2011, “Question” in §1] (using holonomicity instead of linear
recurrence) and Dimitrov [2013, Conjecture in 1.1] (using algebraicity instead of linear recurrence). In
our special case, the proof relies on the quotient sequence having a specific form.

Proposition 3.1. Let (a,)n>1, (by)n>1, (Cn)n>1 be sequences of nonzero complex numbers such that
an =bycy

for all n. Assume that:
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(1) (an)n>1 satisfies a linear recurrence.
(i1) (bn)n>1 is holonomic.

(iil) (cp)n>1 is of the form c, = rnlnl‘;;’ for a prime p and periodic sequences (ry)n>1, (Sp)n>1 With
r,€Q*, s, €l

Then the sequence (cp)n>1 is bounded.

Proof. Note that ¢, # 0 for all n. Since the sequence (b,),>1 given by b, = a,/c, is holonomic, by

Lemma 1.2(iii) there exist polynomials qo, . .., gz € C[z] such that
a - Qi
go(m) === qin+i)—"", forn>1. (18)
Cn izl Cn+i
We may further assume that gg # 0 (otherwise, replace fori =1, ..., d the polynomials ¢g; by (z — 1)g;

and shift the relation by one). Suppose ¢, = r,|n[, is not bounded and let & be the common period of
both (r,) and (s,). The unboundedness of (c,),>1 means that there exists an integer j > 1 withs; <0
such that there are elements in the arithmetic sequence {j + @wn | n > 0} which are divisible by an
arbitrarily high power of p. Fix such j and write s :=s;. Let v be an integer such that p¥ > max(d, @)
and let [T =lcm(z, p¥). Note that ord, IT = v. By the assumption on {j +@n | n > 0}, there exists an
integer J such that J/ = j (mod @) and J =0 (mod p”). By the definition of the sequence (c;),>1, for
n=J (mod IT) the values ¢, 1, ..., ch+q are uniquely determined (i.e., do not depend on n). Substituting
such 7 into (18), we obtain a formula of the form

/

a}’l /
P =b, forn=J (modII),
p

where

d
ay . An+i
a;lzqo(n)r and b;:—g qi(n+1i) +l_
i=1

] Cnti

are linear recurrence sequences along the arithmetic sequence n = J (mod IT) (here we use the fact that
the values ¢,+1, .. ., cy,+qg do not depend on n, and that linear recurrence sequences form an algebra). Note
that the values of (a,,),>1 are nonzero for sufficiently large n, and hence so are (b),),>1. By Lemma 1.2(i),
a subsequence of a linear recurrence sequence along an arithmetic sequence is a linear recurrence sequence.
Since the sequence

/

N an

|‘1|
p
bl/’l

takes values in a finitely generated ring (namely Z[1/p]), we conclude from the Hadamard quotient
theorem [Rumely 1988; van der Poorten 1988, Théoreéme] that the sequence (|J + Hnli,),,}o satisfies a
linear recurrence, say
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yolJ—i—l'Inl“p—i—yllJ—l—H(n—{— 1)|§,—|—---+)/6|J+1'I(n+e)|j7 =0, forn large enough, (19)

where yp, ..., Ye € C, yo #0. Let u be an integer such that p* > Ild. Since v = ord,(IT) < ord,(J), we
can find an integer [T’ > 0 such that TTIT' = —J (mod p*). Then for n = IT" (mod p*~") the values of

|J+ T+ DIy, ... [+ +e)l),

are independent of n (actually, |J 4 I1(n —|—j)|§) = p*”5|j|§] for j =1,...,e), and hence by (19) so is
the value of yy|J + In[}, for n sufficiently large. Substituting n = [T +ipt=" withi =0,..., p—1, we
get a contradiction, since there is exactly one value of i for which |J 4 TT(IT' + i prI, <p™. U

4. Rationality properties of dynamical zeta functions

We prove a general rational/transcendental dichotomy in terms of the following arithmetical property:

Definition 4.1. An endomorphism o € End(A) is called very inseparable if c" — 1 is a separable isogeny
for all n.

Note that the zero map is very inseparable. The notion “very inseparable” makes sense for arbitrary (not
necessarily confined) endomorphisms, but such very inseparable endomorphisms are then automatically
confined. We will study the geometric meaning of very inseparability in greater detail in Section 6; here
we content ourselves with discussing the case of elliptic curves.

Example 4.2. If A = E is an elliptic curve, things simplify greatly (compare [Bridy 2016, §5]): there
exists a (nonarchimedean) absolute value |-| on the ring End(E) such that deg;(t) = |z]~! for t € End(E).
It is immediate that inseparable isogenies together with the zero map form an ideal in End(E) and that an
inseparable isogeny o (i.e., |o| < 1) is very inseparable (i.e., |0 — 1| = 1 for all n). Neither of these
statements is true in general for higher-dimensional abelian varieties.

Theorem 4.3. (i) If o is very inseparable, then ¢, (z) € Q(z) is rational.

(ii) If o is not very inseparable, then the sequence (0,) is not holonomic and ¢, (z) is transcendental
over C(2).

Proof. Suppose we are in case (i), so 0" —1 is separable for all n. Since o, =deg(c” —1), Proposition 2.3(i)
implies that £, (z) is a rational function of z.

In case (ii), set a, = deg(c" — 1), b, = 0y, and ¢, = deg;(¢" — 1). By Proposition 2.3(i), (a,) satisfies
a linear recurrence. By Proposition 2.7, ¢, = rn|n|j;l for periodic r, € Q* and s, € Z. Assume, by
contradiction, that b, is holonomic, i.e., that the sequence (b,) is holonomic. The sequences (a,), (b,),
and (c,) then satisfy all the conditions of Proposition 2.7, and we conclude that the sequence (c,) is
bounded. However, the following proves that (c,) is unbounded:

Lemma 4.4. If o is not very inseparable, then the sequence deg;(c" — 1) is unbounded.
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Proof. By assumption, there exists no for which ¢ — 1 is inseparable. Write ¢ = 1 4 ¢ with
inseparable; then

o™ —1=14+9)P - 1=y +py),

for some endomorphism x : A — A. Since p has identically zero differential, the map ¥”~! + py is
inseparable, and hence

degi(0"” —1) 2 14 deg;(y) = 1 +deg;(c™ — 1),
and the result follows by iteration. O

To show the transcendence of ¢, (z) over C(z), suppose it is algebraic. Then so would be

59 _ Gog(t, ) = T one".
(o(Z)
This contradicts the fact that o, is not holonomic. O

Corollary 4.5. At most one of the functions

n

" 1 Z
§g(Z):CXp<ZGn;) and ;U(Z)=6XP(Z_G”;)

n>1 n>1

is holonomic.

Proof. Assume that both these functions are holonomic. Since the class of holonomic functions is closed
under taking the derivative and the product [Stanley 1980, Theorem 2.3], we conclude that z&) (z)/ ¢ (2)
is holonomic, contradicting Theorem 4.3(ii). O

Remark 4.6. It is not true that the multiplicative inverse of a holonomic function is necessarily holonomic.
Harris and Shibuya [1985] proved that this happens precisely if the logarithmic derivative of the function
is algebraic. We do not know whether ¢, (z) is holonomic for not very inseparable o, but Theorem 5.5
will show that ¢, (z) is not holonomic for a large class of maps.

Remark 4.7. If o is not assumed to be confined, we could change the definition of o,, by considering o,
to be the number of fixed points of o” whenever it is finite, and 0 otherwise. This is in the spirit of [Artin
and Mazur 1965], where only isolated fixed points of diffeomorphisms of manifolds were considered. In
this case, we could still prove a variant of Theorem 4.3 saying that if ¢ is a (not necessarily confined)
endomorphism of A such that there exist n such that 0" — 1 is an isogeny of arbitrarily high inseparability
degree, then (o,,) is not holonomic; one needs to use the fact that (the proof of) Proposition 3.1 holds even
if we do not insist that a,, and b,, be nonzero and instead demand that ¢,, = 1 if a,, = 0. Note, however,
that without the assumption that o is confined, ¢, (z) could be an algebraic but not rational function.
For example, let E be a supersingular elliptic curve over a field of characteristic 2, let A = E x E, and

o = [2] x [—1]. Then
£ (2) = 1-2z [(14+2)(1+47)
T +2z2V A=) (1 —47)°
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5. Complex analytic aspects
We now turn to questions of convergence and analytic continuation.

Radius of convergence. From the proof of Proposition 2.3, we pick up the formula

q r
deg(a" =) =[[& =D =) mif, (20)

i=1 i=1
where we note for future use that g = 2g, ]_[f’:1 & = deg(o), and A; are of the form A; =[] jel &; for
some I C {1, ..., q}, each occurring with sign (— D!, Recall that {%;} are called the roots of the linear
recurrence, and A; is called a dominant root if it is of maximal absolute value amongst the roots. The
roots {A;} of the recurrence should not be confused with the roots {;} of the characteristic polynomial of
o on H' (the dual of the £-adic Tate module for any choice of £ # p).
The following proposition follows from (20) and the fact that deg(o” — 1) takes only positive values.

Proposition 5.1. (i) The &; are not roots of unity.
(ii) The linear recurrent sequence deg(c" — 1) has a dominant positive real root, denoted A.

(i) A = H?:l max{|&;|, 1} > 1 is the Mahler measure of the characteristic polynomial of o acting
on H.

(iv) A =1 ifand only if o is nilpotent.
(v) deg(c"™ — 1) has a unique dominant root if and only if there is no &; with |&;| = 1.
(vi) If deg(c"™ — 1) has a unique dominant root A, then A has multiplicity 1.
Proof. (1) This is clear since o is confined.
(ii) If not, deg(o” —1) would be negative infinitely often by a result of Bell and Gerhold [2007, Theorem 2].

(ii1) Denot~e temporarily A= ]_[?:1 max{|;|, 1}. We will prove shortly that A = A. Formula (20) implies
that A < A and

aj(n) = Z mjk’j?

A=A
equals
a(n) = (=1 P* & -, 1)
jeJ
where ¢ is the number of indices i such that |§;| < 1, P := H\§i|>l &,and J C{1,...,q} denotes the

set of indices i such that |&;| = 1. Since the right hand side of (21) is nonzero, we conclude that A =A.
Finally, by Remark 2.4, &; are the roots of the indicated characteristic polynomial.

(iv) Since none of the &; is a root of unity, and since the set {;} is closed under Galois conjugation,
Kronecker’s theorem implies that either some &; has absolute value |&;| > 1, in which case A > 1, or else
all & are 0. The latter is equivalent to o acting nilpotently on H', and hence o is nilpotent since End(A)
embeds into (the opposite ring of) End(H").
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(v) From (21) we immediately get that if J = &, then deg(o” — 1) has a unique dominant root. Conversely,
if J # @, then substituting n = 0 into (21) gives )  m; =0, and hence in the formula there are at least
two distinct values of A ; occurring, and the dominant root is not unique.

(vi) We have already proved that if there is a unique dominant root, then J = &. Thus we read from (21)
that the multiplicity of A is 1. Since deg(c" —1) takes only positive values, the multiplicity is in fact 1. [J

Proposition 5.2. The radius of convergence of the power series defining {(z) is 1/A > 0.

Proof. Note first that we have a trivial bound o, = O (A"), which implies that the power series ¢, (z)
is majorized by exp(Z@l CA"Z"/n) = (1 — Az)~€ for some constant C > 0. Thus the radius of
convergence of ¢, (z) is at least 1/A. If o is nilpotent, the maps o” — 1 are all invertible, and hence ¢, = 1
and ¢, (z) = 1/(1 — z). Assume thus that o is not nilpotent, and hence by Proposition 5.1(1iv), A > 1.

For the other inequality, we write the linear recurrence sequence deg(c” — 1) = > ";_, m;A} as the
sum of two linear recurrence sequences a;(n) and a;(n), a;(n) as in (21) containing the terms with A; of
absolute value A = A, and a,(n) containing the terms where A; is of strictly smaller absolute value.

Since all §; with j € J are algebraic numbers on the unit circle but not roots of unity, a theorem of
Gel’fond [1960, Theorem 3] implies that for any € > 0 and n = n(¢) sufficiently large,

[l —11>a

jeJ
and hence |a;(n)| > A"!17® for sufficiently large n. The formula in Proposition 2.7 implies that
deg;(c" —1) = O (n*) for some integer s, and hence it follows from (6) that o;, > A1=28) for sufficiently
large n. For the lower bound, analogous reasoning proves that the radius of convergence of ¢, (z) is at
most 1/A'~% implying the claim. O
Remark 5.3. The value log A describes the growth rate of the number of periodic points and plays the
role of entropy as defined in the presence of a topology or a measure. It is the logarithm of the spectral

radius of o acting on the total (¢£-adic) cohomology of A —even in the not very inseparable case — as in
a result of Friedland’s [1991] in the context of complex dynamics.

The degree zeta function. The degree zeta function D, (z) is a rational function, and hence admits a

meromorphic continuation to the entire complex plane. Actually,

Dy (x) =] [(1—r2)™,

i=1
written in terms of the parameters in (20), immediately provides the extension. Poles (with multiplicity m;)
occur at 1/X; with m; > 0; zeros (with multiplicity m;) occur at 1/A; with m; < 0. We may describe the
behavior of zeros and poles more precisely.

Proposition 5.4. Assume that o is not nilpotent. Let A’ := max{|A;| : |Ai| < A} < A.

(1) The function Dy (z) has a pole at 1/ A.
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(ii) The function Dy (z) has a zero zo with |z0| =1/ A’ and is holomorphic in the annulus 1/A < |z| < 1/A’.
(i) A’ > VA.

Proof. In order to prove (i), we need to show that the multiplicity m of A is positive. If A is a dominant
root, this follows from Proposition 5.1(vi). If A is not a dominant root and m < 0, the sequence
deg(c™ — 1) —m A" is a linear recurrent sequence with positive values and no dominant positive real root,
contradicting [Bell and Gerhold 2007, Theorem 2].

Let us now prove (ii). Let p denote the minimal value of |&;| and |§; |1

that is strictly larger than 1, i.e.,
p =min(min{|§] : |&] > 1}, min{|&|~": 0 < |&] < 1});

it exists since by Proposition 5.1(iv), A > 1. Write the set of indices {1, ..., ¢} =J-UJ UJUJTUJT,
where membership i € J; is defined by the corresponding condition in the second row of the following table:

Jz J- J JT Jr

Gl<p™  lEl=p""  l&I=1  l&l=p  l&l>p

From (20) we see that there isno A; with A/p < |A;| < A and that the terms A; with [A ;| = A /p arise as

products [];.,; & where I contains J, I is disjoint from JZ, I N J can be anything and either I contains
all except one i € J* or I contains all i € J* and exactly one i € J .
Setting as before P := Hieﬁwj &andt=#(J_UJ7), we get

> mjf\ﬁ=(—1)"‘P”]_[(§}7—1)(Zsi‘"+ Zs{’). (22)

[Aj1=A/p jeJ ieJ+ ieJ-

Since the right-hand side is not identically zero as a function of n, we conclude that A’ = A/p. We
consider two cases.

Case I: J = @. Then by Proposition 5.1(vi), P = A has multiplicity 1 and hence from (21) we conclude
that ¢ is even. Therefore by (22) all A; with |A;| = A’ have multiplicity m; < 0, and hence correspond to
zeros of Dy (2).

Case I: J # &. Substituting n = 0 into (21) shows that the sum of multiplicities m; of A; with [A;| = A
is 0. By (22), the same is true for multiplicities m ; of A; with |1 ;| = A’. Thus there is some A; with
|Ai] = A" and m; <O.

For the proof of (iii), note that since A’ = A/p, the stated inequality is equivalent to A > p?. Since
A = [[max{|§]|, 1}, it is enough to prove that there are at least two elements in the (nonempty) set
JTUJZT. Since g = 2g is even, it suffices to prove that both #J and t = #(J~ U J_) are even. Since &;
with |&;| = 1 occur in complex conjugate pairs, #J is even, and the corresponding term in (21) is real
positive. In the course of proof of Proposition 5.2 we have shown that the sum a;(n) dominates the
remaining terms, and hence is positive for large n. Hence we find from (21) that P > 1 and ¢ is even. [
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Analytic continuation/natural boundary. When o is very inseparable, {,(z) coincides with the degree
zeta function D, (z) and hence is a rational function. One may wonder whether a P6élya—Carlson
dichotomy holds for the functions ¢, (z), meaning that, when they are not rational as above, they admit
a natural boundary as complex function (and hence they are nonholonomic; in this context also called
“transcendentally transcendental”).

We confirm this for a large class of such maps, providing at the same time another proof of their
transcendence (and even nonholonomicity). The crucial tool is Theorem A.1 that Royals and Ward prove
in the Appendix of this paper.

Theorem 5.5. Suppose that o is not very inseparable and that A is the unique dominant root. Then the
function &, (z) has the circle |z| = 1/ A as its natural boundary. In particular, £, (z) is not holonomic.

Proof. We start by the observation that ¢, (z) has the same natural boundary as Z,(z) := ) _ 0,z" if the
latter function has natural boundary [Bell et al. 2014, Lemma 1]. Next, we find an expression

Zo@) =Y mi Y ryInl, " (h2)",
i=1

n>1
where m; and A; are as in (10) and r,, and s, are as in Proposition 2.7. We now apply Theorem A.1: in
the notation of that theorem, we choose S to be the set of primes containing p and all primes £ for which
|ru|e # 1 for some n. By periodicity of (r,), the set § is finite. Let a, :=deg;(c" — 1) = rn|n|2". Suppose
w is a common period for (r,) and (s,). For £ € S, set ny = @, cpx = |rkle; for £ # p, set e,y =0, and
set e, x = —si. Then |a,|s = a,jl, and hence we can write

p
Zo(x) =) mif (i),
i=1
where f is the function associated to (a,) as in Theorem A.l. Since o is not very inseparable, by
Lemma 4.4 the sequence (a,) takes infinitely many values. We find that the term f(A;z) has a natural
boundary along |z| = 1/|A;|. If A is the unique A; of maximal absolute value, then the dense singularities
along this circle cannot be canceled by other terms, and we conclude that Z,; (z) has a natural boundary
along |z] = 1/A, and the same holds for ¢, (z). Since a holonomic function has only finitely many
singularities (corresponding to the zeros of go(z) if the series function satisfies (5), compare to [Flajolet
et al. 2004/06, Theorem 1]), ¢, (z) cannot be holonomic. O

Question 5.6. Is |z| = 1/A a natural boundary for ¢, (z) for any not very inseparable o (even without
the assumption of a unique dominant root)?

Metrizable group endomorphisms with the same zeta function. Given the analogy between our results
and some properties of metrizable group endomorphisms, one may ask for the following more formal
relationship:

Question 5.7. Can one associate to an action of cC' A an endomorphism of a compact metrizable abelian
group TC' G with the same Artin—-Mazur zeta function, i.e., {y = ¢;?
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The analogue of this question over the complex numbers is trivial, as one may take G = A(C). The
degree zeta function D, (z) artificially equals the Artin—-Mazur zeta function of an endomorphism 7 of a
2g-dimensional real torus whose matrix has the same characteristic polynomial as that of o acting on
T¢(A) for any £ # p (e.g., the companion matrix). This implies that for a very inseparable cC A, indeed,
8o (2) = & (2).

Even in the not very inseparable case, it is sometimes possible to construct such tC G, like we did for
the example in the introduction.

In general, it would be natural to consider the induced action of o on the torsion subgroup A (K)o
(dual of the total Tate module [ | 7;(A)). This provides the correct contribution |o,|, at all primes £ # p;
for such ¢, the size of the cokernel of 0" — 1 acting on Ty(A) is precisely |on|zl. However, at £ = p, we
found no such natural group in general, and it seems that |0, is genuinely determined by the geometry
of the p-torsion subgroup scheme.

6. Geometric characterization of very inseparable endomorphisms

In this section, we analyze the condition of very inseparability from a geometric point of view as well as its
relation to inseparability. For this, it is advantageous to temporarily drop the assumption of confinedness
and consider a general o € End(A).

Elementary properties. We start by listing properties of very inseparability that follow more or less
directly from the definition. For this, we first write out a very basic property:

Lemma 6.1. Whether o € End(A) is a separable isogeny or not is determined by its action on the finite
commutative group scheme A[p], i.e., by its image under the map End(A) — End(A[p]).

Proof. If two endomorphisms o, 7: A — A induce the same map on A[p], then o — t vanishes on the
group scheme A[p], and hence it factors through the map [p]: A — A. Thus 0 — 7 = pv for some
v: A — A, and hence the map End(A)/p End(A) < End(A[p]) is injective. Since an endomorphism
A — A is a separable isogeny if and only if it induces an isomorphism on the tangent space, and since
every map of the form pv induces the zero map on the tangent space, we conclude that o is a separable
isogeny if and only if 7 is a separable isogeny. O
Proposition 6.2. Let o € End(A).

(1) The endomorphism o is very inseparable if and only if 0" — 1 is a separable isogeny for all n < p4g2.

(i) If A= Ay x Ay with Ay and A, abelian varieties and o = o1 X 0y with o; € End(A;), then o is very
inseparable if and only if 0| and oy are both very inseparable.

(iii) Multiplication [m]: A — A by an integer m is very inseparable if and only if m is divisible by p.

(iv) An endomorphism of an elliptic curve is very inseparable if and only if it is either an inseparable

isogeny or zero.
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(v) If E is an elliptic curve over a field of characteristic 3, then the isogeny o :=[2]x [3]lon A:=E X E
is inseparable but not very inseparable.

Proof. To prove (i), observe that by Lemma 6.1, it suffices to look at the images of o” — 1 in the ring
End(A)/pEnd(A). Since End A is finite free of rank at most 4g2, this ring is finite of cardinality < p4g2,
and hence the sequence of images of o” — 1 is ultimately periodic (i.e., periodic except for a finite number
of n) with all possible values already occurring for n < p4g2.

Property (ii) is immediate from the definition.

Since an endomorphism of an abelian variety is a separable isogeny if and only if its differential is
surjective, to prove (iii), observe that the differential of the multiplication by m" — 1 map is still given by
multiplication by m"” — 1 and hence is surjective if and only if it is nonzero, i.e., when p does not divide
m" — 1. The latter happens for all n > 1 if and only if p | m.

Statement (iv) was already discussed in Example 4.2.

Property (v) follows immediately from (ii) and (iii). O

Using the local group scheme A[p]°. The category of finite commutative group schemes over K is
abelian and decomposes as the product of the category of finite étale and the category of finite local group
schemes (see, e.g., [Goren 2002, A§4]). The group scheme A[p] decomposes canonically as the product
]O

of the étale part A[pl¢ and the local part A[p]”. We now provide a geometric characterization of (very)

inseparability using the local p-torsion subgroup scheme, as in Theorem A in the introduction.
Theorem 6.3. Let o € End(A).

(i) o is a separable isogeny if and only if it induces an isomorphism on A[ p]°.

(ii) o is very inseparable if and only if it induces a nilpotent map on A[p]°.

Proof. Under the splitting A[p] = A[plg X A[p]o, the morphism o[ p] induced by o on A[p] splits as a
product morphism o[p] = o [plg X ol p]o. Therefore, we have

kero[p] =kero[pls X kera[p]o. (23)

An isogeny o is separable if and only if ker o is étale.

We turn to the proof of (i). In one direction, first assume that o is a separable isogeny. Then ker o
is étale, and hence so is its subgroup scheme ker o[ p]. From the decomposition (23), we conclude that
ker o[ p]° is both étale and local, hence trivial. Since A[p]° is a finite group scheme, the map o'[p]° is an
isomorphism.

For the other direction, assume first that o is not an isogeny. Let B be the reduced connected component
of 0 of ker 0. Then B is an abelian subvariety, B[ p]° is a nontrivial group scheme (because multiplication
by p on B is not étale) and is contained in the kernel of o[ p]O and hence o[ p]o is not an isomorphism.
Secondly, assume that o is an inseparable isogeny. Then ker o is not étale. We have kero C A[n] for

n =dego. Writing n = p’u with u coprime with p, we get a decomposition ker o =kero[p’] x ker o [u].
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The group scheme ker o [u] is étale (as a subgroup scheme of A[u]), and hence ker o [p’] cannot be étale,
which means that ker o[ p']° is nontrivial. For each integer r, we have an exact sequence

0— kero[p’_l]o — kera[p’]0 JLI kero[p]o.

Applying this inductively for r =¢,¢ — 1, ..., 2, we conclude that ker o[ p]° is nontrivial, and hence the
morphism o[p]° is not an isomorphism. This proves (i).

For the proof of (ii), consider the natural homomorphism ¢: End(A) — End(A[ 71°). Since End(A)
is a finite Z-algebra, and since p € ker ¢, the ring R :=im(g) is a finite F ,-algebra. By part (i), the map
o" — 1 is a separable isogeny if and only if its image ¢ (0" — 1) is a unit in End(A[p]®). We claim that
@(0" —1) is then a unit in R; in fact, the ring R is a finite F-algebra, and hence there exists a monic
polynomial f € F,[t], f = t4+ay_1t97 1 4+ ... 4 ap, of lowest degree such that f(c” — 1) = 0. If the
constant term ag of f is different than zero, then we easily see that " — 1 is invertible in R, its inverse
being —a, ! Zf-l:_l (6™ — 1)%. If on the other hand ag = 0, then o” — 1 is a two-sided zero-divisor in R,
hence in End(A[p]?), and therefore cannot be a unit in End(A[p]%). Thus, our claim is now reduced to
the proof of the following lemma. O

Lemma 6.4. Let R be a finite (not necessarily commutative) ¥ ,-algebra and let r € R. Then the following

conditions are equivalent:
(1) For all positive integers r" — 1 is invertible.
(i1) The element r is nilpotent.

Proof. Let J denote the Jacobson radical of R. The ring R is artinian and hence the ring R = R/J is
semisimple [Lam 1991, 4.14]. For an element s € R, denote the image of s in R by 5. Then s is invertible
in R if and only if § is invertible in R [Lam 1991, 4.18] and s is nilpotent if and only if § is nilpotent
(this follows from the fact that the Jacobson radical of an artinian ring is nilpotent, see [Lam 1991, 4.12]).
Thus we have reduced the claim to the case of a semisimple ring R.

By the Wedderburn—Artin theorem [Lam 1991, 3.5], a semisimple ring is a product of matrix rings
over division rings which in our case need to be finite, and hence by another theorem of Wedderburn
[Lam 1991, 13.1] are commutative. Thus we can decompose the ring R as a product of matrix rings over
finite fields

S
R~ l_[M (F,).
i=1

Clearly, each of the properties in the statement of the lemma can be considered separately for each term
in this product, and we are reduced to proving that a matrix N over a finite field has the property that
N" — 1 is invertible for all n > 1 if and only if N is nilpotent.

If N is nilpotent, then all the matrices N" — 1 are invertible, since in any ring the sum of a unit and
a nilpotent that commute with each other is a unit. Conversely, if N is not nilpotent, then N has some
eigenvalue A # 0, perhaps in a larger (but still finite) field. Let n > 1 be such that A" =1 (such n always
exists in a finite field). Then the matrix N — 1 is not invertible. U
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We have some immediate corollaries (where Corollary 6.5(i) refines Lemma 6.1):
Corollary 6.5. Let o € End(A).

(i) Whether o is a separable isogeny or not, or very inseparable or not, is determined by its action on

A[p1°, i.e., on its image under the map
End(A) — End(A[p]%).

(i1) Very inseparable isogenies are inseparable.

(iii) There exists a simple abelian surface with a confined isogeny that is inseparable but not very

inseparable and for which inseparable isogenies together with the zero map do not form an ideal.

Proof. Statement (i) is immediate from Theorem 6.3. Statement (ii) follows from Theorem 6.3, since
nilpotents are not invertible. Concerning (iii), the following is an example of a simple abelian variety
A and an inseparable but not very inseparable isogeny o (all computational data used can be found at
[LMFDB Collaboration 2013]). Consider the isogeny class of supersingular abelian surfaces over Fs
of p-rank 0 with characteristic polynomial of the Frobenius 7 equal to x* 425 = 0. The splitting field
L :=Q(m) =QC(, \/1_0) has no real embeddings, hence by [Waterhouse 1969, Theorem 6.1] there exists
a simple abelian surface A with endomorphism ring Oy = Z[i, 7] (the ring of integers in L, containing
both 77 and 5/ = —im). Consider o =i —2 = m?/5 — 2, with characteristic polynomial 0% +4c +5 =0.
The endomorphism o is a confined isogeny since on a simple abelian variety these are exactly the
endomorphisms that are neither zero nor roots of unity. Denoting the reduction of ¢ modulo 5 by &, we
find that

G2=5. (24)

Note that A[p] = A[p]0 and hence there is an injective map O /50 — End(A[p]O). Now o is separable
if and only if & is an isomorphism on A[ p]°, which, by (24), happens exactly if & = 1. But then o = 5y +1
for some 1 € Oy, which does not hold. Hence o is inseparable. On the other hand, o is very inseparable
if and only if & is nilpotent on A[p]°, which, by (24), happens exactly if & = 0. This means that o = 5y
for some Y € O, which does not hold either. Hence o is not very inseparable.

Let 0’ = —i — 2. We similarly prove that ¢’ is inseparable, and yet the map o + o’ = —4 is a separable
isogeny. Hence the set of inseparable isogenies together with the zero map is not closed under addition. [J

Using Dieudonné modules. The structure of the endomorphism ring of the local group scheme A[p]°
can be computed explicitly using the theory of Dieudonné modules, and we will use this to deduce some
more results on very inseparability.

The group schemes A[p] and A[ p]° are objects in the category € of finite commutative group schemes
over K annihilated by p. By covariant Dieudonné theory [Goren 2002, A§5] there is an equivalence of
categories

D: €g — finite length left E-modules,
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where E = K[F, V] denotes the noncommutative ring of polynomials with relations
FV=VF=0,FA=AF and VA’ =1V forieK.

We may consider being a very inseparable endomorphism or a separable isogeny as a property of the
image of an endomorphism under the map End(A) — Endg(D(A] p]o)).

Example 6.6. If A is an ordinary elliptic curve, then A[p]® = w,, so End(A[p]®) =F,. If Ais a
supersingular elliptic curve, the local group scheme A[p]° is the unique nonsplit self-dual extension of
ap by ap. The Dieudonné module is D(A[p]°) =E/E(V + F) [Goren 2002, A.5.4] and a computation
[Goren 2002, A.5.8] gives a ring isomorphism

End(A[p]°) = Endg(E/E(V + F)) = !("Op Z) a€Fp,be K}.

From these computations, one also sees directly that noninvertible elements are nilpotent in End(A[ p]%)
in both the ordinary and the supersingular case, giving an alternative proof of 6.2(iv).

Proposition 6.7. Let 0 € End(A) and set % := D(A[p])°).

(1) o is a separable isogeny (respectively, very inseparable endomorphism) if and only if its image in

Endk(r(@/ VD) is invertible (respectively, nilpotent).
(ii) o is very inseparable if and only if a power of o factors through the p-Frobenius map Fr: A AP,
(iii) If End(A) is commutative, the set of very inseparable endomorphisms forms an ideal in End(A).

(iv) There exists an abelian variety for which the set of very inseparable endomorphisms is not closed

under either addition or multiplication (in particular, it is not an ideal).

(v) Let A denote a simple ordinary abelian variety defined over a finite field ¥, C K with (commutative)
endomorphism ring 0 := End(A) and Frobenius endomorphism . Set R :=Z[n, q/m]. Then R C 0
and if p{[0:R], then any isogeny of A is very inseparable if and only if it is inseparable. This is in
particular true if g = p > 5.

Proof. We first prove (i). The relations in E imply that VE is a two-sided ideal in E. In this way, o, as an
E-endomorphism of 9, gives rise to an endomorphism ¢ of the E/ VE = k[ F]-module %/ V<. The first
claim is that ¢ is nilpotent if and only if & is. The interesting direction is where & is nilpotent, meaning
that 6" (@) € V9 for some n. Since V is nilpotent on & [Goren 2002, A.5], say V49 = 0, we can iterate
the equation to get 0" (@) € V9% = 0. Secondly, we claim that o is invertible if and only if & is so.
Again, the interesting direction is when & is invertible. If we let @’ denote the image of o : & — %, then
%' is an E-submodule of @ and & = %' + V9. Iterating this sufficiently many times, we find that

D=B +VI=D + VI +V*P=- . =% + VI +.. .+ VIlg g

This shows that ¢ is surjective, and, since it is an endomorphism of the underlying finite-dimensional
vector space, it is then automatically injective.
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In order to prove (ii), note that the Dieudonné module D(AP[p]°) can be identified with @ = D(A[p]°)
with the E-action twisted by the geometric Frobenius map ¥ : K — K, ¥(A) = A!/P. Under this
identification, the map induced by the p-Frobenius Fr: A — A" on the Dieudonné modules is the
Y-semilinear map V : & — % [Goren 2002, A.5]. Moreover, the map V is nilpotent.

If o is very inseparable, there exists n with o"| Alpl? = 0. Since A[Fr] C A[ p]o, we have 0" |sp =0
and hence o factors through Fr. Conversely, suppose that 0" = 7 o Fr for some 7: A”) — A. Passing to
the Dieudonné modules, and using the fact that the map D(t) is ¥ ~!-semilinear (and hence commutes
with V), we see that D(0")% C V%, so D(o) is nilpotent modulo V. By part (i), we find that o is very
inseparable.

For the proof of (iii), note that, without any assumptions on the ring End(A), the set / of maps in
End(A) that factor through the p-Frobenius Fr is a left ideal in End(A). Therefore by (ii), if the ring
End(A) is commutative, the set of very inseparable maps in End(A) coincides with the radical of 7, and
hence is an ideal.

For (iv), consider A = E x E for an ordinary elliptic curve E. Then End(A) = M (End(E)) surjects
onto End(A[p]°) = M (F ») (see Example 6.6). The set of very inseparable endomorphisms corresponds
under this map to matrices whose image in M, (F ) is nilpotent, and it suffices to remark that the set of
nilpotent elements in M, (F ) is not closed under neither addition nor multiplication.

For (v), we indeed have R C O by [Waterhouse 1969, 7.4]. Let o € O and observe that the coprimality
of [0:R] to p implies that there exists an integer N coprime to p with No € R. Therefore, it suffices
to prove the equivalence of inseparability and very inseparability for elements of R. Represent such an

Y aim +) b,

i>1 j>0

element o € R by

with 7’ = q /7 and a;, b; € Z (the terms containing both 7 and 7" may be omitted since they do not change
the image of o in End(%)). Since A is defined over F, with ¢ = p”, we have 7 = Fr" and 7’ = Ver’,
where Ver: A?) — A is the Verschiebung. On the level of Dieudonné modules, Fr maps to V and Ver
maps to F' [Goren 2002, A.5], so o maps to the endomorphism

G =Y b;F" € Endg(r|(D/ VD).
In the ordinary case, the Dieudonné modules of A[p] and A[ p]0 are
D(AlpD) = (E/(V,1— F)®E/(F,1-V))* and %= D(A[p]") = (E/(V,1-F))*

(since this is the subgroup scheme of D(A[p]) on which V is nilpotent [Goren 2002, A.5]). Hence F =1
in End(%/ V%) =M, (F,), and ¢ :=)_ b; is a scalar multiplication; therefore, it is nilpotent if and only
if it is zero (i.e., noninvertible).

The final claim follows from a result of Freeman and Lauter [2008, Proposition 3.7]. O

We were unable to answer the following natural questions:
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Question 6.8. (i) Can one construct a simple abelian variety for which very inseparable endomorphisms
do not form an ideal?

(ii) Consider the subset of the moduli space of abelian varieties of given dimension and given degree
of polarization consisting of those abelian varieties A for which inseparable isogenies are very
inseparable. Is this locus dense in the moduli space? Recall that, by a result of Norman and Oort
[1980, Theorem 3.1], the ordinary locus is dense.

7. The tame zeta function

We revert to our standard assumptions and define the following general “tame” version of the Artin-Mazur
zeta function for varieties over fields of positive characteristic (the construction is somewhat reminiscent
of that of the Artin—Hasse exponential):

Definition 7.1. Let K denote an algebraically closed field of positive characteristic p > 0, X/K an
algebraic variety, and let f: X — X denote a confined morphism. The tame zeta function ¢ ? is defined

i) = exp(z f%) (25)

pin

as the formal power series

summing only over n that are not divisible by p.
A basic observation is:

Proposition 7.2. We have identities of formal power series
@ =[] 4/c; @ (26)
i=0
and
¢x (2 = &x, £ (/Y ¢x 50 (2P). (27)

Proof. For the first identity (26), we do a formal computation, splitting the sum over n into parts where n
is exactly divisible by a given power p' of p (denoted p' || n):

{x,r(2) = exp(Z Z %Zn)

i20 piiin

= exp(Z Z ];[;_;’Zzpim)

i=20 ptm

= exp(z % 2 (f;)m— (Z”i)m)

i=0 ptm

1 i
T exp<; log(¢ " )))-

i=0
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For the second identity (27), we compute as follows:
Jn fpk k a 1 (fP)k k
* — Jnon _ JPK — sn = RS
{x r(2@) —exp<z , 7" Z ok 7" | =exp Z , 7" /exp > Z . Pt ). O
n>1 k>1 n>1 k>1

Theorem 7.3. For cC A, there exists an integer t > 0 (depending on o) such that ({})" is a rational

function. In particular, {} is algebraic.

Proof. Proposition 2.7 implies that for p{n the inseparability degree deg;(c” — 1) = r, is periodic of
period w with 7, = recd(n,0)- Let u denote the Mobius function. For n | w, define rational numbers o, by

o, = % Z M(”/e). (28)

Te

eln
By Mobius inversion and the equality 7, = rgcd(n,w), We get
l= Z dag foralln > 1.
’
" 4| ged(n,w)

Therefore,

d m_1
Hz) = exp(Z —eg(zr )z”)

pin
deg(a®™ —1) ..
=exp<zangTzd >
d|lw ptm
d dm_l oq
d|w ptm n

Using the notation of Proposition 2.3(i), we can rewrite this as
aa
@=[] (Dad @)/ Do <zpd)) (29)
dlw
and hence the result follows from the rationality of the degree zeta functions. O

The minimal exponent f, > 0 for which ¢ (z) € Q(z) is an invariant of the dynamical system cC A.
We briefly discuss the arithmetic significance of such ¢,, by considering both ordinary and supersingular
elliptic curves.

Proposition 7.4. Let E denote an elliptic curve, o € End(E), and let t, be the minimal positive integer
for which ¢} ()" € Q(2).

(1) If E is ordinary, t, is a pure p-th power.

(11) There exists a (supersingular) E and o C E for which t, is not a pure p-th power.
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Proof. If o is an endomorphism of an ordinary elliptic curve, then there is a valuation |-| on the quotient
field L of the endomorphism ring that extends the p-valuation and such that deg; o = |o'| (cf. Example 4.2).
If o is very inseparable, ¢} (z) is rational, and the claim is clear. Otherwise, let s be the minimal positive
integer for which M := |o* — 1| < 1. We find that for integers n not divisible by p,

1 ifstn
=dec.(c" —1) = ’ 30
rn = degi(o” = 1) {M if s | n. 30)
Substituting this into (28), we get w = 5. If s =1, we have ) = 1/M, and if s > 1, we find
1 ifn=1,
o, =10 ifn|s, 1<n<s, 3D

(1-M)/(Ms) ifn=s.

Since p splits in L [Deuring 1941, §2.10], the valuation |-| has residue field F,, and hence s | (p — 1).
From (29), it follows that £ (z) is a product of rational functions to powers 1/p and (1 —M)/(Mps) (and
1/(Mp) if s = 1). Now with M = p~" for some r > 1, we find that (1 — M)/(Mps) = (p" —1)/p"*!s,
which has denominator a power of p, since s divides p — 1. This proves (i).

For (ii) consider a supersingular elliptic curve A = E. We have already seen in Example 4.2 that the
inseparability degree of an isogeny is detected by a valuation on the quaternion algebra End(£) ® Q,
on which we now briefly elaborate. The ring © = End(E) is a maximal order in a quaternion algebra,
and its completion 0, = End(E) ®z Z, is an order in the unique quaternion division algebra D over Q,,
[Deuring 1941]. There exists a valuation v: D — Z on D with the property that 0, = {x € D : v(x) > 0}.
Let p = {x € O : v(x) > 1}. Then p is a two-sided maximal ideal in O with pO, = p2©p and we
have an isomorphism O/p >~ F ,». The inseparable degree of an isogeny o € O is given by the formula
deg; (o) = p¥), cf. [Bridy 2016, Proposition 5.5].

Let o € O be an endomorphism such that its image in O/p > F > generates the multiplicative group of
the field and such that v(o Pl 1) = 1. Then for integers n not divisible by p we have

1 if (p? = Din,
p if (p>—1)|n.

Let us prove that such o exists: choose elements og, T € O such that the image of o9 in O/p >~ F »

degi(0" — 1) = { (32)

generates the multiplicative group of the field and v(7) = 1. Then one of the elements oy, og + T satisfies
the desired conditions.

Furthermore, the degree is of the form deg(c” —1) =m" —A" — (1) 41 for A, A’ € Qand m := A\’ € Z.
Using the convenient notation

17/1 _ Zp

*(2) i = ——,
(2) -
a somewhat tedious computation, splitting the terms in log ¢ (z) to take into account the cases in (32),
gives that
z %(z") %((mz)’
o= Q) where g (2) i 22

R E((V D))
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Note that %(z) is itself a p-th root of a rational function. We conclude that t = p?(p + 1) suffices to have
£X(2)" € Q(z) but £ ()" is not rational for any choice of 7 as a pure p-th power. O

8. Functional equations

In this section, we study the existence of functional equations for full and tame zeta functions on abelian
varieties. Assume throughout the section that o is an isogeny. Under the transformation z — 1/ deg(o)z,
we will find a functional equation for zeta functions of very inseparable endomorphisms, and a “Riemann
surface” version of a functional equation for the tame zeta function. Since this transformation does not
make sense for {, as a formal power series, D, {,, and ¢ are therefore considered as genuine functions
of a complex variable, and the symbols are understood to refer to their (maximal) analytic continuations.

Proposition 8.1. The degree zeta function D, (z) (cf. Definition 2.2) satisfies a functional equation of the

form

Do (deg(a)Z> = Do),

Proof. We use the notations from (20). It is clear that the multiset of A; is stable under the involution
A+ deg(o)/A. From this symmetry, we obtain a functional equation for the exponential generating
function Dy (z) =[];_,(1 — A;z)~"™ of the form

1 r .
DO’ = (— Zi:lmi )\".’”iDG .

Substituting n = 0 into (20) gives Y ;_, m; = 0 and a direct computation using the form of 1; and the

fact that ¢ is even shows that []i_, A" = 1, which gives the claim. O

Remark 8.2. The functional equation for D, (z) can be placed in the cohomological framework from
Remark 2.4: consider the Poincaré duality pairing (-, -): H' x H%~ ® Qu(g) — Q, under which
(oex, y) = {x, 0*y), with 0,0* = [deg o ]. Hence if o* has eigenvalues ¢; on H', then o, has eigenvalues
deg(o)/a; on H*~ but these sets are the same by duality. In this way the functional equation picks up
a factor zX, where x (A) is the £-adic Euler characteristic of A. But here, x(4) =0 (since the i-th
¢-adic Betti number of an abelian variety of dimension g is the binomial coefficient (Zig )

Theorem 8.3. (i) If o is very inseparable, then {,(2) extends to a meromorphic function on the entire

complex plane and satisfies a functional equation of the form

1
Lo (deg(a)z) =5 (2).

(1) If o is not very inseparable and A is the unique dominant root, then {;(z) cannot satisfy a func-

tional equation under z +— 1/deg(o)z; actually, the intersection of the domains of ¢, (z) and
¢ (1/ deg(0)2) is empy.
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(iii) For any confined o, let X, denote the concrete Riemann surface of the algebraic function ¢} (z) (a
finite covering of the Riemann sphere). Then there exists an involution T € Aut(X,) such that the

meromorphic extension {)}: X, — C fits into a commutative diagram of the form

1% l ; (33)

Proof. If o is very inseparable, then ¢, = D,, and the result follows from Proposition 8.1.

If o is not very inseparable and A is the unique dominant root, then by Theorem 5.5 the function
¢ (z) has a natural boundary on |z] = 1/A. Thus ¢,(z) and ¢, (1/deg(o)z) are commonly defined
only on A/deg(c) < |z| < 1/A which is empty when A% > deg(c). By Proposition 5.1(iii), we have
A2>A> [1I&| = deg o, so this always holds.

For the third part of the theorem, consider (29) that expresses the function ¢ in terms of degree zeta
functions. Write ay/p = Ay/ By for coprime integers Ay, By, let N denote the least common multiple of
B, over all d | w and set By := Nog/p € Z. Then ¢} extends to a function on the Riemann surface X,
corresponding to the projective curve defined by the affine equation

N ng(xd)p Ba
T H)(Dawwd))
given by {¥(x, y) = y. By the fact that all D, satisfy the functional equation as in Proposition 8.1, the
map t: Xy = Xs, T(x,y) = (1/(deg(o)x), y) is an involution of X, (we use that deg(c”) = deg(o)”
for any integer r). The same functional equations then prove that the diagram (33) commutes. ]

9. Prime orbit growth

In this section, we consider the prime orbit growth for a confined endomorphism o: A — A. We are
interested in possible analogues of the prime number theorem (PNT), much like Parry and Pollicott [1983]
proved for axiom A flows. In our case, it follows almost immediately from the rationality of their zeta
functions that such an analogue holds for very inseparable o. In general, however, as we will see, the
prime orbit counting function displays infinitely many forms of limiting behavior. Nevertheless, the
(weaker) analogue of Chebyshev’s bounds and Mertens’ second theorem hold. In accordance with our
philosophy, we also consider counting only “tame” prime orbits (i.e, of length coprime to p), and in this
case we see finitely many forms of limiting behavior, detectable from properties of the p-divisible group.
Finally, we briefly discuss good main and error terms reflecting analogues of the Riemann hypothesis.

Notations/Definitions 9.1. A prime orbit O of length £ =: £(O) of 0: A — A is a set

0:{x,ox,on,...,ozx:x}gA(K)
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of exact cardinality £. Letting P, denote the number of prime orbits of length ¢ for o, the prime orbit
counting function is 75 (X) 1= Y, x Pe.

As formal power series, the zeta function of o admits a product expansion

1
Lo (2) = l_[ 1 Z00)"
o

where the product runs over all prime orbits. Since o, = Zi\n £ P;, Mobius inversion implies that

Py = % >on e ,u( f;)an. Our proofs will exploit the fact that the numbers o,, differ from the linear recurrent

sequence deg(o” — 1) only by a multiplicative factor, the inseparable degree, that grows quite slowly.
To avoid complications, we make the following assumption:

Standing assumption/notations:
The dominant root A > 1 is unique.
The @ -periodic sequences (r,) and (sy), s, < 0, are as in (14).

All asymptotic formula in this section hold for integer values of the parameter.

By Proposition 5.1(vi), this implies that A > 1 is of multiplicity one. We start with a basic proposition
describing the asymptotics of P,. Interestingly, the error terms are determined by the zeros of the degree
zeta function. This appears to be a rather strong result with a very easy proof, dependent on the exponential
growth.

Proposition 9.2. Py = A%/ (Lr|€]}) + O(A®Y), where © := max{Re(s) : Do (A™%) =0} €[5, 1).
Proof. From (10), we get deg(c” — 1) = A” + O(A®Y) for

, log|2;]
‘= max .
Ixil#£A log(A)

By Proposition 5.4, this equals the largest real part of a zero of D, (A ™), and 1/2 < ® < 1. Hence

_deg(o’—1) Al
degi(0' =) relely

oy +0(A9Y.

Expressing the number of prime orbits in terms of the number of fixed points, we get

1 L Oy 1 L

Pi=- ) =)oy

[4 E%;M<n>an I +£n2|;ﬂ<n>o'n
n<t

Since | (€/n)o,| < deg(c" — 1) < M A" for some constant M depending only on o, we get

n<t

< UEMAY?,

and since ® > %, the claim follows. |
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The remainder of this section is dedicated to a study of what happens to the asymptotics if we further
average in ¢, like in the prime number theorem or Mertens’ theorem. We will see that between PNT and
Mertens’ theorem, information about o being very inseparable or not gets lost.

The next lemma is formulated in a general way and will be applied several times in order to asymptoti-
cally replace factors “1/€” for £ < X by “1/X”. This leads to simplified main terms at the cost of worse
error terms (we will discuss another approach leading to a “complicated main term with good error term”
at the end of the section).

Lemma 9.3. Let (a;) be a bounded sequence and let A > 1 be a real number. Then
A oox 1 X 2
271\ _YZagA +0(/X?).
<X <X

Proof. Write

Z %@Aefx_ % ZagAe’X _ Z aﬁ(f{g_Z)Azx

<X <X <X
With M :=sup|a¢| < +0o0, the “top half” of this sum can be bounded as follows:

Z ag(X—E)A[_X
Xt

X/2<e<X

oM .
<5z Y iATT=001/X?)

i=0

while the “bottom half” is easily seen to be O (X A~*/2), whence the claim. ]

(Non)analogues of PNT and analogues of Chebyshev’s estimates. The first application is to the follow-
ing “fluctuating” asymptotics for the prime orbit counting function:

X, (X 1
Proposition 9.4. oX) _ Y — A" 1 o00/x).
AX = relllp

Proof. By Proposition 9.2 we see that

Xﬁa(X) X X ' <Y,

——— =X PIATT =X A + A" 0O(A .
E E IEI (A7)
<X <X

The error terms in this sum form a geometric series and hence decrease exponentially. Applying Lemma 9.3
to the main term, we find the stated result. |

The next theorem discusses the analogue of the PNT in our setting; an analogue of Chebyshev’s 1852
determination of the order of magnitude of the prime counting function holds in general, but the analogue
of the PNT holds only for very inseparable endomorphisms. The result for general endomorphisms
is similar in spirit to that for the 3-adic doubling map considered in [Everest et al. 2005, Theorem 3],
S-integer dynamical systems in [Everest et al. 2007] (from which we take the terminology “detector
group”), or to Knieper’s theorem [1997, Theorem B] on the asymptotics of closed geodesics on rank one
manifolds of nonpositive curvature.
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Theorem 9.5. (i) The order of magnitude of 5 (X) is 5 (X) < AX /X, in the sense that the function
X7, (X)/AX is bounded away from 0 and oo.

(i) Consider the “detector” group
Gy :={(a.x) €Z/wLxLy:a=xmod|w]|,"}.

If (X)) is a sequence of integers such that X, — +o0o and (X,, X,) has a limit in the group G,
then the sequence X,y (X,)/ A% converges, and every accumulation point of Xy (X)/AX arises

in this way.

(iii) (a) If o is very inseparable, limyx_, 4oo X7y (X)/AX exists and equals A /(A —1).
(b) If o is not very inseparable, then the set of accumulation points of X7y (X)/AX is a union of a
Cantor set and finitely many points. In particular, it is uncountable.

Proof. For (i), we estimate the value of X7, (X)/AX in terms of the sum in Proposition 9.4. The bound
from above is trivial; for the bound from below we consider the terms with £ = X — 1 and £ = X and
note that for at least one of these indices we have [£|, = 1. We thus obtain the bounds

1 X, (X) X7, (X) A

—— < liminf ————= < limsu < . 34
Amax(r;))  X—+o0o AX X_)+£ AX A—1 4

To prove (ii), the formula in Proposition 9.4 may be rewritten as

X—1

1
— At +00/X). 35
DD Ao G

X7 (X)
AX

If (X,) is as indicated, i.e., if X,, mod @ stabilizes (say at the value @y mod @) and X, converges to
some x in Z,, then individual summands in (35) have a well-defined limit while the whole sum is bounded
uniformly in n by the convergent series ) ;q A~". Thus

X, 76 (X > 1
lim ”( ) Z AT (36)
=0

Serg—t
n—+oo Vg — E|x |m0

where (r,) and (s,,) are prolonged to periodic sequences for n € Z in an obvious manner; if x is a positive
integer, then the term corresponding to £ = x should be construed as A ¢ [Yoo—e if Sgy—¢ =0, and O
otherwise.

We now prove (iii). When o is very inseparable, @ = 1, r, = 1, 5, = 0, and Proposition 9.4 implies
the result by summing the geometric series Zk>0 A k=1 /(1 —1/A) in (36). Note that the result also
follows by Tauberian methods applied to the rational zeta function ¢, = D, .

In the case of general o, we consider the map ¢ : G, — R which associates to an element (@, x) € G4
the limit

(w_ x) 11 XIZJTO'(XVZ)
QD 07 - —>+OO AXn
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for a sequence (X,) of integers such that X,, — +o00 and X, has the limit (y, x) in G,. By (36), this
map is continuous. We will show that in some neighborhood of each point the map ¢ is either constant
or a homeomorphism. Note that since G, is compact, the set of accumulation points of X7, (X)/AX is
equal to the image of ¢.

Choose @y mod @, two distinct elements x, y € Z, and two sequences of integers (X,) and (Y,)
which tend to infinity and such that X,, mod @ =Y, mod @ =@ and X, — x and ¥,, — y in Z,,. Then
by (36) we have

(@0, X) — p(@0,y) = Y _ au, (37)
=0

where

1 ( 1 1 )A—f
ay = So—t S .
Fan—e \|x — €[, |y — ;"

Let k > 0 be such that |x — y|, = p K. The terms a, are nonzero if and only if £ = x (mod p**!)
or £ =y (mod p**!) and furthermore s, ¢ # 0. Note that whether such £ exists depends only on the

values of x — @y and y — @ modulo ged(p**!, ). For £ with a, # 0, the terms a, can be bounded
from below:

lag| > (pkst,@ — p(k+1)fm04,)A—£ > 1 pk‘YEO*fA_E
Tan—t 21’11,0,@

while clearly |ay| < A~ for any £.
We now consider two cases depending on whether or not there exists £ such that a, # 0.

Case 1: Assume first that there exists £ such that a; # 0 and let £( be the smallest such £. Since any other
such ¢ differs from £, by a multiple of p*, we get

[e9) ,pk

_pk
=0 2oty 1—A=r

Since the sequences (r¢) and (s;) take only finitely many values, the expression on the right is positive
for k larger than a constant Ky which depends only on o but not on x, y, or @g. Therefore from (37) we
conclude that if [x — y|[, < p~ %o, then ¢(wy, x) # (@, ).

Case 2: If ap = 0 for all £, then by (37) we have ¢(wy, x) = ¢(wyp, y). Let p¥ be the largest power of
p dividing . Recall that whether a, = O for all £ depends only on the values of x — @ and y — @y
modulo ged(p*t!, @w). Therefore if a; = 0 for all £ for |x — y| = p~ with k > v, then the map ¢ is
locally constant in a neighborhood of (wy, x).

Replacing K¢ with max(Kj, v) if necessary, we see that the map ¢ : G, — Rrestricted to open compact
subsets

B(wo, x) = {(@0,y) € Gy : [x —y|, < p %} C G,
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is either injective (corresponding to Case 1) or constant (corresponding to Case 2). Since G, is a disjoint
union of finitely many subsets B(wy, x), and since each B(wy, x) is topologically a Cantor set, we
conclude that the image of ¢ is a union of finitely many (possibly no) Cantor sets and finitely many points.

In order to finish the proof, it is enough to note that if o is very inseparable, then there exists
(o, x) € G, for which Case 1 holds, so the image of ¢ contains a Cantor set. Indeed, by Lemma 4.4
there exists an integer @y such that s, < 0. It is then easy to see that Case 1 holds for this choice of @y
and x =0. (I

Example 9.6. If o is the (very inseparable) Frobenius (relative to F,) on an abelian variety A/F, of
dimension g, then A = g8 and we find that Zegx Py ~ g8X+D /(X (g8 — 1)), where P, is the number of
closed points of A with residue field F ..

Our warm up example from the introduction illustrates what happens in the not very inseparable case.

Tame prime orbit counting. Now consider the analogous question in the tame case.

Definition 9.7. The tame prime orbit counting function is 7 (X) := ) Py.
<X
pit

Remark 9.8. The tame zeta function {J(z) is not exactly equal to the formal Euler product over orbits of
length coprime to p, but rather (notice the difference with (26)):

1 N~
1_[ 1 _ ZE(O) = l_[ A {:(Zp )
p1e(0) i>0

We find only finitely many possible kinds of limiting behavior, governed by the values of the periodic
sequence (r,) (the warm up example from the introduction illustrates this).

Theorem 9.9. Forany k € {0, ..., pw — 1} the limit

I X (X) _ (38)
Xodeo | AX Pk
X=k mod pw

exists (so there is convergence along sequences of values of X that converge in the “tame detector group”
G! :=71/pw) and is given by

1 AR
=— , 39
PE= Z - (39)
1<n<pw
pin
where (x) denotes the representative for x mod pw in{l, ..., pw}.

Proof. By Proposition 9.2 we have

X)= (A—Z+0<A@‘3>>
o o ng ‘

(<X, ptt
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The error terms in this formula form a geometric progression and hence are O (A®X). Multiplying by
X and applying Lemma 9.3, we get

i (X) 1 01 2
= —— A —4+0(1/X7).
2 > ko)
(<X, ptt
We split the sum by values of r,, as follows:
X (X) N APT |_ J+pw+n X
li p _ . AtSPE ) .
Jim = im (> z )=vim (X )
1<n<pw 1<npow
pin pin

The limit does not converge in general, but if we put X =Y pw + k for fixed k and ¥ — +o00, we find
the indicated result, since pw L%J +pw+n—k=(n-—k). (Il

We refer to the example in the introduction for some explicit computations and graphs.

Analogue of Mertens’ theorem. The PNT is equivalent to the statement that the reciprocals of the primes
up to X sum, up to a constant, to loglog X 4+ o0(1/log X). Mertens’ second theorem is the same statement
but with the weaker error term O (1/log X). It turns out that the analogue of this last theorem in our
setting does hold, and very inseparable and not very inseparable endomorphisms behave in the same way.

Proposition 9.10. For some ¢ € Q and ¢’ € Rwe have ), P/A* =clogX +c' + O(1/X).

Proof. From Proposition 9.2 we find

1
(O-1)¢
2 P/ Z(mw;@ To® ))‘

<X

The error terms in this formula sum to ¢” + O (A©~DX) for some ¢” € R and the main terms sum to

21
Z r_B—s, ](X)
j=1"7

where for integers s > 0, @ > 0, and j, we set

By j(X):= > T”

n<X
n=j mod @

The proposition follows from

Bs,j(X):cs’jlogX—i-c;’j—i-O(l/X), (40)
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for constants ¢, ; € Q and ; € R. The case s = 0 is well-known and we will thus limit ourselves to the

case s > (. To prove (40), we first consider the related sum

A= > Inl}

and we claim that
Ag j(X)=¢;j X+ 0(1) witheg;j€Q. 41)

Then Abel summation gives

As i (X s,
B 00 = L0 )+/1 s i,

so (40) follows, setting c;’j =5+ floo (Ag,j (1) —cy,j1) dt/t*> € R. To prove (41), observe that the
arithmetic sequence j + @ N might or might not contain terms divisible by arbitrarily high power of p
depending on whether |j|, < |@ |, or | j|, > |@|,. In the latter case the sequence |n|, forn = j (mod @)
is constant, and the asymptotic formula for A ; is clear. In the former case we write k for the power of p
dividing w . In the formula defining Ay ;, we isolate terms with a given value of |n|,. For each integer

> k the number of terms n = j (mod &) withn < X and |n|, =p~9is p — 1/(pq_k+1w)X + 0(1),
the implicit constant being independent of g. We thus get the asymptotic formula

—1
SJ—ZP ( q—k+1 X—i-O(l)):CS’jX—{-O(l),
q>k p
with ¢5 j = (p = Dp* 0 /(P! = D). O

Error terms in the PNT. We now briefly discuss how to identify good main terms and error terms in the
asymptotics for the number of prime orbits. From Proposition 9.2, it is immediate that

75 (X) = M(X) + O(A®%)

with “main term”
¢

lrell|y

Aaxy=§:

<X

depending only on the data (p, A, @, (r,), (s,)) and the power saving in the error term is dictated by the
zeros of the degree zeta function D,,.

Finding ® geometrically: Finding ® can sometimes be approached geometrically, as follows. Recall
that £; are roots of the characteristic polynomial of o acting on H! and all A; are products of such roots
(corresponding to the characteristic polynomial of o acting on H = A’H! for various i). Suppose that

&1 =a (42)
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for all i and a fixed integer a. Then A = a® and ® =1 —1/(2g), so we get an error term of the
form O(a®~'/?). By [Mumford 2008, Chapter 4, Application 2], condition (42) happens if for some
polarization on A with Rosati involution ’, we have 0o’ = a in End(A). In Weil’s proof of the analogue
of the Riemann hypothesis for abelian varieties A/F,, it is shown that this holds for o the g-Frobenius
with a = ¢8.

Another expression for the main term: One may express the main term M (X) as follows. For k €
{0, ..., w — 1}, define

FA, X)) = > At (43)

<X
{=k mod w

then

o—1
M(X)zZr,:1<Fk(A,X)+Zp“k“>"(1—p—”) > Fk(APED) (44)

k=0 i>1 0<k' <
p'k'=k mod @

We collect the information in the following proposition.
Proposition 9.11. With M(X) the function defined in (44) using (43), depending only on the data
(p, A, @, (rn), (sp)) (i.e., the growth rate A and the inseparability degree pattern), we have for integer
values of X,

7o (X) = M(X) + 0(A®%)

where
® = {Re(s) : s is a zero of D, (A™)}. O

A worked example is in the introduction.

The tame case: In the tame setting, one similarly finds 7} (X)=M*(X) + 0 (A®X) with

w—1 X
M*(X)ZZV,:I(Fk(A,X)—% Z Fk,<AP, L;J)>

k=0 <k’ <w
pk’=k mod @

Remark 9.12. Due to its exponential growth as a function of a real variable X, it is not possible to
approximate M (| X |) by a continuous function with error O (AY¥) for any ¥ < 1. Note that F; (A, X)
can be evaluated using the Lerch transcendent.

Appendix: Adelic perturbation of power series
by Robert Royals and Thomas Ward

The result in this appendix comes from the thesis of Royals [2015], the first author, and arose there
in connection with the following question about “adelic perturbation” of linear recurrence sequences.
Write |m|s = [[,cglmle for m € Q and S a set of primes, and for an integer sequence a = (a,) define a
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function f, s by fu.s(z) = Zf’il lan|sanz". If a is an integer linear recurrence sequence, does f, s satisfy
a Poélya—Carlson dichotomy? That is, does f, s admit a natural boundary whenever it does not define a
rational function? This remains open, but for certain classes of linear recurrence and for |S| < oo, the
following theorem is the key step in the argument.

Theorem A.1. Let a = (a,) be an integer sequence with the property that for every prime £ there exist
constants ng in 2, (Cg,,-)?igl in Q", and (eg,i)?ial in 2% such that |a, |, = cexlnl," if n =k mod n,.
Let S be a finite set of primes and write f(z) = Zn> lan|sz". If the sequence (|ay|s) takes infinitely many

values, then f admits the unit circle as a natural boundary. Otherwise, f is a rational function.

The method of proof is reminiscent of Mahler’s, in which functional equations allow one to conclude
that certain functions have singularities along a dense set of roots of unity (compare [Bell et al. 2013]).

For the proof, it is necessary to consider a slightly more general setup. Assume that S is a finite set
of primes and for each £ € S there is an associated positive integer e;, write e for the collection (e;)¢cs,
and write Fs ,(2) = )_,5ln —rls.cz" for some r € Q, where |ns, = [Teslnly’- Notice that there is
always a bound of the shape

A
L & n—rle < max{1, Irle),
n

for constants A, B > 0, so the radius of convergence of Fs., is 1. If |r|; > 1 for some £ € § then
|[n —r|¢ = |r|e for all n € N, and so

Fser@=1r1{" Y In=rls— 0.2 = rl{ Fs—0).e.r(2)
n=>0

wherever these series are defined. Thus as far as the question of a natural boundary is concerned, we may
safely assume that |r|, < 1 for all £ € S.
Now let £ € S be fixed. Since |r|, < 1, we can write

r=ro+ril+rl’4- ..

with r; € {0, 1,...,£— 1} for all i > 0. For r € Q let the positive integer ro 4+ r1€ + - - - +ro_1£¢7 ! be
written as r mod £°. In particular, » mod £¢ is the smallest nonnegative integer with

|[r — (r mod £%)], < £7°.

Ifn=p{--- pjj for distinct primes p;, then write » mod n for the smallest nonnegative integer satisfying

—e;
i

|r — (r modn)|,, <p

fori =1,..., j (which exists by the Chinese remainder theorem).
Next we will obtain some functional equations for Fs , .. For m > 0, we write t,, = (r —(r mod £))/¢"™.
Note that |7,,|, < 1 for all p € S and m > 0. We claim that for any m > 1 we have the equality

Fsety (2) = Fs_(t).ep 1 (2) + 72" Fs o (25 — 2 Fs_{}.0., (2. (45)
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Indeed, we compare directly the coefficients of z” on both sides of this equation. The coefficient on the
left is |n — t,,_1]s.e. The coefficient on the right is |n — f,—1|s—(¢}.c if £1(n — t,,—1) and

n—ry—1

14

n—rm—1

14

|n_tm—l|S—{£},e+£_e{ —im —Im

S,e S—{t},e

otherwise. Since (n —r,,—1)/€ —ty, = (n — t,,—1) /€ and |€]|s_(¢),. = 1, after an easy manipulation we see
that both these coefficients are equal and hence we get (45).
Combining formule(45) form =1, ..., s, we obtain the equality:

s—1
1 k k
Fser(@) = Fs(per(@) = (€ =1) ) oo ™ Fy )04, ")
k=1

_ g—(s—l)ezzr mod ¢* FS—{Z},e,t_v (Z(S) el mod ¢* FS,e,t_v (sz)- (46)

Since we have |f;], < 1 forall p € S and s > 0, the coefficients in the power series Fs_¢) ¢, (z%) and
Fs o, (z") are bounded by 1, and hence for |z] < 1 we can bound the two latter terms in (46) by

|_£—(s—l)ezzr mod £° FS—{Z},e,tS (ng) 4 osey” mod £° FS,e,tS (ZKS)| < (e—(s—l)ee + 075 Z|Z|n£5.
n=0
Thus by passing in (46) with s to infinity, we obtain:
1 k k
Fser(2) = Fs—(t)er (@) = (€% =1) ) oo ™ Py 1).04, 7). (47)
k=1

Lemma A.2. Let S be a finite set of primes, e = {e; | £ € S} the associated exponents, and n > 1 an
integer divisible by some prime q & S. Then there is a constant ¢, ,,s > 0 such that for any primitive n-th
root of unity . and for all A € [0, 1) we have |Fs ., (A)| < cp.e.s-

The constant ¢, . s does not depend on r under the assumption that |r|, < 1 for all £ € S.

Proof. We proceed by induction on the cardinality of S. For § = & we have

1
Fser(@) =) Im—rloe" = —,

m=0 <

and the existence of the claimed constant is clear. Now suppose that | S| > 1, let p € § and write

1 d k k
Fs.e.r(2) = Fs—ip).en @) = (p7 = 1) ; s " Fsmtpren -

So,

1 k k
|Fs.er @1 < I Fs—pher @I+ (07 = 1) D |2 ™V Fs_p), e (7))

k
k>1 p

<pr-DY =
k}Op

1

k
e |FS—{p},e,tk (Zp )|
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for |z| < 1. If z=Ap for some X € [0, 1) and p is a primitive n-th root of unity with g | n, then z”k =\
where 1" € [0, 1) and w/ is a primitive n’-th root of unity with ¢ | n’, and n’ is one of finitely many possible
values. Thus by the inductive hypothesis there is a constant ¢ with [Fs_(,) .1, (z”k)| < ¢ for all k, and
hence |Fs.,(2)] < (p¢? — 1)cp® /(p®» — 1). Taking this as ¢, ., s gives the lemma. O

Lemma A.3. Let S be a finite set of primes and let r € Q be such that |r|, < 1 for all p € S. Suppose
that n > 1 is an integer divisible only by primes in S, and that p is a primitive n-th root of unity. Writing

n =plf1 ---pfj where py, ..., pj are distinct primes in S and f; > 1 foralli =1, ..., j, we have

|Fs,e,r (Apt)| = 00
as A — 17. More precisely,
Re((—1)/ =" ™4 Fy ., (A1) — 00
as A — 17 and there exists a constant 01/1, .S (which does not depend on r and )\) such that

Im((—D) =™ Fg Ol <), and Re((—D/p~ ™4 Fg, () > —c,

n,e,S*

Proof. We again write z = A and define the function ¢g . , , (1) by the formula

@S.erpnA) = (=1~ CmdM Ee (),

where j is the number of prime factors of n.

We proceed by induction on the number of distinct prime factors in n starting with n = 1. In this case
¢s.eru(X) = Zm>0|m —r|s.eA™ for each m, A — 17 as A — 17, and |m —r|s . = 1 infinitely often.
This shows that the real part tends to infinity as A — 1~ and is bounded from below by 0. The imaginary
part is bounded as Fs, (A) is real for all A € [0, 1).

Now let pi,..., p; € § be distinct, and let n = {:1 pifi with f; > 1 for all i. Let p = p; and
use the variables rg, 1, ... to indicate the p-adic coefficients of r and ¢y, 1, . .. to indicate the values
tx = (r —r mod pX)/p* for all k. Assume first that f; = 1. We will apply the functional equation (47). For
all k > 1, /u”k is a primitive (n/ p)-th root of unity and the formula f; = (r —r mod p*)/p* implies that

r mod n =r mod pk + pk(tk mod (n/p)) (mod n).

Thus (47) after some manipulation gives

0 )7 mod Pk

k
‘pS,e,r,u()‘) = §0S—{p},e,r,u(k) + (pep -1 ; stf{P}:fvfk,ﬂpk A7),

The leading term in this expression is bounded by Lemma A.2, and the inductive hypothesis applied to

the terms ¢ i k ()J’k) shows that their real part tends to 400 as A — 17 and is bounded away from

}er,uP

—oo independently of r and A. Since these terms appear within the geometric progression Y -, pken,
we obtain that

(pS,e,r,u()\) — 0
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as . — 17 and the same argument proves the latter claim. This proves the inductive step for the case f; = 1.

We will use this as the base case for a second inductive proof for f; > 1. The argument in this case is
similar except that we will use the functional equation (45) instead of (47). As before, ©” is a primitive
(n/ p)-th root of unity and

r modn =r mod p + p(t; mod (n/p)) (mod n).
Thus (45) after some manipulation gives

‘pS,e,r,uO‘) = ¢S—{p},e,r,u()\) + p—e,,kr mod p(pS,e,tl,ul’ ()‘p) -\ mod p(pS—{p},e,tl,;u’ ()\p)-

The first and the third terms in this expression are bounded by Lemma A.2, and hence the claim follows im-
mediately from the inductive hypothesis applied to the term ¢s . 1, ,.» (A?). This concludes the induction. [J

Proof of Theorem A.1. If ¢y = 0 for some £ € S and k& we will automatically take e, ; = O as the power
of |n|, plays no role. Another case we wish to avoid is if for some ¢ and k € {0, 1, ..., n, — 1}, the
value |n|, is constant for all n =k mod ny. Writing v, for the ¢-adic order, this happens exactly when
ve(ne) > ve(k), and in this case |n|, = |k|¢. If this is the case and ey x # 0, then we will set ey x =0 and

substitute Cg,k|k|z“‘ for co . Let N =lcm{n, | p € S§}. Foreach j € {0, 1, ..., N — 1} consider the value
of |a,|s when n = j mod N. For each p,n = j mod N and thus n = j modn, asn,|N. Letk, ; be
the unique element of {0, 1,...,n, — 1} such that k, ; = j modn,. So
epk -
lanls = [ [lanlp = [ [ cpuy,Inlp ™"
peS peS

asn=j=k,; modn, forall p € §S. If for any nonzero n with n = j mod N we have |a,|s =0, or
equivalently a, =0, we define S; = @ and d; = 0. If this is the case, then it follows that for this value n

epky i
0= ]‘[cp,kp,j|n|p P
pesS

and |n|j,p'k”"’ # 0 implies that ¢, x, ; = 0 for some p € S. This in turn implies that |a,,|s = 0 and hence
a, =0 for any m = j mod N. If, on the other hand, for some n = j mod N we have |a,|s 7% O then for
all m = j mod N we have |a;,|s # 0 and hence cj x, ; # 0 for all p € S. If for a prime p € § we have
v,(N) > v,(j), then for all n = j mod N we have |n|, = |j|,. We will split § into the disjoint union
§;u S’ uSy, where

Si={peS|vy(N)<vp(j)ande,y,; #0},

S} ={peS|v,(N)>v,(j)and ey, # 0},

ST={peS|v,(N)>v,(j)and ey, =0}
Thus for all n = j mod N we have

. epk,
lanls = HCp,k,,.,- : 1_[ Lilp " Il e

pGS pES}
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where e/) denotes the collection of exponents {e, x; | p € S;}. Set

di =[] epnr, - [T1015"

peS peS/

and |a,|s = dj|n|5j’€<_,-> for alln = j mod N.

Assume that the sequence (|a,|s) takes infinitely many values. This implies that there exists some j
for which §; is nonempty. By our assumption, for such j we have d; # 0. Consider the family of sets
{S; 10 < j < N}, partially ordered by inclusion. Since it is finite and the S; are not all empty, there is a
nonempty maximal element §;,. Write

f@)= Z|an|sz —Z > lanls?" —ij(z)

Jj=0 n=j (N)
where

fi@= " lanlsz"

n=j (N)
Y dilnls, o2
n=j (N)
[e¢]
. kN+j
=) _djlkN + jls, n2N T
k=0

o
=djIN|s,.e0 D _lk+j/Nls; g™
k=0

= dj|N|Sj,e(.f)ngj(ZN)

with g;(z) = FSﬁe(j)’_j/N(Z). Thus f = hy + hy, where h is the sum of the f; with §; = §;; and h; is
the sum of the f; with S; # S;,. Letn =[] 4€S;, g’ be an integer divisible by every prime in S o and by
no other primes such that for each g € S, we have f;, > v,(N) and let 1 be a primitive n-th root of unity.
If j with0< j < N has §; # S then f;(Apn) = dj|N|sj,e(i> (Au)jgj(ANuN) is bounded as A — 1~ by
Lemma A.2 as 1"V is an n/N-th root of unity and n/N is divisible by every prime in S » and hence by
some prime not in §; by maximality of S;,. Thus |2 (Au)| is bounded as A — 17. Suppose instead that
S;=Sj,. By Lemma A.3 we have that

Re((—1)" (u)= /N medniN g, (zV)) — oo
as A — 1~ where m = |S)|. Equivalently,

Re((—=1)"pl mdm g, (zNy) — oo,
and thus
Re((—1)"z/g;(z")) — o0
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as A — 17. As the real part of every term in /1 (z) goes to oo, this means that

Re((=1)" f(An)) — o0

as A — 1~. Since this is true for any p that is a (qusjo gq/1)-th root of unity with each f; > v, (N),
these singularities form a dense set on the unit circle. It follows that f admits a natural boundary on the
unit circle.

For the second part of the theorem, assume that the sequence (|a,|s) takes only finitely many values.
Then (|a,|s) is periodic modulo N, and thus

N N 00 N 2
N
J@=2 2 lajlss" =) lajls ) 2" =) lajls T~y
j=1 m=0 j=1 .

j=1n=j ()

completing the proof. (]
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