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ABSTRACT. The main aim of this article is to compute all the moments of
the number of p’-torsion elements in some type of finite abelian groups. The
averages involved in these moments are those defined for the Cohen-Lenstra
heuristics for class groups and their adaptation for Tate-Shafarevich groups.
In particular, we prove that the heuristic model for Tate-Shafarevich groups is
compatible with the recent conjecture of Poonen and Rains about the moments
of the orders of p-Selmer groups of elliptic curves. For our purpose, we are
led to define certain polynomials indexed by integer partitions and to study
them in a combinatorial way. Moreover, from our probabilistic model, we
derive combinatorial identities, some of which appearing to be new, the others
being related to the theory of symmetric functions. In some sense, our method
therefore gives for these identities a somehow natural algebraic context.

1. INTRODUCTION

In this work, we compute the averages, in some sense, of a large class of functions
defined over some families of finite abelian groups. Theses averages come from
the well-known Cohen-Lenstra heuristics model for understanding the behavior of
class groups of number fields and their adaptation for Tate-Shafarevich! groups of
elliptic curves (see [CL84, CM90, Del01, Del07]). In particular, our computations
lead to a conjectural formula for all the moments of the number of n-torsion points
in Tate-Shafarevich groups. We prove that our prediction is consistent with the
recent model of Poonen and Rains that led them to conjecture a formula for all the
moments of the number of n-torsion points in the Selmer groups of elliptic curves
if n is squarefree (see [PR12]). Furthermore, our approach allows us to conjecture
a formula for the moments of the number of n-torsion points in the Selmer groups
of elliptic curves for all positive integer n (not only squarefree).

The computation of our averages involves several combinatorial tools. We in-
troduce multivariate polynomials Ry, indexed by integer partitions A, depending
on a fixed complex parameter ¢t and we investigate combinatorial properties sat-
isfied by them. As A runs through all the set of integer partitions with parts
bounded by a fixed integer ¢, our polynomials form a basis of the polynomial ring
Z(t)[x1,x2,. .., x¢). Hence, these polynomials Ry can be uniquely and explicitly ex-
panded in terms of the monomials, thus defining an infinite /-dimensional matrix,
which can be explicitly inverted. The coefficients appearing in this inversion yield
nice combinatorial expressions for our averages. Moreover, these coefficients appear
to be related to a well-known algebraic combinatorial context, e.g., the problem of
counting the number of subgroups of a finite abelian p-group with a given structure.
This problem is actually at the heart of the construction of the Hall algebra, and
the Hall-Littlewood symmetric polynomials. Furthermore, from the probabilistic

Date: October 24, 2012.
INote that the original heuristic assumption for Tate-Shafarevich groups in [Del01] must be
modified a little bit; this correction is explained in section 6.2.
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model and the averages we computed, we obtain combinatorial identities involv-
ing g¢-series and the theory of Hall-Littlewood functions. A precise combinatorial
analysis of the previously mentioned coefficients appearing in the inversion process
allows us to prove that the Poonen and Rains model and the heuristic model for
Tate-Shafarevich groups are compatible.

This article is organized as follows: in the next section, we recall the definitions of
averages we consider. In Section 3, we fix some combinatorial notations and recall
basic facts about integer partitions; we will also study some combinatorial identities
related to the theory of Hall-Littlewood symmetric functions. Then, we define in
Section 4 the polynomials Ry and prove the above mentioned inversion formula.
We also give some properties satisfied by the coefficients appearing in the inversion
process, and we show how they are related to the problem of counting subgroups
of finite abelian p-groups. In Section 5, we highlight the links between R) and
finite abelian p-groups and deduce some averages. In Section 6, we briefly recall the
philosophy of the heuristics on class groups and on Tate-Shafarevich groups and give
several consequences of our formulas on heuristics. In particular, concerning the
Tate-Shafarevich groups of elliptic curves, we discuss how the heuristics principle
and the Poonen and Rains model complement each other. Finally, we end the paper
in Section 7 by some combinatorial consequences and related questions.

2. u-AVERACES ON FINITE ABELIAN p-GROUPS AND MOTIVATIONS

Throughout the paper, p will always denote a prime number. The letter H (or
H, if H is indexed by an integer partition \) is used for an isomorphism class of a
finite abelian p-group and the letter G (or G ) is used for an isomorphism class of a
(finite abelian) p-group of type S. As in [Del01, Del07], we say that a p-group G is
of type S if G is a finite abelian p-group endowed with a non-degenerate, bilinear,
alternating pairing:

B8 : GxG—Q/ZL.

An isomorphism of groups of type S is an isomorphism of groups preserving the
pairings. A p-group of type S has the form G = H x H. Reciprocally, each group G,
of the form H x H has a unique structure of group of type S up to isomorphism. In
particular, if G is a group of type S then | Aut®(G)|, the number of automorphisms
of G that respect the (underlying) pairing 3, does not depend on 8. Due to these
facts, the pairings associated to groups of type S will never be specified in the
sequel.

2.1. Definitions of u-averages. Let h be a complex-valued function defined on
isomorphism classes of finite abelian p-groups and let u be a nonnegative real num-
ber. In [CL84], Cohen and Lenstra defined an u-average®* M, (h), of the function
h (in particular, if h is the characteristic function of a property P, M, (h) is called
the u-probability of P), and we have

—nu h(H)
27" 2 TR
n>l H(p™)

[[a-»2"

Jj=z1

My (h) =

if the first sum on the numerator converges, and where H(pr) Means that the sum
is over all isomorphism classes of finite abelian groups H of order p”. The number

2Actually, the u-averages My (h), as well as M5 (h), are defined for all finite abelian groups,
not only for p-groups. However, for the functions h we have in mind, all the p-parts behave
independently.
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M, (h) is indeed an average since whenever h = 1 we have M, (h) = 1, i.e. (see

[Hal38, CL84))
—u— _] —nu 1
[Ta-» => )] Aut(H)|

j=>1 n>1 H(p™)

Cohen and Lenstra introduced such averages as a heuristic model in order to give
precise predictions for the behavior of class groups of number fields varying in
certain natural families. We will come back to this notion and give some examples
later.

The aim of [Del01] was to adapt Cohen-Lenstra’s model, to give predictions
for the behavior of Tate-Shafarevich groups of elliptic curves varying in certain
natural families. Recall that if they are finite (as it is classically conjectured),
Tate-Shafarevich groups are groups of type S. One can define, for a nonnegative
real number u, the u-average (in the sense of groups of type S), denoted by M (g),
for a function g defined on isomorphism classes of groups of type S. We have

\ Auts
M (g) = “ ,
u H (1 _ p—2u—2]+1)

Jj=1

if the first sum on the numerator converges, and where EG(pn) means that the sum
is over all isomorphism classes of groups G of type S and order p™ (the sum being
empty if n is odd). As above, the number M? (g) is an average since if g = 1, then
M:(g) =1, i.e. (see [Del()l]),

H (1 p—2u 2]+1

jz1 n>1

—nu |G‘ _ —2nu |G|
_Zp 2 Auts(G)[
> G(p?")
As for finite abelian groups, M$ (g) will be called the u-probability of P if g is the
characteristic function of a property P for groups of type S. It will always be clear
in the context whether we are concerned with averages in the sense of finite abelian
groups or groups of type S.
If h is defined over isomorphism classes of finite abelian p-groups, it is not difficult
to deduce the u-average Mz (h) of h restricted to isomorphism classes of p-groups
ot type S from M, (h), the u-average of h in the sense of finite abelian groups (see
[Del07, Dell1]), and reciprocally.

2.2. Motivations. The goal of [Delll] was to study the probability laws of the
p’-ranks of abelian p-groups (resp. p-groups of type S) in the sense of the above
probability model. In particular, a closed formula was given for the u-averages of the
function h(H) = |H[p"]| (resp. g(G) = |G[p*]|) for any integer ¢ > 0, where H|[p’]
denotes the p‘-torsion elements subgroup of H. Such computations were motivated
by a question of M. Bhargava about the heuristics for Tate-Shafarevich groups and
their comparison with theoretical results of Bhargava and Shankar ([BS10b, BS10a])
about the distribution of p-Selmer groups (with p = 2 and 3) of all elliptic curves.

From this point of view, our work aims to generalize the study in [Delll], and
to give formulas for the u-averages of h(H) = |H[p‘]|™ (resp. g(G) = |G[p*]|™)
for all integers £ > 0 and my > 0. As we will see later, the computations are
much more technical as they involve deeper combinatorial tools. Roughly speaking,

in order to evaluate the u-average of h(H) = |H[p’]|™, we will more generally
compute the u-averages of any function h(H) = |H [p]|™ |H[p?]|™2 - - - |H[p*]|™ for
all nonnegative integers mq, mao, ..., my. We are able to find a formula by induction;

but actually we directly obtain a closed formula by using a ¢-dimensional matrix
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inversion result which takes the place of the recursion principle. The motivation
for this computation will be explained in the next section and comes originally
from the following question of Poonen: take g(G) = |G[p‘]|™; is it true that
M3 (g) = M5 (g) - p"™? We will actually positively answer this question, by proving
the following more general result.

Theorem 1. For any positive integer £, let m1,ma, ..., my be £ nonnegative inte-
gers. Consider the following function g defined on isomorphism classes of p-groups
of type S':
¢
9(G) = |Glp][™|G[p*)™ - - |G[p*] ™.

Then we have
Mg (g) = M (g) pmit2mettime,

As we will explain, the fact that the answer to Poonen’s question is indeed
positive makes the Poonen-Rains model for Selmer groups compatible with the
heuristics for Tate-Shafarevich groups.

From a combinatorial point of view, our computations and the tools they require
(including the probabilistic model for abelian p-groups), allow us to obtain a fam-
ily of interesting combinatorial identities. Some of them are related to summation
formulas for Hall-Littlewood symmetric functions, and can be proved in a non triv-
ial way through this theory, while others seem to be new, or at least not direct
consequences of previous known identities of the same type. At the heart of our
computations appears some coefficients, denoted by Cy ,(¢) (where X and p are in-
teger partitions), which satisfy nice combinatorial properties, and, setting ¢ = 1/p,
are related to the number of subgroups H,, in a finite abelian p-group H) (a group
H, is often called a group of type A\3). In particular, their symmetry relation given
by Theorem 5 yields a proof of Theorem 1, and therefore a positive answer to Poo-
nen’s question. As we will see, Theorem 5 is actually a consequence of a well-known
property in the framework of finite abelian p-groups [But94, Del48], and therefore
related to Hall-Littlewood symmetric polynomials. We shall however give an alter-
native proof of this symmetry property by using a general summation formula (due
to Lascoux [Las07]) of Hall-Littlewood functions. Finally, to prove Theorem 1, we
will also need an evaluation of the number of injective homomorphisms of a group
H) into the finite abelian p-group H, associated to a result of Cohen and Lenstra
from [CL84].

3. INTEGER PARTITIONS AND HALL-LITTLEWOOD FUNCTIONS

3.1. Notations and definitions. Recall that a partition A\ := (A = A2 = --+)
of a nonnegative integer n is a finite decreasing sequence of nonnegative integers
whose sum is equal to n. We often use the notation |A| := Zle A; = n, and the
integer £ = £(\) = max{i|\; > 0} is called the length of the integer partition \. We
will also denote by A - n the fact that A is a partition of the integer n. The integers
A (for 1 < 4 < ¥) are the parts of X\. It is also convenient to write an integer
partition by its multiplicities: we denote by m; = m;(\) = #{j|\;, = i} > 0
the multiplicity of the integer ¢ in A. Therefore the partition A can be written
A =127 .  and we have n = mq + 2mg + ---. Finally, we denote by X the
conjugate partition of A, whose parts are \; := #{j|\; > ¢}, for 1 < ¢ < A;. Thus
we have |N| = [A[, £(N) = A1, and for any integer i, m;(\) = Aj — Aj,; (and

3IF A = (A1 = A2--+) is a partition, a p-group H) is said to be a group of type A if it is
isomorphic to Z/pMZ @ Z/p*2Z @ ---. We will not use this terminology in order to avoid any
confusion with the notion of group of type S we introduced before.
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equivalently m;(\) = A; — A\i1).
We will also use the following standard statistic on integer partitions

n(A) = (i-1X\=)Y_ @)

i>1 i>1

Next we recall some standard definitions and notations for g-series, which can
be found in [GRO4]. Let ¢ be a fixed complex parameter (the “base”) with |g| # 1.
We define for any real number a and any k € Z the ¢-shifted factorial by

Lif k=0
(@r=(;)p:={ (1—a)...(1—ag"!) if k>0
1/(1 —aqg™Y)...(1 —ag®) if k<0,

and (a)eo := limg_, 1o (a)g. The base g can be omitted when there is no confusion
(writing (a)g for (a;q)k, etc). For the sake of simplicity, write for k € Z U {oco}

(a1, ..., am)k = (a@1)k X - X (@m)k-

Recall also the definition of the g-binomial coefficient

m __ (@n
kg (@r(@n-r’
which is a polynomial in the variable ¢, with positive integral coefficients.

We will need later a special case of the so-called finite g-binomial theorem (see
for instance [GR04]), which for any complex number z and any nonnegative integer
n, can be written as follows

n
1 1)k k k(k=1)/2 {n] — ().
1) > (-1t Y =

Next, we recall some basic facts about the theory of Hall-Littlewood functions,
which can be found with more details in [Mac95, Chapter III]. Hall-Littlewood
polynomials were introduced by Hall to evaluate the number of subgroups of type
1 and cotype v in a finite abelian p-group of type A, and expressed explicitly later by
Littlewood (see for instance [But94] for detailed explanations of this construction).
Let S,, be the symmetric group, A,, = Z[z1,...,,]°" be the ring of symmetric
polynomials in n independant variables and A be the ring of symmetric functions
in countably many independant variables. For a set of n variables z = {x1,...,2,},
the Hall-Littlewood polynomials Py (x;q) are defined by

1 _ q my €T;: — q:];
Py(x5q) = Hi( @ ) Z w |z — |,
is1 \Wmi e, i<

where w acts by permuting the variables. These polynomials are symmetric in z,
homogeneous of degree |A|, with coefficients in Z[g|, and form a Z[g] basis of A, [q],
which interpolates between monomial (for ¢ = 1) and Schur (for ¢ = 0) polynomials.
Moreover, thanks to their classical stability property, they may be extended to the
Hall-Littlewood functions in an infinite number of variables in order to form a Z|[q]

basis of Alg]. Another useful result is the specialization

Al gm(X)
_ 2MNg" Y (@)n
2 P Z»'qu"'vzqn 1;(] = 7N 3
@ i ) (@) n-e0ba(q)

where

a(9) = [J@x-r,,-

i>1
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Finally, by using the Cauchy identity for Hall-Littlewood polynomials [Mac95,
p. 224, (4.4)], the specialization (2), and the Pieri formula [Mac95, p. 224, (3.2)],
it is possible to derive the following identity from [Mac95], which can be seen as a
g-binomial theorem for Hall-Littlewood functions

(3) an(k)(a;q_l)zu)PA(m; q) = H
y

where a is a complex number, and the summation is taken over all integer partitions.

3.2. Lascoux’s summation of Hall-Littlewood functions. The Rogers-Rama-
nujan identities are two of the most famous ¢-series identities, with deep connections
to many branches of mathematics. Lots of proofs of these identities have been given,
among which one by Stembridge in [Ste90], who generalized work by Macdonald
from [Mac95] to show that the Rogers-Ramanujan identities (among others) may
be obtained by appropriate specializations of finite summations for Hall-Littlewood
polynomials. In [ASW99], Andrews, Schilling and Warnaar generalized the Rogers-
Ramanujan identities to three identities labelled by the Lie algebra A,. Later,
seeking a way of proving the latter through the theory of Hall-Littlewood polyno-
mials as Stembridge did for the Rogers-Ramanujan identities, Warnaar showed in
[War06] the following As-type identity for Hall-Littlewood functions

neum 1 1—zy;
(4) q7l(>\)+n(ﬂ) (N )P)\(l’; C])P (y;q) — j ’
é : il;[l(l*%)(lfyz‘) 11 1—zy;/q

i1
where the sum is over all pairs of integers partitions, and (A[u) = 37,5, Aipts-
In [War06], Warnaar explains how (4) yields one of the three As-type Rogers-
Ramanujan identities from [ASW99].

For our purpose, we will actually need a generalization of (4), which was discovered
and proved by Lascoux in [Las07]. To this aim, he used the modified Hall-Littlewood
polynomials QL, which form the adjoint basis of P, with respect to the Hall scalar
product (see [Las07, Mac95] for details). More precisely, Lascoux’s formula can be
written as

(5) Z Z P)\(x§ Q)PM(% q)b/\(q)Ql)\/u(]-;(Z) — H : 1 H 1-— qz;y; )

T; 1—zy;
1],21 iYj

A uCA i>1

where € X\ means that p; < \; for all integers i, Q) /. are the skew modified
Hall-Littlewood polynomials, and the coefficients @, /u(l; q) are explicitely given
by

(N4 )\;7 ;
(©) Q' (13) = g Hr )l TT { Y “ﬂ} .
q

— i
iZI 7 /’[/’L

It is easy to see that Q) /u(l; q) are polynomials in the variable ¢, with positive inte-
gral coefficients, for which Lascoux gave a combinatorial interpretation in [Las07].
As remarked in [WZ12], setting ¢ = 1/p with p a prime number, Q’)\/M(l; 1/p) are
related to the number of subgroups of type p in a finite abelian p-group of type
A. We will come back to this link in the next section. Finally, although it is not
trivial at first sight, Lascoux showed in [Las07] how Warnaar’s identity (4) is a
consequence of (5).

4. THE POLYNOMIALS Rj(z,t)

For our purpose, we fix a positive integer ¢, and we consider a partition A =
(A = A2 = ---) such that Ay < £ (i.e., the length of the conjugate partition N
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satisfies £(\') < £). For a set of £ variables = {z1,...,z¢} (adding the convention
xo := 1) and a complex parameter ¢, we define the polynomial?

¢ A-1
(7) Ry(x;t) == H H (x; — P q),

=1 j=X,

which can be rewritten through the multiplicities my, ..., my of the partition A\ as
follows

¢ , )\/ )\/+1 1

Ry(z;t) = AN (1 A T 1)
(a:t) 1;[1 i ]1;[0 .

‘

(8) = H (T g J )
i=1

It is clear that whenever A runs through all partitions with A; < ¢, then the
polynomials Ry (x;t) form a basis of Z(t)[z1, x2, ...,z
Our goal is to expand the polynomial Ry in terms of the monomials x’fl . x’ZZ, and
to invert this relation. To this aim, writing A = 1"12™2 ... we have to express the

monomial 27" ... zy" in terms of the polynomials R, (x;t), where pp = (1 > po >

..) are integer partitions included in A, i.e., satisfying p; < A; for any integer i
note that this is equivalent to the conditions u} < A for any integer 7).
My i

It is easy to see that Ry can be expanded as a sum of monomials z* for ; C A, and
this is what we explicitly do in the next proposition.

Proposition 2. We have

Z x”l ny 2 (_1)|>\|—|u| ¢"O\W

pnCA

X q>‘/2( 1) A (A — 1)H |: H_l] .
q

=1

Proof. We expand the expression (8) of the polynomials Ry(x;q) by using ¢ times
the g-binomial theorem (1), which yields

m1—ki+ke me_1—ke—1+ke_me—ke Fypd- ke
E x] N xy (-1)

Xq(k21)+--~+(k'2"')q(mz-‘r'“-‘rmz)k1+~~+7wsz1 mypmey
ki), Lke

Definig the integer partition p by u = 1%12%2 . ¢¥¢ and replacing in this expression
k; by A, — ul, we obtain the formula. O

We are now interested in the reciprocal identity, i.e., the expansion of the monomials
A in terms of the polynomials R,,. For this, we need the following multidimensional
matrix inversion, which was communicated to us by Michael Schlosser.

Lemma 3. The infinite lower-triangular (-dimensional matrices F' = (Fop)q pezt
and G = (Gap)apeze are inverses of each other, where

14
Fus = (Ao WAt [ Wt

)
=1 alfb

4Note that we take the parameter t in order to avoid confusions since we will need to specialize
t =q and t = 1/q later.
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and

4
¢ 1
Gab=q" iz bilaitaiys) | I
“ =1 (q)ai_bi (q)bi—ai+1 ’

with agy1 =ber1 =0 and |a] = a1 + -+ +ag, [b = by + - + by

Proof. We will see that the previous inversion follows from a suitable specialization
of a multidimensional matrix inversion due to Schlosser in [Sch07], which is itself
a special case of the inversion of the Pieri rule for Macdonald polynomials [LS06,
Theorem 2.6]. First recall that the infinite lower-triangular ¢-dimensional matrices
F = (Fap)abezt and G = (Gap)apeze are inverses of each other means that for
any pair of infinite /-dimensional vectors a, and Sy, we have

(9) Qg = ZFa,bBb@Ba = ZGabab»

b<a b<a
where b < a means that b; < a; for all integers i € {1,...,¢}. Now in [Sch07,
(A.9)], replace n by £, let to — 0 and t; — u;/u;4q for i = 1,...,¢. We denote by
(fab)apezt and (gab)abeze the resulting infinite lower-triangular ¢-dimensional
matrices, which are inverses of each other. Then we define infinite invertible diag-
onal /-dimensional matrices D and E by

-1

. a1, 2a2—a1 lag—(—1)ar—1,  —Lay a
Dy :=uitus Ty Uy, (—1)% l_I(q)m_m+1
i=1

X qa?/2+a2/2725:1(aiai+17iai)
and

b1, 2by—b; Lbg—(L—=1)bg_1 —Lb, b b2 /24be /2—3¢_ (b2 —ib;
Ey = ujtug Ty Uy, o (=1)"(q)p, x q 2 /2Hbe/2=3 05 (b ).

It is clear that through the definition in (9), the matrices (Db fabFq ')apeze and
(Ebgabegl)ab cze are still inverses of each other. Finally, we let u; — oo, then
Uy — 00, ... , uy — oo (in this order) in the previous matrices, which yields after
some complicated but elementary manipulations

. -1
lim DyfapE; = Fab,
UL yereyUp—>00

and
lim Ebga,bD;;l = Gapb-

UL yeeryUg—>00

This completes the proof. O

Now we are able to prove the following result, which is our desired inversion.

Theorem 4. For any positive integer £, and an integer partition X = 1™m12™m2 (™,

we have
37717“ .. .J]?” — Z C)\,H(q) Ru(x; q)7
HEA
where
2 ’ 2 ’ )\l — /’LI 1
(10) CA,;L(CI) = qzm Wip1 (Nj—H5) H { ;\( ! ;j/_ } .
1>1 7 [ q

Proof. Recall that we have

r_ , A A — !
Ri(z;q) = Z g THe gl (—1)RAI=lul q( 1A (Pe50)
HCEA
/ / /
% q/\;(/\'l—;/1)+--~+/\§3(/\;,1—u;,1) [)\1 - /\2} { Ay ] .
q

N — AL = 1),
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In order to use the inversion of Lemma 3, we observe that this relation is equivalent
to the following:

(11) 6&1 = ZGa,b Qap,

b<a

where a; = X}, b; = ),

Ba 1= (—1)lal L fﬁ((y)ﬂiai“)m(mq)
* (q)al—az ctt (q)al ’ ’

and

o = (_1)|b\qu:1 (b"fjl)x?l*bz .. .xif[.

The multidimensional matrix inversion in Lemma 1 applied to (11) yields

Qg = ZFa,bBba

b<a

which is equivalent to

14
_ ) b q)a-fb'
po1az 0 qu=1 bit1(a;—b;) ( i—bit1 R, (z: q),
! ‘ bzgja };[1 (q)bi_bi+1 (q)ai_bi “( )

and this completes the proof after replacing the variables a; by A, and b; by y}, and
then recalling the definition of the g-binomial coefficient. O

Remark. It is easy to see from its definition that Cy, ,(¢) is a polynomial in the
variable ¢, with positive integral coefficients. Moreover, thanks to the classical

transformation [Z] g = gktk—n) [Z]q, it is related to the coefficient Q’A/Nl (defined
in (6)) by
(12) Cru(1/q) = ¢"W7"NQ, . (159),

which, by setting ¢ = 1/p with p a prime number, counts exactly the number of
subgroups of type u in a finite abelian p-group of type A (see [Del48, But94]).

Thanks to this remark, the following symmetry property satisfied by the coeffi-
cients C}, ,(¢) becomes a direct consequence of the Pontryagin duality for finite
abelian groups. However, we give below a very natural proof which uses Lascoux’s
formula (5), therefore highlighting and exploiting the link, given by (12), between
these coefficients and Hall-Littlewood functions.

Theorem 5. Let m and k be two nonnegative integers, and X be a partition of m.

Then we have
Z CA,;L(Q) = Z Ck,u(q)'

lnl=k |p|=m—k
mCX JTIEPN

Equivalently, the polynomial Z CML(q)Tl"l € Ng|[T] is self-reciprocal.
nCA

Proof. We will actually show the following equivalent form of the theorem

(13) Yo Caut/g)= > Caull/g).

|ul=k || =m—
nCA nCA
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In Lascoux’s formula (5), consider the specialization y = {z, zq, z¢%, ... }, and use
the n — oo case of (2), together with (12) and the homogeneity of the Hall-
Littlewood polynomials to derive

(14) Z Z q"O‘)P,\(I,Q)Z‘“‘O/\,/L(I/Q) = H (1 — 1'1)21 — Z(L‘Z‘)’

A pCA i>1

which is the generating function for the left-hand side of (13). We then compute
the same generating function for the right-hand side of (13)

Z Z "N Py (w;q) 2 F Z Cxu(1/q)

k>0 X [nl=| |~k
- RS

= Z "V Py (5 q)2MIHCy L (1/9)
A | CX

= > ¢"VP(2m;9)(1/2)MCy u(1/q),
Ap | pCA

where we have used the homogeneity of the Hall-Littlewood polynomials and the
notation zz for the set of variables {zz;,% > 1}. Therefore we can use (14) with x
replaced by zz and z by 1/z, to get

1
H (1 —z2;))(1 — 22 /2)’

i>1
which is obviously equal to the right-hand side of (14). We thus have the identity
> VPO (g = Y "V P 9)2 MOy L (1/9),
Av | vCA Av | vCA

which yields (13), by using the fact that Py(z; q) is a Z[q]-basis of A[q] and extracting
the coefficient of 2#¢™M Py (z; ¢) on both sides. O

Examples.
1- First, we have z; = Rq: + 1, and more generally

T, = R +R(n_1)1 4+ -+ R+ 1.

That is exactly the relation obtained in [Delll] in order to compute the u-average
of the function H — |H[p"]|.

2- One can also see that 23 = Rj2 + (t + 1)Ry1 + 1 and that
T1Xg = R1121 —+ tR21 + R12 + (t + 1)R11 —+ ].
Therefore
T3 = Ro2 + (t + 1)Ryigr +t(t + 1)Ro1 + Ry2 + (t + 1) Ryn + 1.

3- As we saw the polynomial

S CruTM € Z(t)[T]

HCA
is in fact a self-reciprocal polynomial. Of course, this can be directly checked in
the above two examples.
4- Let us consider the case z7*. Then the partitions © C 1™ are exactly the
partitions 1% for k =0,1,...,m. Hence,

(15) 2™ = m Ry
_ k t
k=0
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We will come back later to this example.

Remark. As Ole Warnaar communicated to us, there is an interesting context
containing generalizations of Theorems 4 and 5. Indeed, studying properties for
Macdonald interpolation polynomials (which are symmetric and whose top homo-
geneous layer are the classical symmetric Macdonald polynomials, themselves being
two parameters generalizations of the Hall-Littlewood polynomials), Okounkov de-
fined in [Oko97] the (g,t)-binomial coefficients mqt, where A and p are integer

partitions and ¢, t are complex parameters. These 7(q,t)-binomial coefficients are
defined as quotients of special values of the Macdonald interpolation polynomials,
and as remarked by Warnaar, it turns out by using (12) that we have

et/ = )

0,9

Many properties for these (g, t)-binomial coefficients are known, some of which
should therefore have interesting algebraic number theoritic applications in our
context. As we only need the Hall-Littlewood case for our purpose here, we plan to
study further this connection with Macdonald polynomials in a later work. We only
mention the following generalization of Theorem 5 (the latter being obtained by
setting v = 0, ¢ = 0 and then replacing ¢ by ¢), which is proved by Lascoux, Rains
and Warnaar in [LRW09] (actually in the more general context of nonsymmetric
Macdonald interpolation polynomials):

L B o A

lul=k lul=1A1+1v =k

where A and v are fixed integer partitions. Moreover, still remarked by Warnaar,
the inversion in Theorem 4 can also be proved using a (¢ — 0) limit case of the
inversion for (g, t)-binomial coefficients, which can be found in [Oko97], and can be
stated as follows:

=] ) =) () —ngu) | A [#
(—1) q t
q,t

:| :6A,V7
5 HlgetV11/q,1/t

where ), stands for the Kronecker symbol.

5. LINKS WITH FINITE ABELIAN GROUPS

5.1. Finite abelian p-groups and the polynomial R). We have already seen
in the previous section that the inversion we needed for our computations of u-
averages is related to finite abelian p-groups, through the coefficients C ,. We
highlight here this link. There is a classical bijection between the set of partitions
of a fixed nonnegative integer m and the isomorphism classes of finite abelian p-
groups of order p™. Indeed, to any partition A = 1™12™2 ... 0™t of m, we associate
the finite abelian p-group

Hy = (Z/p)™ & (Z/p°Z)™ &--- & (Z/p'Z)"" .

Recall that Aj, A5, ..., A, denote the parts of the conjugate of A (therefore X, =
>j>im;j), and we have (see [CL84])

¢
(16) | Aut(Hy)| = pM 23 T (1/pi 1/, -

j=1
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Furthermore if G\ ~ H) x H) is a group of type S, we have (see [Del01]):

| Aut®(Gy)| = p2AT A+t b f[(l/pQ; 1/p%)m, -
j=1
Remark also that we have
Hy[p"] ~ (2/p2)™ & (Z/p*Z)™ & --- & (Z/p" ' 2)™ " & (2/p*2)*,
hence
(17) [ HA[pF]| = pit 2,
The following definitions will be useful in the sequel.

Definition 6. For a set of £ variables x = {x1,...,z¢}, let T(x) = T(x1,...,2¢)
be a polynomial and H be a finite abelian p-group. We define

T(H) =T(H[p)l,[H]p*)],....|H]p])-
Definition 7. If p = 1™M2"2 ... ("™ s an integer partition, we denote by x* the
following monomial

VRN SN P S, 7]
ot = wty x,”.

Hence, with these definitions, the u-average of |H|[p‘]| can be simply written as
M, (z¢). More generally, the u-average of |H|[p]|™|H[p?]|"2 ---|H[p]|™ is simply
M, (") where u denotes the integer partition p = 11272 ... /"¢,

In order to give a closed formula for the latter, we state the following result.

Theorem 8. For a positive integer £, let X = 1™12™2 ... ™t be qn integer partition
and let H be a finite abelian p-group. Then the number of injective homomorphisms
of Hy into H is given by
¢ Ai—1
IT II (H#2EN-21EE ),

i=1j=\,,

or in other words,
| {Homiyj(Hx, H)} | = RA(H; p).

Proof. This is probably a known formula that can be found in the literature, how-
ever we give here a sketch of proof. Write
Hy = (2/p2)™ & (2/p*2)™ @& (Z/p'Z)"™"

and take e, ez, -+, ey, a ”canonical basis” in an obvious sense so that ey, ..., en,
are of order p and €, 4my+-tmy +1,- -, €\, are or order p’. In order to define
an injective homomorphism of H) into H, we need to specify the image f; of each
e;. The image, fy, of ey, is any point of order p* and there are |H[p]| — [H[p*~]|
choices for this image (these correspond to the factor i = £ and j = 0 = X,
in the theorem). Assume that k& + 1 < M}, and that fy,,..., fr41 are already
defined. Let p' be the order of e;. Note that the order of each I frogn s
> pt. Now the image fj of e; must be an element of order p' such that, for any
r=1,...,p' =1, rfj is not in the subgroup (fry1,---, f)\/1> generated by the images
that are already defined. The latter means that the image of f; in the quotient
group H = H/(frq1,. -, fx;) has order pt. The number of elements of order p' in
H is |H|p']| — |H[p'~"]|. For each of these elements there are |(ft1,. .., fr;)[p']]
corresponding pre-images of order p' in H. Hence the number of possibilities for

S is
(1= 1) Wi ) B = [H) = 4 )
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This is exactly the factor ocurring with ¢ = k in the formula of the theorem. U

We derive the following consequence.

Corollary 9. Let n and m be nonnegative integers, and \ be a fized partition of
m. Then we have

z 1
\AutH | T (U D) nem

which can equivalently be written as follows in terms of generating functions

m

H,;p) 2
> 2 Z|AutH| (2/p;1/p)oc

n=0 pEn

Proof. We clearly have
| Hominj(Hx, H)| = | Aut(Hy)| - [{J subgroup of H,J ~ Hy}|.
Then Proposition 4.1 of [CL84] gives

J subgroup of H,J ~ H 1

Aut(H T opgn—m(1/p: ] i
el | Aut(H)| p"(1/p; 1/p)

We obtain the first equality from the correspondence (p - n) <» (H,, of order p™).
The second equality comes from Euler’s identity (see for instance [GR04])

n

Zp"‘m(l/p;1;p)nw - mz 1/p,17p)

n>=m

. 1
(2/pi1/p)oo

Using Theorem 5, Definition 7, and Corollary 9, we obtain the following result.
Theorem 10. Let \ be aﬁxed integer partition, and z a complex number. We have
Sel — Cx.(p) 2",
Z IAutH | (2/p:1/P)oo 1/p %

where the sum on the left-hand side is over all integer partitions p, and the sum on
the right-hand side is over all partitions v satisfying v; < A; for all 1.

5.2. A combinatorial formula. As a consequence in combinatorics, we derive
the following by setting ¢ = 1/p and switching p into y/ in Theorem 10, and finally
using (16) and (17).

Corollary 11. For a positive integer £, let A = 1712™2 ... (™ pe q fized integer
partition, and z be a complex number. We have:

Yiz “?q*mlﬂl*"'*me(u1+~-+uz)

(18) Z 1 b2(a) 2l =

ZC“’ 1/q) zl”‘

(Zq vCA

This identity generalizes [Delll, corollary 4], and we give here an alternative proof
through Lascoux’s formula (5), without using the previous computations for finite
abelian groups. First, it is possible to rewrite the left-hand side of (18) with the
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notations of Hall-Littlewood functions. Indeed, replace i by its conjugate 1’ on the
left-hand side, note that

L

0
Domilph ) = Y (N = ML) (A )
=1 =1
14

= ) Npp =),

i=1

and write

> u? =2n(p) + |nl.

iz1

Then, using the limit case n — oo of the specialization (2), we can rewrite (18) in
the following way:

(19) Z q|u|+n(#)*(>\'llt')pu(z7 2q. .
“w VC)\

(1/q) =

Now multiply both sides of (19) by ¢™M) Py (x;¢) and sum over all partitions \. As
Hall-Littlewood functions form a Z[g]-basis of Alg], it is enough to show that

DW= Py (2:.) P2, 24 - . q)

A,
1 n v
= Zq NPy (2:9)Cr(1/q) 2.
(Zq)oo vCA
Set y = {2q, 2¢,...} in Warnaar’s special case (4) of Lascoux’s identity to see that

the left-hand side of (20) is equal to

1 1
(2q) 0 H (1—2;)(1 — 2m;)°

i>1

which, through the generating function (14), is easily seen to be equal to the right-
hand side of (20).

5.3. Consequences on u-averages and proof of Theorem 1. Using Theo-
rem 10 above, replacing z by p~*, and recalling the definitions of u-averages, we
obtain the following u-average on finite abelian p-groups and on p-groups of type S.

Theorem 12. For a positive integer £, let A = 1M12™2 ... 0™t phe qn integer parti-
tion. Then, the u-average of the function x*: H v |H|[p]|™ |H[p*]|™2 - - - |H|[p*]|™

is equal to
Y= Caulpp e,
nCA

and the u-average of the function x> in the sense of groups of type S is equal to
Z Chp —lul(2u-1)
HCEA

h orem 5 implies diIectly that if )\ — 1m19gm2 ..-f’mé is an ir tegeI [)aItitiOIl,
then we []ave 2
MS(Q?)\) - M‘i(x)‘)p77bl+2m2+‘..+gmz

which is exactly Theorem 1.
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6. CONSEQUENCE ON THE HEURISTICS ON CLASS GROUPS AND ON
TATE-SHAFAREVICH GROUPS

6.1. Class groups of quadratic number fields. The Cohen-Lenstra heuris-
tics ([CL84]) allow to give precise conjectures for the behavior of the class groups
of number fields varying in natural families. Here, we only recall briefly the Cohen
heuristics in the case of families of quadratic number fields. For K4 = Q(v/d) a
quadratic number field with discriminant d, we denote by C{(d) its class group so
that Cl(d), is its p-part. First, take the family of imaginary quadratic number
fields: these are the fields K; where d < 0 runs through the whole set of funda-
mental negative discriminants. Assume that p > 3 (actually, the 2-part of the class
groups of quadratic fields behaves in a specific and well-understood way, due to the
genus theory, [Coh93]). If h is a "reasonable” function defined over finite abelian
p-groups, then the Cohen-Lenstra heuristics predict that the average of h over the
p-part of the class group C¢(d), is the O-average of h (0 being the rank of the group
of units of K,), that is, we should have

Y h(Cid)y)

. |d| <X, d<0
lim —~ = My (h).
X —o0 § 1
|d|<X, d<0

For the family of real quadratic number fields, i.e., fields Ky where d > 0 runs
through the set of fundamental positive discriminants, the Cohen-Lenstra heuristics
predict that the average of h over the p-part of the class group C¢(d), is the 1-
average of h (1 being, in that case, the rank of U(K)), that is, we should have:

> h(CUd),)

. d|<X, d>0
lim (A< = M (h).
X—o0 E 1
|[d|<X,d>0

There are strong evidence and numerical data supporting the heuristic principle,
however only few results are proved. The first one is for p = 3 and the function
h(H) = |H[3]|, the number of 3-torsion elements in H. Davenport and Heilbronn
([DHT1)) proved (before the heuristics were formulated) that the average over the
3-part of the class groups of the function h is equal to 2 (resp. 4/3) in the case of
imaginary (resp. real) quadratic fields. In their paper, Cohen and Lenstra proved
(it is not a trivial result) that Mg(h) = 2 and M; (h) = 4/3. There are other results
in the literature for other families of number fields, and for the 4-part of class groups
of quadratic number fields ([Bha05], [FK07]).

Of course, the case p = 3 and the function H — |H|[3]| is a particular case of our
work. Now, from our computations, we can predict the average of all the moments
of the number of p’-torsion elements in the class groups.

Conjecture 1. For any positive integer £, let A = 1™12™2 ... 0™t pe an integer
partition, and assume that p > 3.

As d is varying over the set of fundamental negative discriminants the average of
| Ce(d)[p)[™ | CL(d)[p?]|™ - - - [ CU) [p]™* is equal to

Z C)nu (p)

HCEA
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As d is varying over the set of fundamental positive discriminants the average of
| Ce(d)[p)[™ | CL(d)[p?]|™ - - - [ CU(d) [p*]™* is equal to

Z Cou(p)p™ .

HCA

In particular, (still for p # 2) and using equation (15), one obtains that the
average of | C4(d)[p]|™ of class group of imaginary (resp. real) quadratic fields is

equal to
i) - £ [, (e[ )

k=0 k=0

Those are exactly the N(n,p) (resp. M, (p)) used in [FK07, FK06]. In particular,
Fouvry and Klueners used N(n,p) (resp. M,,(p)) in [FKO06] in order to prove that
conjectures (coming from a special case of the Cohen-Lenstra heuristics) related
to the moments of the number of p-torsion points in class groups imply conjec-
tures (coming from another special case of the Cohen-Lenstra heuristics) about
the probability laws of the p-ranks of the class groups. Our results could be used
to generalize their results and also to adapt them in the case of Tate-Shafarevich
groups. This will be explained in a forthcoming paper.

6.2. Tate-Shafarevich groups of elliptic curves. Let u > 0 be a fixed integer,
and consider the family F of elliptic curves E defined over Q, with rank u, and
ordered by the conductor Ng. The Tate-Shafarevich group II(FE) is conjecturally
a finite abelian group. If so, then III(F) is a group of type S. The heuristic
principle ([Del01, Del07]) asserts that if g is a "reasonable” function defined over
isomorphism classes of p-group of type S, we should have

Z g(II(E)y)

. EE€F,Np<X
lim

X—00 Z 1

EcT, Np<X

= M;(9)-

Important remark and correction of the first version of the heuristics
on Tate-Shafarevich groups. In this paper, the heuristics on Tate-Shafarevich
groups, in particular the equation above and Conjecture 2 take into account the
following correction. Due to a bad choice of a parameter, the heuristic assumption
for Tate-Shafarevich groups stated in [Del01] is wrong and should be corrected
for w > 0 by the following: in the Heuristic Assumption of [Del01, page 195],
the equality M, (f) = M ,(f) must be replaced by M,(f) = M;(f) (hence, the
examples given should also be modified in consequence). Note that this was done
in [Del07] but only explicitly for rank 1 elliptic curves. In fact, this correction was
suggested by Kowalski observing that only the corrected version of the heuristics is
compatible with results of Heath-Brown ([HB94, HB93]) on the 2-rank of the Selmer
groups of the family of elliptic curves E;: y? = 2® — d?z, d odd and squarefree (see
[Kow07, Remark 2.6]). Note that this corrected version is also compatible with
other theoretical results and conjectural works, see the discussion after Conjecture 2.

The heuristic principle has many applications and there are numerical evidence
supporting them. With our previous computations on u-averages for groups of
type S we are led to conjecture the following.

Conjecture 2. For any positive integer £, let A = 1™12™2 ... (™ pe an integer par-
tition, and let u > 0 be an integer. As E/Q, ordered by conductors, is varying over
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elliptic curves with rank u, the average of |ILL(E)[p]|™ |LL(E)[p?]|™2 - - - |IL1(E)[p®]|™*
is equal to

3 Crlpp D,
nCA

In particular, if we take the function g such that g(G) = |G[p’]| then we have:

} 1 1

MZ(Q):1+W+'”+W7
which for instance, when £ = 1, gives M{(g) =1+ p and Mj(g) =1+ 1/p.
The rank conjecture in its strong form (asserting that the rank of E is 0 or 1 with
probability 1/2 each and that elliptic curves with rank > 2 do not contribute in the
averages), and the results of Bhargava and Shankar [BS10b, BS10a], imply that the
average size over all elliptic curves E/Q with rank 0 (resp. rank 1) of III(E)[p] is
14+ p (resp. 14 1/p) for p =2 and p = 3. From their work, Bhargava and Shankar
also made a conjecture for all p which, together with the rank conjecture, would
imply that the average size |III(E)[p]| is 1 + p (resp. 1+ 1/p) for rank O (resp.
rank 1) elliptic curves.
Swinnerton-Dyer [SD08] and Kane [Kanll] obtained results for p = 2 and for the
family of quadratic twists, E4, of any fixed elliptic curve E/Q with E[2] C E(Q)
and having no rational cyclic subgroup of order 4. Their results and the rank con-
jecture imply that the average of |III(E;)[2]| is 3 (resp. 3/2) for the rank O (resp.
rank 1) curves. There are also in the literature some other theoretical results for
other families of elliptic curves, mainly for p = 2.

Actually, all the previous theoretical results are directly concerned with the
behavior of p-Selmer groups of elliptic curves. If n € N, the n-Selmer group Sel,, (E)
and the Tate-Shafarevich group of an elliptic curve are linked by the exact sequence

0 — E(Q)/nE(Q) — Sel,(E) — LI(E)[n] — 0.

So, if E(Q)tors = 0 and if the rank of F is u, then we have | Sel,, (E)| = n*|III(E)[n]|.
Therefore, assuming the rank conjecture, any result on Sel,, (F) gives an information
on II(E)[n]. Reciprocally, the distribution of Sel, (E) can be deduced from the
distribution of HI(E)[n] for rank 0 and rank 1 curves.

Recently, Poonen and Rains [PR12] gave a very deep model for the behavior of
the p-Selmer groups of all elliptic curves (they do not separate elliptic curves by
their rank). In particular, they obtained the following predictions for elliptic curves
defined over Q.

Conjecture 3 (Poonen-Rains). For any integer m > 0, the average of | Sel,(E)|™
over all E/Q is equal to [T}, (1 +p7).

Assuming that the p-parts of Sel,,(F) behave independently for p|n, except for
the constraint that their parities are equal, they obtained a conjecture for the
average of | Sel,, (E)|™ for all squarefree positive integer n. The Poonen and Rains
model suggests that the p-Selmer groups behave in the same way for rank 0 and
rank 1 elliptic curves. If we assume that elliptic curves of rank > 2 do not contribute
to the average value, then this is also suggested by the heuristic principle since
E(Q)tors = 0 with probability 1 and Mg (g) = Mj(g)p (recall that here, g denotes
the function G — |G[p]|). It is then natural to ask wether this is still true for all
integers n, without the squarefree restriction. Theorem 1 and the discussions above
suggest that this is indeed the case, yielding the following conjecture.
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| m

Conjecture 4. Let £ > 1 and m > 0 be integers. The average of | Sel,¢(E)
all E/Q is equal to

over

Z OA,u(pQ)pw

HCA
where X is the integer partition X = £™.

For ¢ = 1, equation (15) gives >° \ Cru )P =300 [ pzpk. It can be easily

shown that the last sum is indeed equal to H;n:l (1+p7), as claimed in Conjecture 3.

One can clarify the links between the different conjectures involved in the dis-
cussion above. If F is an elliptic curve over Q, we denote by rk(E) the rank of its
Mordell-Weil group. We have in mind:

e The rank conjecture asserting that rk(E) is 0 or 1 with probability 1/2
each.

e The assumption saying that elliptic curves of rank > 2 contribute nothing
to the average value of p™*¥(¥) Note that this depends on m, therefore we
denote by e, ,, the lim sup, as N — oo, of the sum of p"™*(F) over curves
of rank > 2 and conductor < N, divided by the total number of curves of
conductor < N.

e The Poonen-Rains conjecture (Conjecture 1.1 in [PR12]).

o The heuristic model for the probability laws dimg, III(E)[p] ([Del01, Del07]).

e The heuristic model for the moment of III(E), i.e., Conjecture 2 for an
integer partition .

As discussed above and also explained in [PR12], the rank conjecture and Conjec-
ture 1.1 in [PR12] imply the heuristic model for dimg, III(E)[p], and so Conjecture 2
for |II(E)[p)|™ (i.e., A = 1) for rank 0 and rank 1 curves.

Also, Poonen and Rains proved ([PR12, Theorem 5.2]) that the rank conjecture is
the only distribution on rk(E) compatible with the Poonen-Rains conjecture and
the heuristic model for dimp, III(E)[p].

Furthermore, Conjecture 1.1 in [PR12] also implies that e, ,,, = 0 for m = 1,2,3
(in fact, Poonen and Rains prove it for m = 1 but their argument can be directly
adapted for m = 2 and m = 3).

On the other hand, one can see that the equality e, ,, = 0, the rank conjecture, and
Conjecture 2 for the moments of |III(E)[p’]|™ (strengthening with the assumption
that the error terms implied in the averages are uniformly bounded independently
of the rank u), imply Conjecture 4. Indeed (for simplicity we restrict the following
computations to elliptic curves E such that E(Q)iors = {0}), we first see that

Y mE)pm

Ne<X
m mu TK(E)=u
D ISele(B)™ = > p > oL
rk(E)>2 Ne<X rk(E)=u
rk(E)=u

Now, the fraction in the sum of the right-hand side tends to M$ (2*") as X — oo.
Using the fact that u +— M3 (2*") is decreasing (because the coefficients C, ,, are
positive) and the above assumption on the error terms, we deduce that this fraction
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is uniformly bounded (and the bound does not depend on ). Hence,

Z |Selpe (E)|m -0 Z pmrk(E)

Ng<X Ng<X
tk(E) 22 rk(E)>2

Therefore, since by assumption ey, ,,, = 0, we deduce that the average of | Sel, (E)[™
of curves E of rank > 2 among all elliptic curves is equal to 0. Now, we can write

S Sy (B)" ST ISel(B)™ Y1

Np<X Nep<X
Np<X _ rk(B)=0 rk(E)=0
> 1 > 1 > !
Ng<X Neg<X Neg<X
rk(E)=0
ST ISel (B)™ > 1 > |Sely(B)|™
Np<X Ng<X Nep<X
rk(F)=1 rk(E)=1 i rk(E)>2
> 1 > 1 > !
Ng<X Neg<X Neg<X
rk(E)=1

The last term on the right-hand side tends to 0 as X — co. Now, replace |Sel, |

by |IIL(E)[p*]| in the first term and |Sel, | by p‘|III(E)[p’]| in the second one and
use Conjecture 2, Theorem 1 and the rank conjecture to conclude.

Remark. In the above discussions, one can replace the number field Q by an
arbitrary number field K.

7. u-AVERAGES AND HALL-LITTLEWOOD POLYNOMIALS

7.1. u-averages and combinatorial consequences. In the paper [Delll], the
first author computed the u-probabilities laws for the p/-ranks of finite abelian p-
groups (recall that the p/-rank of H is the dimension over F, of the vector space
p’~'H/p'H and is denoted r,; (H)), which we rewrite below.

Proposition 13 (Corollary 11 of [Delll]). Let £ > 1 be an integer and p be an
integer partition with () < £ (here p is given by its parts gy = pg = -+ = pue 2 0).
Then the u-probability that a finite abelian p-group has its p?-rank equal to u; for
all 1 < j < /L is equal to

Hj>mz+1(1 —1/p**)

4
p#§+ g tuunt) Hj:1(1/p§1/p)ujfﬂj+1

and the u-probability that a group of type S has its p?-rank equal to 2p; for all
1< j < /¥ is equal to

7

Hj>ug+1(1 _ 1/p2u+2j—1)
2, ..., 2 u— £ .
PPt u=D b [T (1/p2%51/p?)

My —Hj41

Hence, for a fixed integer partition A = 1"12™2 ... /™ we can also compute the
u-average of * over finite abelian p-groups (with the notations of Theorem 12) by
its moments. Indeed, we have

P (H) = p/r It (rp ()47, (H))mactoot (g (H) e (H)Jme.
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therefore

M, (z*) = Z u-prob(ry(H) = py,...,rpe(H) = pre)ptamat it pe)me,
OSpe S

Replacing u-prob(ry(H) = p1,...,7,¢(H) = pg) by the value given in Proposi-

tion 13 and M, (z*) by its value from Theorem 12, we obtain

IIj}ue+1(1 —»1/pu+j)
e u o e
pH%Jr FpgFu(pr 4 pe) szl(l/p; 1/p)

pNlk) = Z Ch(p)p~ ™.
()<L B —Hj+1 vCA

By setting ¢ = 1/p, replacing p by its conjugate p’ on the left-hand side, and setting
z = q~ %, we see that this formula is equivalent to the following combinatorial

identity.

Theorem 14. For any nonnegative integer £, let A = 1™12™2 ... 0™ be q fized
integer partition such that A\ < £ (equivalently ¢(N') < £), and z be a complex
number. Then we have

(21) >

p1<l

2l g2n o+l = (N 1)

(20" oo = D Cr(1/q)2").

bu(q) VCA

Remark. One can also replace finite abelian p-groups by groups of type S in the
previous discussion. We obtain as a consequence the same combinatorial identity
as (21), in which ¢ is replaced by ¢? and then z is replaced by 2%/q.

Note that thanks to Theorem 5, the sum ) O (1/g)g~ 1" must be equal
to ¢ 1M DA Cx.(1/q)g""*. By using (21) with z = ¢~* and 2z = ¢*, this yields
an identity between the left-hand sides which seems quite mysterious.

In the case where m; = mg = -+ = my_; = 0 and my = 1 (therefore A = (¢),
a row partition), identity (21) corresponds to [Delll, Corollary 12], which can be
written as follows

(22) >

p1<e

el g2n(m)

bu(Q)

EVAS)
(gt o0 = -2
1—=z

In view of the structure of (21), it would be a challenging problem to prove it
through the theory of Hall-Littlewood functions, by using Warnaar’s identity (4)
or Lascoux’s generalization (5), as we did for proving the symmetry property (13).
However, problems occur as we need to bound the first part of the partition p on the
left-hand side in (21), therefore a finite summation of Hall-Littlewood polynomials
seems to be required (i.e., a summation over partitions where both the length and
the first part are bounded). In his paper [War06], Warnaar raises the question
of finding a finite form of (4), which seems out of reach, and therefore finding a
finite form of Lascoux’s identity seems hopeless. Note that in (4), specializing the
variables y; to 0, one recovers the special case a = 0 of (3), for which Warnaar proves
a finite version in [War06, Theorem 6.1]. Unfortunately, the latter neither contains
(21) nor even (22) as special cases. Inspired by Macdonald’s partial fraction method
[Mac95] used in [Ste90, JZ05, 1JZ06, War(06], we can prove the following finite form
of (3), which will be shown to contain (22) as a special case.
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Theorem 15. Let n be a positive integer, and x = {x1,...,x,} be a set of n
variables. Then for any complexr number a and any positive integer k, we have

(23) Z "M@ 07 1) e (@67 ) nmp 0 Pr(@3 )

AC (k™)
= D@ @a ooy [[

IC[n] i€l
XHI—ax gt~ 1—ax; H T — qT;
x. q1 ] lfl“qlll Ti— Ty ’
i€l i J¢r J iel,j¢l

where the sum on the left-hand side is over partitions \ satisfying M1 < k and
LA) < n, [n]:={1,...,n}, and |I] is the cardinality of the set I.

We postpone the proof of this result to the next subsection, but we give the
following usefull consequence.

Corollary 16. For positive integers n, k, and for any complex numbers a, z, we
have

(24) Z 2l g2n () (a;q~ )éé/\))ia Zq(/\ 1()):( 7)nk(A) (@)n _ io(_l)rz(kJrl)rq(QkJrS)(;)
2r-1y (" Dr(azq)n—r(a; g )r(ag' ™" /254" ) (054" Dnr
(@)r(2q" ")t

Proof. We consider the specialization x; = z¢*~! in (23). In that case note that for
any I C [n],

AC (k™)

x (1—zq

1
I1 w#O@HTE{O oy T ={1,... 7).
i€l je¢l 1—3:2 Zj

Thus, by using (2), we get the desired result after a few manipulations on the
right-hand side. (|

Note that when n — oo, identity (24) reduces to Stembridge’s Theorem 3.4 (b)
with b = 0 in [Ste90]. Moreover, when a = 0, (24) corresponds to Warnaar’s identity
(6.10) from [War06], which is itself equivalent to Stembridge’s Theorem 1.3 (b) from
[Ste90]. Now we can easily see that (24) contains (22) (but unfortunately not (21))
as a consequence. Indeed, on the left-hand side of (24), replace A by u, k by ¢, and
take a = zq™ to get

n. ,—1 n. 1
Z Z‘”‘q%(“) (2q"5 07 i (24" 47 ) u[ _ Z z(é+1)rq(2€+3)(g)
(q)nfl(u)b/t( )

2r-1) (@022 (24" ;qfl)r(q;qfl)r(zq”;q”)nﬂ .
(@)r(zq" " )nt1

Note that on the right-hand side, (g; ¢~ '), = 0 unless 7 = 0 or 1, therefore letting
finally n — oo yields (22).

n1<e

X (1 —zq

7.2. Proof of the finite form of the ¢g-binomial theorem for Hall-Littlewood
polynomials. Consider the generating function

u) = Z q"(k)ck0 (A, a)Pyr(z;q) uo
2o\

where the sum is over all partitions A = (A1,...,A,,) and the integers A\g > A1, and

ar(Na) = (a5 i (@307 ) nmmp(0)-
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Assume A = (p7' po? ... "), where pg > po > -+ > pg = 0 and (r1,...,7%) is
a composition of n. Let S} be the set of permutations of S,, which fix A\. Each
w € S,/8) corresponds to a surjective mapping f : * — {1,2,...,k} such that
|f~1(i)] = r;. For any subset y of x = {x1,...,2,}, let p(y) denote the product
of the elements of y (in particular, p(f}) = 1). We can rewrite Hall-Littlewood
functions as follows

=S opTr e [T 2
! fle)<flz;) J

summed over all surjective mappings f : @ — {1,2,...,k} such that |f~1(i)| = r;.
Furthermore, each such f determines a filtration of x

(25) T =Ry CRC CF=u

according to the rule x; € F; <= f(x;) < I for 1 <1 < k. Conversely, such
a filtration F = (Fp, Fi,..., Fx) determines a surjection f : 2 — {1,2,...,k}
uniquely. Thus we can write

(26) Z“? IT p(FN\Fy)
1<i<k

summed over all the filtrations F such that |F;| =ry + 79+ -+ +r; for 1 < i <k,

and
o Ti — 9%
T H v — 1, s
J(za)<f(zy)
where f is the function defined by F. Now let v; = p; —p41 f 1 < i < k-1

and vy = ug, thus v; > 0if i < k and vy > 0. Furthermore, let pg = /\0 and
Vg = po — p1 in the definition of S(u), so that vy > 0 and po = vo +v1 + - + V4.
Since the lengthes of the columns of A are |F;| =1+ --+r; with multlphcmes vj
for 1 < j < k, we have

k
F;
n() :;ui('2),
L) =nx(vk #0) + |Fr—1|x(vk = 0),
mi(A) = x(vo # 0) + [Fi|x(vo = 0),
and

a: —1
Cxo (Ava) = (a§ q_l)n (X(Vk # O) + WX(VIG = O))

(a5 )ne
X <X(V0 #0)+ m,qi_l)lmx(l/o =0) .
For any filtration JF of = define

As(z,0,u) = (6547 )n

J

- dp(Fu (@ i (@q Dnim) o
H(lq( )( ) - (a;¢7V)n X(Fjix)JrWX(Fj*@) .

Letting F'(z) be the set of filtrations of z, we get S(u) = X gcp(,) TrAF(2, a, u).

Iyl
Hence S(u) is a rational function of w with simple poles at 1/p(y)q( 2 )7 where y is
a subset of . We are now proceeding to compute the corresponding residue c(y)
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at each pole u = l/p(y)q(‘gl). Let us start with c(0). Writing A\g = A\ + k with
k > 0, we see that
-1

(@547 n—m
> q"Va;q i Palas qut Y ub LT
A

St = (a547")n

. —1
— n(A) (. —1 . A1 u (aaq )n—m)\
= % :q (@547 )iy Pa(; q)u <1 — + @a . L.

It follows from (3) that
1—ax;

) = 11~ W],y = [[ 7o = 6zsa),
i>1 v
which gives the identity
(27) Z mghAg(z,a,u)(l —u)|u=1 = ¢(z;a).

FeF (x)
For the computations of other residues, we need some more notations. For any
y Cz and any « € C, let ¢*y = {¢®@;,z; €y}, ¥ = x\y, and —y = {x;l cx; €yt
Let y C x, then

(28) e(y) = | D mr Az (x,a,u)(1 - p(y)g*u) |

u:p(*y)q_(lg‘>
If y ¢ F, the corresponding summand is equal to 0. Thus we need only to consider
the following filtrations F

VD=FC---CF,=yC---CF,=2 1<p<k.
We may then split & into two filtrations F; and Fo
Fio: BG—q Y\ Fp) C o G g T\ ) G =gy,
Fooo DG a"(Fpa\y) S V(P \w) © gy

S (ot =0t =150+ (5) = (1) = ("1551) or = 1551,
i -+ (5) = () = (P15 M) for i <11,
and

_ 1-— q:cilx-
tg(e) = 73, (—¢ W yra, @¥y) [T —2
€Y, €Y’ Ty Xj

!
we can write, setting v = p(y)q(lg )u, and using (28),

Y wrds(za,u) (1 - p(y)q('g‘)U)

- _(lyl
FeF () u=p(—y)q (%)

c(y)

(a;q7Y)n 1— qw{lxj

(aglvl=n; q71) 1y (ag= Wl g71) 1—a;

=Yl 2 ey,2; ey

v=1

(
X [ g, Ag, (—q"yHly,aq'yl_"w) (1- U)]

7T5"2‘A3'2 (qu‘yl?aq_‘y|7v) (1 - U)]

v=1
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Then, using (27), we get

cly) = ¢(_q1—\y\y;aq\y|—n> ¢(q\y|y/;aq—|y\)
(a5 )y (@ q )y I 1-— qm[lxj.

(@547 ")n 1—a; ey

X

z;€yY,z; €Y’

Encoding each subset y of = by the corresponding subset I C [n] and extracting
the coefficient u* in

c(y)
S(u) = _
. yzc;:l—q(g)p(y)u

we get the result.

8. ACKNOWLEDGEMENTS

We thank B. Poonen, M. Schlosser and S. O. Warnaar for helpful discussions
and suggestions during the preparation of this manuscript.

REFERENCES

[ASW99] George E. Andrews, Anne Schilling, and S. Ole Warnaar. An As Bailey Lemma and

[BhaOs]

[BS10a)

[BS10b)

[But94]

[CL84]

[CM90)]
[Coh93)
[Del4s]
[Del01]

[Del07]

[Delll]
[DHT1]

[FKO06]

[FKO07]

[GRO4]

[Hal38]

Rogers-Ramanujan-type Identities. J. Amer. Math. Soc., 12:677-702, 1999.

Manjul Bhargava. The density of discriminants of quartic rings and fields. Ann. of Math.
(2), 162(2):1031-1063, 2005.

Manjul Bhargava and Arul Shankar. Binary quartic forms having bounded invari-
ants, and the boundedness of the average rank of elliptic curves. Preprint available
on arXiv:1006.1002, 2010.

Manjul Bhargava and Arul Shankar. Ternary cubic forms having bounded invariants,
and the existence of a positive proportion of elliptic curves having rank 0. Preprint
available on arXiv:1007.0052, 2010.

Lynne M. Butler. Subgroup lattices and symmetric functions. Mem. Amer. Math. Soc.,
112:no. 539, vi+160 pp., 1994.

H. Cohen and H. W. Lenstra, Jr. Heuristics on class groups. In Number theory (New
York, 1982), volume 1052 of Lecture Notes in Math., pages 26-36. Springer, Berlin,
1984.

Henri Cohen and Jacques Martinet. Etude heuristique des groupes de classes des corps
de nombres. J. Reine Angew. Math., 404:39-76, 1990.

Henri Cohen. A course in computational algebraic number theory, volume 138 of Grad-
uate Texts in Mathematics. Springer-Verlag, Berlin, 1993.

S. Delsarte. Fonctions de mobius sur les groupes abeliens finis. Ann. Math., 49:600-609,
1948.

Christophe Delaunay. Heuristics on Tate-Shafarevitch groups of elliptic curves defined
over Q. Ezperiment. Math., 10(2):191-196, 2001.

Christophe Delaunay. Heuristics on class groups and on Tate-Shafarevich groups: the
magic of the Cohen-Lenstra heuristics. In Ranks of elliptic curves and random matrix
theory, volume 341 of London Math. Soc. Lecture Note Ser., pages 323-340. Cambridge
Univ. Press, Cambridge, 2007.

Christophe Delaunay. Averages of groups involving p'-rank and combinatorial identities.
Journal of Number Theory, 131:536-551, 2011.

H. Davenport and H. Heilbronn. On the density of discriminants of cubic fields. II. Proc.
Roy. Soc. London Ser. A, 322(1551):405-420, 1971.

Etienne Fouvry and Jiirgen Kliiners. Cohen-Lenstra heuristics of quadratic number
fields. In Algorithmic number theory, volume 4076 of Lecture Notes in Comput. Sci.,
pages 40-55. Springer, Berlin, 2006.

Etienne Fouvry and Jiirgen Kliiners. On the 4-rank of class groups of quadratic number
fields. Invent. Math., 167(3):455-513, 2007.

George Gasper and Mizan Rahman. Basic Hypergeometric Series, second edition, vol-
ume 96 of Encyclopedia of mathematics and its applications. Cambridge Univ. Press,
Cambridge, 2004.

Philip Hall. A partition formula connected with Abelian groups. Comment. Math. Helv.,
11(1):126-129, 1938.



p*~TORSION POINTS IN FINITE ABELIAN GROUPS AND COMBINATORIAL IDENTITIER5

[HBY3]
[HBY4]

[13Z06]

[JZ05)
[Kan11]

[Kow07]

[Las07]
[LRW09]
[LS06]
[Mac95]
[Oko97]
[PR12]

[Sch07]

[SDO8]
[Ste90]
[War06]

[WZ12]

D. R. Heath-Brown. The size of Selmer groups for the congruent number problem.
Invent. Math., 111(1):171-195, 1993.

D. R. Heath-Brown. The size of Selmer groups for the congruent number problem. II.
Invent. Math., 118(2):331-370, 1994. With an appendix by P. Monsky.

Masao Ishikawa, Frédéric Jouhet, and Jiang Zeng. A generalization of Kawanaka’s iden-
tity for Hall-Littlewood polynomials and applications. J. Algebraic Combin., 23(4):395—
412, 2006.

Frédéric Jouhet and Jiang Zeng. New identities for Hall-Littlewood polynomials and
applications. Ramanujan J., 10(1):89-112, 2005.

Daniel M. Kane. On the Ranks of the 2-Selmer Groups of Twists of a Given Elliptic
Curve. Preprint available on arXiv: 1009.1365, 2011.

E. Kowalski. Elliptic curves, rank in families and random matrices. In Ranks of elliptic
curves and random matrix theory, volume 341 of London Math. Soc. Lecture Note Ser.,
pages 7-52. Cambridge Univ. Press, Cambridge, 2007.

Alain Lascoux. Adding 1 to the argument of a Hall-Littlewood polynomial. Sém. Lothar.
Combin., 54(Art. B54n):17 pp, 2005/07.

Alain Lascous, Eric Rains, and S. Ole Warnaar. Nonsymmetric interpolation Macdonald
polynomials and gl,, basic hypergeometric series. Transf. Groups, 14:613-647, 2009.
Michel Lassalle and Michael Schlosser. Inversion of the Pieri formula for Macdonald
polynomials. Adv. Math., 202(2):289-325, 2006.

Tan G. Macdonald. Symmetric Functions and Hall Polynomials, second edition. Oxford
University Press, New-York, 1995.

Andrei Okounkov. Binomial formula for Macdonald polynomials and applications. Math.
Res. Lett., 4:533-553, 1997.

Bjorn Poonen and Eric Rains. Random maximal isotropic subspaces and Selmer groups.
J. Amer. Math. Soc., 25(1):245-269, 2012.

Michael Schlosser. Macdonald polynomials and multivariable basic hypergeometric se-
ries. Vadim Kuznetsov Memorial Issue on Integrable Systems and Related Topics,
SIGMA, 3(056):30 pp., 2007.

Peter Swinnerton-Dyer. The effect of twisting on the 2-Selmer group. Math. Proc. Cam-
bridge Philos. Soc., 145(3):513-526, 2008.

John R. Stembridge. Hall-Littlewood functions, plane partitions, and the Rogers-
Ramanujan identities. Trans. Amer. Math. Soc., 319(2):469-498, 1990.

S. Ole Warnaar. Hall-Littlewood functions and the Az Rogers-Ramanujan identities.
Adv. Math., 200:403-434, 2006.

S. Ole Warnaar and Wadim Zudilin. Dedekin’s eta function and Rogers-Ramanujan
identities. Bull. London Math. Soc., 44:1-11, 2012.

UNIVERSITE DE FRANCHE-COMTE, LABORATOIRE DE MATHEMATIQUES DE BESANCON, CNRS
UMR UMR 6623, FACULTES DES SCIENCES ET TECHNIQUES, 16 ROUTE DE GRAY, 25030 BESANGON,

FRANCE.

E-mail address: christophe.delaunay@univ-fcomte.fr

UNIVERSITE DE LYoN, CNRS, UNIVERSITE LyoN 1, INSTITUT CAMILLE JORDAN, 43, BOULEVARD
DU 11 NOVEMBRE 1918, F-69622 VILLEURBANNE CEDEX, FRANCE.
E-mail address: jouhet@math.univ-lyonl.fr



