COKERNELS OF RANDOM MATRICES SATISFY THE COHEN-LENSTRA
HEURISTICS

KENNETH MAPLES

ABSTRACT. Let A be an n X n random matrix with iid entries taken from the p-adic integers
Z, or Z/NZ. Then under mild non-degeneracy conditions the cokernel of A has a universal
probability distribution. In particular, the p-part of a random matrix over Z has cokernel
distributed according to the Cohen-Lenstra measure,

- , —en
]P(COkerAgG):mH(l_p k)+0(e )
k=1

where the constants are absolute.

1. INTRODUCTION

The Cohen-Lenstra measure is a probability distribution on isomorphism classes of finite
abelian p-groups, given by

1 _
v(G) = mgu —ph.

It appears in various guises as a candidate for a random abelian p-group. Its best known
appearance is in the conjectural work of Cohen and Lenstra [2], where based on numerical
evidence they conjectured that the p-part of the ideal class group of quadratic number fields
are distributed according to v. These conjectures were extended to other number fields, in
particular by Malle [6], as long as the number field does not contain pth roots of unity.

It was observed in (3] that if B : Z) — Z; is a random matrix with iid entries chosen
according to Haar measure, then the cokernel distribution of B converges to the Cohen-Lenstra
measure as n — 0o. In this article we show that this property holds for random matrices in a
much larger class.

Let £ € Z, be a random variable. We define the concentration constant a = a(&) to be the
largest value 0 < o < 1 such that we have the non-degeneracy condition

sup P(¢ =tmodp) <1-—a.
teZ/pZ
If Ae M(n,Z,) is an iid random matrix whose entries have concentration constant c, then we
say that A has concentration constant a as well.
We have the following universality principle for random matrices with iid entries in the p-adic
integers.

Theorem 1.1. Let A € M(n,Z,) be a discrete random matriz with concentration constant c.
Then for all finite abelian p-groups G,

1 oo
P(cokerA & G) = m H(l _ p*k) + O(efccm)
k=1

where the constants are absolute.
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We can also control the probability distribution of the cokernel of matrices over other rings.
Let N denote a positive integer with w = w(/V) distinct prime factors. Let B : (Z/NZ)" —
(Z/NZ)™ be chosen uniformly from all Z/NZ-module morphisms and let A be a random n x n
matrix over Z/NZ with iid entries distributed according to a random variable £&. We define the
concentration constant «(&) analogously to the p-adic case; namely, 0 < a < 1 is the largest
number such that

sup sup P(z =tmodp) <1—a.
p|N t€Z/pZ
Then we have the following universality result.

Theorem 1.2. Let A € M(n,Z/NZ) be a discrete random matriz with concentration constant
a. Then for all finite Z/NZ-modules G,

P(coker A = G) = P(coker B = G) + O, (e ")
where the constants depend only on w = w(N), the number of distinct prime factors of N.

As a corollary, we have the following generalization of Theorem 1.2 from [7] to control the
rank of random matrices over Z/pZ for primes p.

Corollary 1.3. Let A € M(n,Z/pZ) be a discrete random matriz with concentration constant
a. Then we have
00 1 — -t
P(rank A =n — k) = p"‘€2 Hﬁ?k“( pe ) + O(e™™)
[T— (1 =p7")

for all 0 < k < n, where the constants are absolute.

For now let R = Z, or Z/NZ and let X, ..., X,, denote the columns of A. The main idea
behind Theorem 1.1 and 1.2 is to expose the columns one by one and compute the probability
distribution of the successive quotients

R" {(Xki1, -0y Xn)

where (Xyi1, ..., X,,) denotes their span as R-modules. Conditioning on the isomorphism class
of the previous quotients, we can partition R"™ into sets according to the resulting class of
the quotient by Xj. It turns out that these sets can be written as the set-theoretic difference
of R-submodules of R" that are constructed in a natural way from the span (Xyi1,..., X,,).
Modulo some simple technical restrictions, it suffices to consider the probability that X lies
in the random submodule ¢((Xx.1,..., X)), where ¢ is a natural deterministic function that
takes R-submodules of R™ to R-submodules of R™. We will call such ¢((Xy41, ..., X,,)) enlarged
submodules.

The analysis of enlarged submodules relies on the swapping lemma of Tao and Vu [10] [11]
which the author subsequently adapted to finite fields in [7]. This allows us to show that
enlarged submodules N where P(X; € N) deviates significantly from |N+|~! can be induced
with much higher probability by a different probability distribution.

For the remaining submodules, we still have P(X; € N) deviating slightly from uniform. In
this setting we generalize the inverse theorem of [7] to show that N1 contains a “structured”
vector. Since we can assume that this probability is within a constant factor of |[N+|7! it is
possible to explicitly enumerate all such vectors.

The key property of A used in the proof is the martingale independence of its columns.
It should be possible to prove a version of this theorem with much weaker conditions on the
construction of A. However the independence of the entries is crucial to the argument and it
is unclear how to avoid this obstruction with current technology.

Although we only work over R = Z, and Z/NZ in this article, the argument is amenable
to much more general analysis. We do not attempt maximum generality to avoid unnecessary
complexity for the most common applications. It would, however, be interesting to extend
Theorem 1.1 to the ring of integers of finite extensions of QQ,. These arguments suffice when we
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assume that the probability distribution on the entries, taken modulo the maximal ideal m, are
“non-degenerate” in the sense that they do not concentrate on an additive coset of F,; = R/m.
However, it is intuitively clear that it should suffice, at least for bounded exponents f, for the
probability distribution to not concentrate on affine subfields; i.e. subsets of the form S, +
for some d | f. This limitation will be considered in forthcoming work.

From Theorem 1.2 we can recover the torsion-free results of Tao and Vu [10] as well as the
mod-p results of Charlap, Rees, and Robbins [1] and Kahn, Komlés [5]. As mentioned above,
we would need control over rings with non-prime residue fields R/m for a full generalization.

2. NOTATION

We will use standard asymptotic notation. For an index variable n and functions f, g of
n, we write f = O(g) to mean that there are absolute constants ny and C such that for all
n > ng, f(n) < Cg(n). These constants may change from line to line. Similarly, the equation
f =g+ O(h) is shorthand for |f — g| = O(h). We use the notations f < g and g 2 f to denote
f = O(g) when convenient.

It is convenient to employ probabilistic notation. If E is an event, we let P(E) denote its
probability; if F' is another event, then we can express the conditional probability of E on F as
P(E | F) and their intersection as P(E A F). For random variables X we let EX denote their
expectation.

For V an R-submodule of R™, we define

Vit ={veR"|tveV}
and by abuse of notation
Vo] :={v € R" | tv € V for some t € R}.

We let (a) denote the ideal in R generated by a; we will also let (a) denote the principal
ideal aR™ in the free module R". For positive integers m,n we will let [m, n] denote their least
common multiple.

We will use the number theorist’s exponential function e(t) := exp(2mit) and e,(t) =

exp(2mit/p).
If Ais a set we will let #A and |A| both denote its cardinality.

3. THE COLUMN EXPOSURE PROCESS

Consider the set of n x n matrices over the finite field IF,.. It is well-known that the propor-
tion of invertible matrices in this set can be calculated from the sequence of column vectors

X1,...,X, and the associated sequence of subspaces
Wi i= (Xest, ..., Xn) CF?
for £ = 0,...,n; we have chosen to consider subspaces starting with X,, for the most convenient

normalization. In fact, we see that the entire matrix is invertible if and only if codim W, =
n —dim W, = ¢ for each ¢. If we let A denote a random n X n matrix over I, chosen uniformly,
so that the columns Xy, ..., X,, are independent random vectors taken uniformly from Fy, then
we compute

P(codim W,y =€ —1|codimW, =/¢) =1 —-P(X, € W, | codim W, = ¢)
= 1 — pié

so, in particular,
n

P(A is invertible) = H(l —p ).
=1
We can generalize this computation to compute the cokernel of a random n x n matrix A
over the ring R, given by
coker A := R"/(Xy, ..., X,,).
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We consider the sequence of submodules
Wy = (Xos1, ey Xin)
as £ =0,...,n. We have the natural quotient map
¢¢: R" /Wy — R" /W,

with kernel equal to (X;), the span of X, in R, /W,.

In this section we show that the isomorphism class of these quotients can be computed by
testing the membership of the column vectors X, in various submodules constructed in a natural
way from W,. We define an enlarged submodule to be a submodule of the form

() () + Wit
(a,b)eF

where F is a finite set of pairs in R x R. Since enlarged submodules are functorial in W,, we
will typically denote the enlarged submodule by ¢(W,).
The following universality result forms the heart of the argument.

Proposition 3.1. Let £ € R be a random variable with concentration constant «. Let k < nn.
Then for every enlarged submodule ¢(Wy,), conditioning on the isomorphism class

R (W) = V*
for some R-submodule V', we have
[P(X € ¢(Wi)) — [V < O(e™™)
Here 0 <n <1, ¢ >0 and the implied constant are absolute.

The bulk of this chapter concerns the proof of Proposition 3.1. However it remains to show
that it suffices to consider enlarged submodules.

The partial quotients contain information about the syzygies of X,y1, ..., X, over quotients
of R. We first observe that for R = Z, we can extract the free part of Z; /W, almost surely.

Proposition 3.2. For R = Z, we have P(X, € W,[oo]) = O(e™™).
Proof. For all L > 0, by Proposition 3.1 we have
P(X, € Wilp™]) = p™" + Oe™™").
Now send L — oo and note that W,[oo] = ], We[p"]. O
Proposition 3.3. For R =7/NZ we can factor
R" Wy = @y Ry /(We) )
where Ry, (W) denote the p-th part of R, Wy respectively.
Proof. This is immediate from the Chinese remainder theorem. U
Proposition 3.4. With probability 1 — O(e~°“") there are isomorphisms
R'/W, =R &T,
where Ty is a uniquely defined finite R-module.

Proof. Case R = Z,. We induct downward on ¢ starting with ¢ = n. For ¢ = n the result is
trivial with 7;, = 0. If the result is shown for ¢, then it suffices to find a finite Z,-module 7;_
such that Zf)_l DT & Zf; ® Ty/(Xy). Let vy, ..., v be some basis for Zf, and write

Xo=av1 + -+ awp+t

with ¢ € T}; this decomposition is unique. By Proposition 3.2 we know that with probability
1 — O(e*) at least one of the coefficients ay,...,a, is non-zero. Suppose without loss of
generality that the power of p dividing a, is the smallest among a4, ..., a,. Consider the short
exact sequence
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0 Zﬁil ‘ ? Z;;@TZ/<X£> L’Zﬁ@Tg/(X(,Ul,...,Ug_ﬁ *>0

where ¢ is the inclusion map on vy, ...,v,_; and 7 is the indicated quotient map. It is easy to
see that Zf; @& Ty/(Xg,v1,...,v0_1) is finite: each element of T} is torsion, while the generators of

Zf; either map to 0 or are torsion. Let
Tf—l = Zi SP) ﬂ/<Xf7 Uy -y U€—1>‘

By the splitting lemma, it suffices to define a map of Z,-modules 1 : Z & T,/(X,) — Z:™" such
that 1 o ¢ is the identity on Z .
Indeed, for w € Z! @ T,/(X,) choose a representative

w:blvl+---+bgv4+t'

where t' € Ty. Now b, = p" for some r > 0 and 3 € Z,; similarly let ay = p*a for some s > 0
and a € Z,;. If r > s then by /ae € Z,, and so there is a unique representative
by
w——X, € <’U1, .. ,’Ug_1> & Ty.
Qg
We then let ¢(w) be the projection onto (vy,...,v,—1) of this representative. If r < s, then
p*"by/ay € Z, and so there is a unique representative of p*~"w given by

. pS_TbE
pTw — X@€<U1,...,Ug_1>@Tg.
Gy
Furthermore, the coefficients of vy, ..., v,_1 of this representative must all be divisible by p*~"

(this is because a, generates the largest ideal), so we let 1)(w) be p~*~") times the projection
onto (vy, ..., vg_1) of this representative. It is clear that the resulting map is linear and commutes
with multiplication by elements of Z,, as required.

Case R = Z/NZZ. By the chinese remainder theorem it suffices to prove the result for N = p”
for some r > 1. But this follows from the previous case. O

We now have a sequence of finite R-modules T,,, ..., Ty with T,, = 0 and Ty = coker A. For
any matrix A (with probability 1 — O(e™*")) this sequence is uniquely defined. Therefore, for

H,, ..., Hy any sequence of finite R-modules with H,, = 0 and Hy = coker A we can write
P(coker A = G) = Z P(coker A = G and T; = H; for all j) + O(e ™).
Hp_1,....,Hy
Next we will consider what sequences H,, ..., Hy can arise as the torsion parts of the partial

quotients R"™/W,.

3.1. Classifying partial cokernels. We can classify finite R-modules in terms of Young di-
agrams. Recall that a Young diagram (or diagram) is a graphical display of a partition,
where to the set [m] and the partition j; > jo > --- > j; > 0 with j; + -+ + j; = m we have
the corresponding Young diagram with ¢ rows, where in the kth row there are j;, boxes. For
example, the partition of [7] into 4 > 2 > 1 corresponds to the Young diagram

[ |

For R = Z,, any finite Z,-module T is a finite abelian p-group; by the fundamental theorem of
finite abelian groups, we know that 7' is isomorphic to

T~ (Z/p"Z) & (Z/p”L) & - & (Z/p"Z)
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with j; > o > -+ > j; > 0, and this representation is unique. We therefore have a one-to-one
correspondence between partitions j; > j, > --- > j; > 0 of [log, M] and finite Z,-modules of
cardinality M.

For R = Z/NZ, if we factor R = ®,snZ/ p*Z then we have a correspondence between finite
R-modules T" and tuples of Young diagrams, one for each prime dividing /N, such that there
are at most k columns in the Young diagram for p if p*||N. We will call the diagram of T
corresponding to the prime p the p-diagram of 7.

Recall that the matrix A induces a sequence T,, ..., Ty of finite R-modules with probability
1 — O(e~™). Tt turns out this sequence is strictly growing in the sense that T, < T;_;.

Proposition 3.5. With probability 1 — O(e ") there is an injection Ty — Ty_;.
Proof. We see that ¢, : R"/W, — R"/W,_; commutes with the isomorphisms from Proposi-
tion 3.4 to give a map
¢ RaT,— R T
with kernel equal to (X,), the span of the image of X, in R’ @ T}.

If R = Z, then by Proposition 3.2 we have X, ¢ T, with probability 1 — O(e™**"). In
particular (X,) N7y = {0}, so ¢ is injective when restricted to 7. Since all elements of T, have
finite order their images must have finite order as well, and in particular must be contained in
Ty_1. Thus we have ¢, : Ty — Ty as required.

If R = Z/NZ, it suffices to prove that (T})@) < (Ti-1)@). This is obvious after changing
coordinates by the classification theorem for finite abelian p-groups. 0

For any finite R-module T', we define the j-rank of T" at p to be
i) = rankﬂzp(pj_lT/pjT).

From the correspondence we see that r;, is equal to the length of the jth column of the
p-diagram of T'. It turns out that there is considerable rigidity in the change of r; ) (T7) as ¢
varies.

Proposition 3.6. Forall j > 1,1 < /¢ <n, and p we have

riw)(Te) < 75,0 (Ter) < 15,0 (Te) + 1.
Furthermore, 1 ) (Ty—1) = 75, (Te) + 1 if and only if

(Xe) N pj_l(Rg @® T;) mod p/ = {0}

Proof. Let ¢y : R* © T, — R~ @ T,_; be the map from the proof of Proposition 3.5. We can
restrict ¢ to the submodule p/ =1 (R*@T;) to derive amap ¢, : p "L(R‘DT;) — p Y RTIOT, ).
We can then quotient by p’ and note that p’(R’ @ T,) maps to zero to derive a map

o P (ReT)/ PR &T,) = p (R e T /P (R & Tyy)

This is a map of finite dimensional vector spaces over IF,. The quotients factor over the sums
SO we can write

¢:F @ (p T/ Ty) » F @ (0 1oy /T

¢ is the composition of two quotient maps so it is surjective. Therefore, by the definition of
the j-rank, we have

g + rj(Tg) Z g -1 + Tj(T@,l).

The other inequality follows immediately from Proposition 3.5.

For the second statement, note that ¢ is an isomorphism if and only if the kernel of ¢
restricted to p! "L(R’ @ Tp) is contained in p/ (R’ @ Tp). O
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This last proposition characterizes sequences H,,, ..., Hy = coker A which arise from se-
quences Ty, ..., Ty = coker A. We first recall some standard notation on Young tableaux.

On a Young diagram A, we define a numbering of A from [n] to be an assignment, for each
box in the diagram, of an integer from [n]. We then say that \ is the shape of the numbering.
We define a semi-standard tableau of shape A to be a numbering which is weakly decreasing
along rows and strictly decreasing along columns; for example,

43]3]1]
2

2
1]
is a tableau of shape A =4 > 2 > 1. We will write H/\ to indicate that H is a Young tableau
of shape A. Note that we have swapped the usual convention of increasing rows and columns
for later notational convenience. Finally, to a tableau H/\ we define the sub-diagram of H

above /¢ to be the diagram consisting of those boxes of H whose labels j satisfy j > ¢. For
example, the sub-diagram of the tableau above at 2 is

|

We will denote the sub-diagram of a tableau H at ¢ by H,.
Young tableaux are a convenient notation for sequences of partial cokernels, as the following
corollary illustrates.

Corollary 3.7. Let A be an n X n matriz over R and let X denote the diagram of coker A.
Then there is a one-to-one correspondence between sequences T, ..., Ty with T,, = {0} and
Ty = coker A which can occur as the partial cokernels of A and tableaux H/\ from [n], such
that Ty has diagram equal to Hy.

Proof. Fix the sequence T,,,...,Ty. By Proposition 3.5 we see that the diagrams )\, associated
to Ty are nested, so define H/\ to be the numbering of A\ given by the time the box appears in
the nested sequence. Clearly the rows of A\ are weakly increasing. Proposition 3.6 shows that
the columns increase by at most one each step, so there cannot be two adjacent equal numbers
in a vertical configuration. The converse is obvious. U

3.2. Enlarged submodules. We now see that we can expand
P(coker A = G) = Z P(T, = H, for all £) + O(e*™).
H/X from [n]

Each term in the sum can be expanded into a product by conditional expectation; namely,
P(T, = H, for all ) = [ [P(T, = H, | Tj = H; for all j > ().
=0

Each term in the product is not yet in a form that we can estimate. In particular, we would like
to represent the set of X, such that T,_; has the desired isomorphism class as the set-theoretic
difference of certain submodules of R™.

Consider the two-parameter family of events

Ga,b = {Xg € paRn + Wg[pb]}
with @ > 1 and b > 0. We have the obvious inclusions
Ga+1,b g Ga,b g Ga,b+1

so we can define events
Ej70 = Gj70
and
Ej,t = Gj—t,t \ Gj—t,t—l.
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for 1 <jand 1<t <j—1. The events E;; as t varies can be used to test the j-rank of the
p-primary part of T as follows.

Proposition 3.8. The events Fj, ..., E; ;1 are disjoint, and the equality
7 (Te1) = 1,0 (Te) + 1
holds Zf and Only Zf Ej,(] y---u Ej,jfl holds.

Proof. We have E;; C Gj_1 € Gy_y—s445—1 forall s > 1, but Ej 115 = Ggy—sits \ Ggoi—sits—1,
so the family is pairwise disjoint.

First we observe that the condition r; () (Ty—1) = rj ) (1y)+1 is equivalent to (X,)Np'~ (R‘®
T;) mod p’ = {0} by Proposition 3.6, so it suffices to show that E;oU---U Ej;_; is equivalent
to this event.

Suppose that (X;) Np/~Y( R @ T;) mod p? = {0}. Let t > 0 be the minimum exponent such
that p'X, € p R" + W, or equivalently, X, € p~* + W;[p']. If t = 0 then E} holds; otherwise,
t > 0 and thus p'~' X, ¢ p’ R"+W,. But this implies that p'~* X, ¢ p/~! R"+¥,, or equivalently
Xp & Pt R+ Wy[p'~t]. Therefore Ej; = G414\ Gj_t4—1 holds. It remains to show that ¢ < j,
but if ¢ = j we would have shown that p'~' X, ¢ p’~!R" + W, which is absurd.

Conversely, suppose F;; holds. If ¢ = 0 then X, € p/ R + W, so (X;) = {0} mod p/ R" + W,.
If ¢t > 0 then p'~' X, ¢ p ' R" + W, which implies that (X,) Np/ L R" + W, C (p'X,). However,
DX, € P+ Wi so (X)) N R + W, = {0} mod p’. 0

We have therefore reduced the problem of computing the isomorphism class of T;_; condi-
tioned on W, to testing the membership of

X@ c paRn + Wg[pb]

for various a, b, and p.

Precisely, we have the following. Fix ¢ and let S C Z* denote those indices where 74 (7)) =
ri(Ty) + 1. By Proposition 3.2, S is finite with probability 1 — O(e=“*"). We define random
variables V,; for a > 1 and b > 0 by

{Ga,o — Gat1,0, b=20

Vap = :
Ga7b - Ga—i—l,b - Ga,b—l + G(a-l-l,b N Ga,b—la b>0

)

We can then compute the following.

Proposition 3.9. Fiz { > 1 and tableau H/\. Let S C Z* denote as above the set of columns
of H which contain the number . Then we have the equality of events

k—1
{T, = H)} = H Z Vie—t.t
keS t=0
Proof. By Proposition 3.8, k € S if and only if EoU---U Ej ;_1 holds.

First suppose S = {k} for some k. In this case we want to compute the event that some
Gj—t holds for some 0 <t < k — 1 while no other G, holds. By the nesting property of G,
and the inclusion-exclusion principle this is equal to Vj_;+. The case for larger S follows by
induction and the inclusion-exclusion principle. O

Note that if the product in Proposition 3.9 is expanded over the sum, then some of the terms
will cancel identically.
The various submodules (p?) + W[p*] C R?p) for 7 > 1 and k > 0 form a grid of inclusions,

(") + Wilp*] —— ("*1) + Wilp™]

| |

(P7) + WelpF] ——— (p7) + Wi[p"*!]
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We abbreviate
Gk = “Xe € (p)) + Wilp"]
and observe that
Ejo=Gjo
and
Ejﬂf = Gj—t,t \ Gj—t,t—l'
Let n: ZT — {0,1} be the function such that

ri(He-1) = r;(He) +n(j)-

We can associate a diagram to n by considering a grid with indices j > 1, k > 0 such that (j, k)
is shaded if and only if n(j 4+ k) = 0. For example, if suppn = {1,4} we have the diagram

To check that T,_; = H,_; conditioned on T, = H,, we observe the following properties

Proposition 3.10. (1) At most one of the events E;; can hold for j fized.
(2) If none of the events Ej, ..., E;; hold, then no Ej s holds for j' > j and s < t.

Proof. (1) Since Ej; = Gj; \ Gj4—1, by the inclusion G;; C G;,_1 for s < t the conclusion
follows.
(2) This follows from Ej s C Gy s C G = UL _(Gjk. O

We now show that these two conditions imply that there is a unique minimal enlarged
submodule which contains the set which induces H,.

Algorithm 1. The minimal enlarged submodule ¢(W,) which contains the set which induces
H, corresponds to the value of F when the following algorithm terminates.

(1) Initialize F =0, j =1, i =0.

(2) Find the minimal ¢ > ¢ such that (j,¢) is clear in the diagram. If none, then STOP.

(3) Set F':= FU{(j,t)} and relabel F to F'.

(4) Increment j.

(5) Jump to 2

We finally observe that for each (j,t) € F with ¢ > 0, it suffices to subtract the probability for

the enlarged submodule FU{j,t—1}; the correct value is then found by the inclusion-exclusion
principle.

3.3. Entropy bounds. For ¢/ > dn we observe that any non-trivial column would require that
Xy € (p) + W]oo] for some prime p. However, by Odlyzko’s lemma, first recorded in [8], this
occurs with probability O(e=") so these columns can be ignored.

Lemma 3.11 (Odlyzko). For any fized subspace V of Fy and random vector X € Fy with
concentration constant o, we have the bound

P(X € V) < (1 —q)°dmV,

Proof of Lemma 3.11. Let k denote the codimension of V. We can find n — k coordinates
7 C [n] such that V' is a graph over 7. If we condition on the coordinates of X in 7, then there
is a unique choice for the remaining coordinates [n] \ 7 for X € V. Since p has concentration
constant «, the probability that each entry of X assumes the required value is bounded by
1 — a, and the result follows from the independence of the entries. O
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For G sufficiently small, i.e. log,|G| = O(1) for all p, Theorem 1.1 and Theorem 1.2 follow
immediately from Theorem 3.1 and the decomposition into Young tableaux. However, for G
sufficiently large there are a super-exponential number of tableaux H/\ and we require a finer
analysis.

Define the weight of a diagram A to be the sum

J(

(4,5)EN

Note that w(\) is the sum of the entries of the minimum semi-standard tableau on A. Then
there are two possibilities.

Proposition 3.12. If G is an R-module such that w(\) > en, then Theorem 1.1 holds.

Proof. Any semi-standard tableau H on A is dominated by the event that |T}| is increased by
") where p(k) is the number of copies of k in H. This is bounded from above by the enlarged
submodule (p***) + W [oo]. These enlarged submodules form a nested sequence in pu(k), so it
suffices to consider those p where u(k) < k='(logp) 'nn =: v(k) for n sufficiently small. Then
in the product we can factor out the error,

n

H Ku(ﬁ)_|_0 —com)) (1+O —can ﬁpﬂu

(=1 (=1

Finally we note that the number of possible labelings controlled by the envelope v(k) is expo-
nential with constant controlled by 7, so Theorem 1.1 follows with 7 sufficiently small. U

If w(\) < en, then we can derive a bound on the number of possible diagrams of shape A.

Proposition 3.13. If w(\) < en then there are O(e~*V") semi-standard tableaux with letters
from [n] on A.

Proof. Let dy(n) denote the number of semi-standard tableaux with letters from [n] on A. Recall
from [4] that

n+it—j
iier A T 6 (A) =g —i+1

where 7;(A) is the length of the ith row of A and ¢;()) is the length of the jth column. We can
bound

r1(A)

[T i)+ =i =i+ 1) = [0

(,4)EX J=1
= exp(z c¢j(logc; — 1))O(exp(cy/n)).
j=1
Similarly,
H(n +i—7) < exp(z c;logn).
(4,9 J=1
Therefore

da(n) < exp(z cj(logn —loge; +1)).
j=1
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Now
r1 logn
ch(logn—logcj+1)§z Z e'(logn —t+1)
Jj=1 =0 j:et<cj<ett!
logn
<Y el(logn —t+1)#{j| e <¢j < et
t=0
Note that
c1
d#{jle <<t <Y i Sen
i=1
so that
#{j | et S Cj S et+1} S eft/2 /En
and thus
logn
dx(n) < exp(z e’?(logn — t + 1)v/en) < exp(cny/e)
t=0
as required. O

We are now ready to prove Theorem 1.1 and Theorem 1.2.

Proof. Let A be the Young diagram for G. If w(\) > en then we are done. Otherwise, we have
by the calculation above

P(coker A = G) = Z[[D( )

H/)

“SOT[®B ) + 0

H/X =0

= ZI:[P(B---)+ O(e~cm)

H/X =0
= P(coker B = G) + O(e ")
where the third inequality is by Proposition 3.13. U

We have therefore reduced the probability distribution of the cokernel to computing the
probability that X, lies in the expanded span of the previous columns. The remainder of this
chapter describes how to prove Proposition 3.1.

4. UNIVERSALITY FOR ENLARGED SUBMODULES

We will distinguish between four possible types of submodules N that ¢(WW;1) can represent.
Let §, d, and D be constants to be chosen later. Intuitively, § and d will be of order 1/100
while D will be about 10.

sparse: There is a non-zero w L N such that |[supp w| < dn; here 0 < § < 1 is an absolute
constant. We will show that sparse submodules are represented with exponentially small
probability by direct counting in Section 6.

unsaturated: N is not sparse and

D
—dan
max(e ’|Ni|)§ IP)(XEN)—|NL| :
Here D is an absolute constant. We will use a generalized version of the swapping

argument from [10], [11] to show that these appear with exponentially small probability
in Section 7.
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semi-saturated: N neither sparse nor unsaturated, and we have the inequality

- D
[N+ [N
Note that the set of semi-saturated N may be empty if | N*| is sufficiently large. We will
count the semi-saturated submodules by finding a structured w L N and then directly
counting to show that they are represented with exponentially small probability. This
is done in Section 9.

saturated: NN is neither sparse, unsaturated, nor semi-saturated. In particular, these
submodules satisfy the universality property.

e < IP(X € N) —

Proposition 3.1 follows if we can show that ¢(WW,) represents a saturated subspace with
probability 1 — O(e~"), where the constants are absolute.

5. ANALYTIC AND COMBINATORIAL TOOLS

Before we finish the proof of Proposition 3.1, we must recall some theory from analysis and
additive combinatorics. For more information see [9] and [7].

Let u be a measure on a compact commutative topological ring. For any 0 < € < 1 we define
the spectrum Spec,_, i to be the set of Fourier coefficients with magnitude at least 1 — ¢; i.e.

Spec;_p={Y € R|[u(¢)] 21— ¢}
The importance of Spec is that it is closed under a bounded number of set additions, as long
as € is enlarged sufficiently. Recall that for sets A, B in an additive group Z, we define A + B
to be the sumset {a+0b|a € A, b€ B}.

Lemma 5.1. For all e > 0 and k a positive integer, we have
Specy_ o+ -+ -+ Spec;_ it © Specy_o pt
where there are k summands on the left.

Recall that Sym(A) denotes the largest subgroup of Z such that A is the union of cosets of
Sym(A).

Lemma 5.2 (Kneser). If A, B C Z are additive sets in an ambient, finite abelian group Z,
then we have the bound
|A+ B| + |[Sym(A + B)| > |A| + | B|

Iterating Kneser’s inequality we have the following corollary.

Corollary 5.3. Let Ay, ..., Ax and B be additive sets in an ambient finite abelian group Z.
Suppose we have the sumset inclusion

Ai+---+ A, C B.
Suppose further that B contains no additive cosets of Z. Then we have

Bl + (k= 1) = [As] + - + | Ay

6. SPARSE
We would like to control the probability that ¢(W,y 1) is sparse. By definition,
P(p(Wpy1) is sparse) = P(¢(Wii1) L w non-zero with [supp w| < dn)
In particular, if we construct the n x (n — ¢) rectangular matrix
B:= Xy - X

then w'B = 0 for some non-zero w with |supp w| < n.

The coefficients of w are contained in a finite R-submodule of }A%, since elements of R have
finite order. We see that there is a maximal ideal m such that w mod m is not constant zero.
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Reducing modulo this ideal, and possibly shrinking supp w, we conclude that w'B = 0 modulo
m.

We can now finish the argument as in [7]. In particular, we can restrict B to those rows
corresponding to non-zero entries of w. This gives a |o| X n — ¢ matrix that is not of full rank.
Regardless of the choice of spanning columns, the remaining columns must lie in their span
and in particular be perpendicular to w. We recall the “classical” Littlewood-Offord theorem
for finite fields from [7].

Lemma 6.1. Let X € F} be a random vector with iid entries taken from a probability distri-
bution p with concentration constant . Suppose w € Fy has at least m non-zero coefficients.
Then we have the estimate

_ 1

forallr € F,.

Combining these estimates, we see that

on
n\[n-—~¢ 1
P(p(Wy) is sparse) < Z < ) ( ) min(l — a,q¢ ' + Kaatas
P k) \k—1 Vak

where ¢ is the smallest residue field for a maximal ideal of R. If we choose § sufficiently small
than this quantity is bounded by O(e=¢*").

7. UNSATURATED

The singularity bounds of Tao and Vu in [10], [11] are based on swapping the columns of the
matrix A with new columns drawn from a more singular probability distribution. Informally,
if we have random vectors X and Y such that

PX eV)<P(X eV)
for some 0 < ¢ < 1 and all V' in some class of vector spaces, then we can conclude that
P(Xs,..., X, span V) < " 'P(Ys, ..., Y, span V)

modulo some difficulties with linear independence. If we would like to show that the columns
of A span such V' with small probability, it therefore suffices to use much worse bounds (such
as the trivial bound) for the “swapped in” vectors Y.

In [7] the author showed that this argument can also be used in the finite field setting as
long as the vector spaces are not close to saturation for the random vectors. Explicitly, it was
required that

[P(X e V)= [V = DIV~
for some D (about 10).

In our more general setting, the actual swapping lemma is a straightforward generalization
of the swapping lemma from [7]. We will prove the following swapping lemma in 8.

Lemma 7.1. There ezists a probability distribution v € R with concentration constant «/8
with the following property. Suppose Y € R™ is a random vector with iid entries taken from v.
Then for every submodule N <1 R™ that is not sparse, we have the inequality

POX € 8) = IV < (5 +o(0) ) PO € ) = I

We need a new notion for linear independence. In addition to avoiding linear dependencies, it
is important that our vectors not introduce additional cokernel. We therefore say that Y7, ..., Y,
are simply independent in N if Y1, ....Y, € N and R"/(Y1,....,Y,) = R"". We will abbreviate
simply independent by s.a..
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As in [10] and [7], we require a dyadic decomposition on the magnitude of P(X € N). We
recall that the combinatorial codimension of N is the unique fraction dy € n='Z7" such that
(1 — )&/ <P(X € N) < (1 — )/,
Since we have the trivial bounds 27" < P(X € N) < 1 we see that there are at most O(an?)
possible combinatorial codimensions, so that it suffices to estimate
P(¢(Wyy1) unsaturated with do(W) = dy) < O(e™ ")

for all d.

Let V+ denote the isomorphism class of ¢(Wyi1)t. Let N be an unsaturated submodules
with N+ = V< of combinatorial codimension d+. Let Y;,...,Y, be iid copies of Y given by
Lemma 7.1 and let X7, ..., X! be iid copies of X. Then we have

P(¢(Wis1) = N AYi, .., Yy, X), .., X are si. in N)
P(Yy, ..., Y., X1, ..., X/ are s.i. in N) '

Because we have assumed that R"/(Y1,...,Y,, X],..., X!) = R" "% we can replace r + s of the
column vectors Xyi1, ..., X, with Y7,..., Y., X7, ..., X! with the following proposition.

P(¢(Wé+1) = N) =

Proposition 7.2. Suppose ¢(Wey1) = N and Zy, ..., Z; are simply independent in N. Then
there is a subset o C [( + 1,n] with |o| =r such that

S({ Xk trgor 21, ..., Zj)) = N.

Furthermore, we can choose o so that if k € o, we have ker Hy,1, — Hp = R.

Proof. 1t suffices to prove this proposition for » = 1, since the simple independence of Zi, ..., Z;
prevents a subsequent choice of X}, from colliding with previously chosen vectors.
From the definition of ¢, we have

HZ —v) = a1 Xog1 + - + a, Xy

for some v € IR" and coefficients a;, € R. We can find k such that (ax) = (¢) as ideals in R.
In particular, we have a; = tu for some v € R*, and we therefore write

Xy =u (7 —v) —utap Xy — - —uta, X,
Now, any y € N satisfies
ty —v') = bepa Xepr + - + an X,
but this equation can be rewritten to replace X; with Z. O
Now it is convenient to abbreviate events. We define the events
D,:=Y,...Y, X|,..X.eN
Ey:=Y1,.... Y, X{,.., X, si in N
Fro = 0(({Xubagrs Vi o Yoo XJ 0 X0)) = N
By Proposition 7.2, we have
P(p(Wey1) = N) < Z

oC[l+1,n]
lo|=r+s

P{Xx}reo € N)
P(EN)

P<FN,0)

First we consider the ratio
P({ Xk }keo € N)

P(EN)
We can expand the denominator with conditional expectation,
P(Ey) =P(Dy)P(EN | D)
=P € N)'P(X € N)°’P(Ey | Dn)

For the numerator we need the following independence lemma.
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Proposition 7.3. Let Zy, ..., Z; be independent random vectors in R". Then we have the bound
J
P(Zy,....Z; €N | Z1,...,Z; are s.i.) < [[P(Z0 € N).

(=1

Proof. The proof is the same as in [7] except for minor notational differences. Expanding the
left hand side with conditional expectation,

[Pz eN|Z,....Z;1 € Nand Zy, ..., Z, are s.i.)

j=1
Let U; denote the R span of Z;,...,Z;_1. We claim that
P(Z e N\ Uj)
<P(Z € N).
pzgu) N
In fact,
P(Ze N\U;)=P(ZeU;)P(Ze N\U;)+P(Z ¢ U;)P(Z € N\ Uj;)

<P(ZeU)P(Z ¢ U;) +P(Z € N\U)P(Z ¢ Uj)
_P(Z e N)B(Z ¢ U)). 0

Since { Xy }reos are simply independent in N by construction, we therefore conclude that
P({Xi}hes € N) SP(X € N)™™.

We now apply Lemma 7.1. Since N is unsaturated,
P(X € N) 1 1
— — <=+ = 1) ).
P(Y €EN) <2+D+0( )>

Collecting terms, we see that so far we have shown that

1 1 " 1
P(¢(WZ+1) = N) < S <§ + 5 + 0(1)) WP(FN’O)

Next we control P(Ey | Dy) from below. We can expand this probability into the product
[[P(vi, ... Y sc.in N [V, ... Y1 sc.in N and Y, ..., Y, € N)
j=1

along with analogous terms for X’. We can write each term of the product in the form

[[a-P; e v,....Y;o1) + mR" | Y; € N)).

m
However, we can bound this with Odlyzko’s lemma and the condition on the combinatorial
codimension of N.

To finish the argument, we now sum over all submodules N of prescribed isomorphism class.
We then find that

1 1
Po(Wier) iswnsat) S 3 (5455 +o()) Y P(Fw,).
oC[l+1,n] N unsat
|o|=r+s
We see that the inner sum on the right hand side is always bounded by 1, since the collection
of vectors can only induce a single submodule. We then choose r,s appropriately to bound the
whole quantity by O(e=“*"). O
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8. SWAPPING LEMMA
We will now prove a generalization of the swapping lemma from [10], [11], [7].

Proof of Lemma 7.1. We will abbreviate v = 1/8 for convenience. Let

(¢ t#0
o(t) = v (), #
1_ZS#OV(S)7 t=0.
Here p=(t) := pu(—t). It is trivial to verify that v is a probability distribution and 7 > 1 — 2.
It also has concentration constant § = ya = a/8.
The Fourier transform of v is

U=1-v+9n
It now suffices to verify the swapping inequality. We observe that

P(X € N) = [NHT =[N0 Y Bo(X) = N0 Y [T

YeN-L\{0} PENL\{0} (=1
and similar for P(Y € N). We therefore define

and

so that it suffices to show that

> s (3rom) X g

peN-\{0} YeNL\{0}
We do this by level sets. For u > 0 define

F(u) == {¢ € N* | f(¥) > u}

and

G(u) :=={y € N | g(¢) > u}
and likewise let F'(u) = F(u) \ {0} and G'(u) = G(u) \ {0}.
Let € > 0 be chosen later. We must split the sum for f into two parts: those frequencies v
where f(1)) < e and those where f(¢) > e.
We first claim that f(1) < g(v)*. This follows from the pointwise estimate |fi(t)| < (),
which we can prove with the arithmetic-geometric mean inequality:

(a7 < é(lm2 +7) =v(t).

This inequality quickly controls those frequencies where f is small. In fact,

>y <eét T g)
YEN-\{0} YEN-\{0}
f()<e fW)<e

so as long as € — 0 as n — oo this portion is done.

Now we will consider those frequencies where f is large. In this case, we will apply Kneser’s
ineuality to the sumset inclusion F'(u) + F(u) C G(u).

It suffices to show that |7i(t)fi(s)| < U(t+s)?. Asin [7] we consider two cases. If either fi(t) <
1 — 4~ or ji(t) < 1 — 4 then the inequality is trivial from the lower bound for 7. Otherwise,
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we write [11(t)] = 1 —6; and |fi(s)| = 1 — 6. By Lemma 5.1 we have |fi(t + s)| > 1 —2(0; + 0s).
But by the definition of v we get D(t + s) = 1 — v + |t + s)[*> > |[a(t)u(s)|.

Kneser’s theorem tells us that 2|F(u)| < |[Sym F(u) 4+ F(u)| + |G(u)|. We would like to show
that Sym(F(u) + F(u)) = {0}. It suffices to show that G(u) does not contain any non-trivial
subgroup, as this would in turn guarantee that F'(u) 4+ F'(u) does not either.

Let H <1 G(u) be minimal, so that H = Z/pZ for some prime p. Choose w € Nt that
generates H as a Z/pZ-module; since N is not sparse, we can assume that w contains at least
on non-zero entries.

Define the function .

ht) = 1—D(t)’

(=1

p ! Z h(tw) =n —p~ " Z Zﬁ(twg)Q

teZ/plL. teZ/pZ =1
By Plancherel’s theorem and the fact that N is not saturated we see that this entire quantity
is bounded below by yadn. Therefore we simply require that u < ~yadn, which gives us the

Averaging h over H,

bound {
Y. fWs<g Y 9w
peN\{0} PpeN-\{0}
F(h)>e f()>e
as required. 0

9. SEMI-SATURATED

Let N be a semi-saturated submodule. By the inverse Fourier transform,
1

© = INT]

P(X € N) —

n

1 -
S]NL\ Z H|M(f£)|

EENT\{0) £=1

In particular, we can find a ¢ € N+ \ {0} such that

1 n
expln) < exp(— D)
with ¥(t) := 1 — |i(t)|?; taking logarithms gives

> W(¢) < 2dn.
=1
Let k be a parameter to be chosen later. For all but x of &, we have

P(() < —

K
dn

K

or, equivalently, ¢, € Spec,__ i for e =
Proposition 9.1. For all B > 0 there exists € > 0 such that for all orders T, Spec,_, jv contains

at most BT elements of order T'.
Proof. We first notice that there is an 1 > 0 such that Spec,_, ;1 does not contain any non-

trivial additive cosets H + s with H <t R and s € R. In fact, for each such H and s we can
apply Markov’s inequality and use the a-concentration of p,

(1—n)*#(H + s N Spec;_, p) < Y _[ilh+5)]> < |H|(1 — )
heH
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We therefore choose n = /2. With this value, we apply the iterated form of Kneser’s inequality
to find
k{t € R||t] =T} nSpec,  p\{0} < [{t € R|[t] =T} NnSpec; 2. pu\ {0}
so we pick k = 371 and € = k= %. O
We now choose ¢, and therefore d, such that Spec;_, p has small cardinality in every finite

torsion submodule of E; namely ST for order T elements.
We can count directly the number of vectors ( of given order with the above constraint. In
fact, for order T" we have

#{structured ¢ of order T'} < (:) TpT) " < g1

where in the last inequality we chose k = n/10 and replaced 8 with a comparable value.
We can count the number of submodules N with prescribed perpendicular isomorphism class
and perpendicular to a fixed vector.

Proposition 9.2. Let W+ be a fized finite submodule of R" and let ¢ e R" have finite order
T. Then the number of submodules N <1 R® with N* = W+ and ( € N* is bounded by

W L
W#{CGW | [¢[ =T}
Proof. We double count the number of pairs ( € N+,

DOHNICeEN T =#H{NOICeN I =T=) #{Ce N |[|=T}
I¢I=T N

We observe that #{N | ¢ € N1} is independent of ¢. In fact, for any two (1, (s of order T we

can find an automorphism R"™ — R" that maps (; to (o; this induces a correspondence between
submodules of the same isomorphism class. We conclude that

LN | e Nty = HININT=WIHCE N || =T}

#{C € B ||| =T}
We have the trivial bound

#{N|CeN}S

v | vty < N
B ~ |Aut N+
so collecting terms we find
11 < |WJ_|n 1
#{N’CEN}NW#{CGW ¢l =T} O

Now we are ready to estimate the probability that W is semi-saturated. We count the number
of semi-saturated spaces,

P(W is semi-saturated) < Z P(W = N)

N semi-saturated

D n—~¢
< #{N semi-saturated | N* = W~} (’WH)
With the above bounds on the number of structured vectors and the number of submodules
perpendicular to a given vector, we bound
WJ_ n
#{N | semi-sat and ¢ € N* struct., order T} < B”W#{C ceWt ||| =T}

Summing over every possible order T,
W

#{N | semi-sat and ¢ € N struct.} < 6”W

W



COKERNELS OF RANDOM MATRICES SATISFY THE COHEN-LENSTRA HEURISTICS 19

We now combine this with the bound on P(W = N) to find
W
|Aut |

By construction of W, its perpendicular module W+ must contain at least ¢ terms of maximal
order, so

P(W semi-sat) < 8"D"* W

|Aut W > W%
We also know that |[IW=| < De since W is semi-saturated, so if we take 3 (and therefore d)
sufficiently small then we find

P(W is semi-saturated) = O(e™ ")

as required. ]
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