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We study random torsion-free nilpotent groups generated by a pair of random words of length ¢ in the standard
generating set of U, (Z). Specifically, we give asymptotic results about the step properties of the group when the lengths
of the generating words are functions of n. We show that the threshold function for asymptotic abelianness is £ = ¢y/n,

2

for which the probability approaches e 2¢", and also that the threshold function for having full-step, the same step as

Un(Z), is between cn? and cn®.

1 Introduction

The goal of this paper is to study random finitely-generated torsion-free nilpotent groups (also known as T-groups
[2]). Recall that a nilpotent group N is one for which the lower central series eventually terminates:

N=Ny>N;>--->N,={0}

where N; = [N, N;_1] is the ith commutator subgroup (i.e. the subgroups generated by commutators of elements
in N and N;_;). If r is the first index with N, = {0} then we say that N is nilpotent of step r. For more
background on nilpotent groups see [6].

Our motivation for studying random nilpotent groups comes from Gromov’s study of finitely generated
random groups via random presentations (see [7] for a detailed introduction). Roughly speaking Gromov
considers groups Gy given by a presentation Gy = (S| Ry), where the generating set S is fixed and finite,
and the relator set Ry contains a subset of all possible relators of length at most ¢. A random group is said to
have a property P if the probability that G, has P goes to one as ¢ goes to infinity. Generally the size of Ry
depends on ¢ and a chosen density constant d € [0, 1] where R, at density d contains on order of the dth power
of possible relations of size less than ¢. Changing d changes the properties of the random group. A fundamental
result of Gromov’s shows that when the density is greater than 1/2 the resulting random group is trivial, and
when the density is less than 1/2 then the random group is a so-called hyperbolic group. Unfortunately, nilpotent
groups are not hyperbolic so this model is unsatisfactory for studying random nilpotent groups. For a recent
generalization of Gromov’s idea to quotients of free nilpotent groups see [1].

The model we study is motivated by a well-known theorem [4] which states that any finitely-generated,
torsion-free nilpotent group appears as a subgroup of U, (Z), the group of n X n upper-triangular matrices with
ones on the diagonal and entries in Z.

Let E; ; be the elementary matrix that differs from the identity matrix I,, by containing a one at position
(i,7) and set A; = Ej ;1. Then the set S = {AF' ... A1} of superdiagonal elementary matrices is the
standard generating set for U,(Z). Our random subgroups will be generated by taking two simple random
walks of length £ on the Cayley graph of U, (Z) given by the generating set S. These two random walks define
two words, V, W that generate a subgroup

Gon = (V,W) < U, (Z).

We are interested in the asymptotic properties of Gy, as £ — oco. For example, when n is fixed one can show
that the probability that Gy, is abelian goes to zero as ¢ — oco. If £ is a function of n, then the asymptotic
abelianness depends on the rate of growth.

Before giving the precise statement of our results, we recall the Landau notation that we use to describe
the growth rate of £:
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If f(n) € O(g(n)) then there exist numbers ¢ and N, so that n > N implies f(n) < cg(n).
If f(n) € o(g(n)) then for all ¢ > 0, there exists an N, so that n > N implies f(n) < cg(n).
If f(n) € n)) then for all ¢ > 0, there ex1sts an N, so that n > N implies f(n) > cg(n).

w(g(
We write f(n) ~ g(n) if lim, o f(n)/g(n) =

Let P be a property of a group. For a particular length function ¢(n), we say Gy, is asymptotically almost
surely (a.a.s) P if the probability that G, has P approaches 1 as n approaches infinity. In Section 4 we prove
the following theorem:

Theorem 1.1. Let Gy, be a subgroup of U, (Z) generated by two random walks of length ¢ in the standard
generating set S and suppose £ is a function of n.

1. If ¢ € o(4/n) then asymptotically almost surely Gy, is abelian.

2. If ¢ = cy/n then the probability that G, is abelian approaches e=2 asn — oo.
3. If £ € w(y/n), then asymptotically almost surely Gy, is not abelian.

O

Another property we focus on in this paper is the step of Gy ,,. Note that U, (Z) is a step n — 1 nilpotent
group. We say that Gy, has full step if it is also of step n — 1. We show that the threshold function for being
full step lies between n? and n3.

Theorem 1.2. Let Gy, be a subgroup of U, (Z) generated by two random walks of length ¢ in the standard
generating set S and suppose / is a function of n.

1. If £ € o(n?) then asymptotically almost surely Gy, does not have full step.
2. If £ € w(n®) then asymptotically almost surely Gy, has full step.

Theorem 1.2 is proven in Section 5. These theorems are summarized by the following diagram.

step =1 l<step<n—1 step=n—1
a.a.s. a.a.s. a.a.s.

1.1 Outline

Asrandom walks, V, W are given by V. =V V5 --- Vpyand W = W Wy - - - W, where V;, W; € S. To prove Theorem
1.1, we define a sufficient condition for commuting, called supercommuting.

Definition 1.3. Let V =V Vo -V, and W = W1 W5 - - - W, where V; and W; are elements in the U,, generating
set S. The words V' and W supercommute if every V; commutes with every W;. O

We show that when ¢ € o(n), supercommuting and commuting are asymptotically equivalent, and that the
threshold for supercommuting is at £ = ¢y/n. For Theorem 1.2 most of the results are a matter of analyzing the
entries on the superdiagonals of our generators V and W. The (¢,7 + 1) superdiagonal entry of V', which we
denote by v;, is the sum over the number of Alil that occur in the walk, where A; contributes +1, and its inverse
—1. Therefore the vector of superdiagonal entries is the endpoint of a random walk in Z"~!; while these are well
studied objects, most of the study has been on walks in a fixed dimension n. In our case, both the dimension n,
and the length of the walk are going to co. We gather these results in Section 3.

2 Preliminaries

Many of the results in this paper depend on the superdiagonal entries v; ;41 and w; ;41 of V and W. For this
reason we adopt the shorthand z; := 2; ;41 for any matrix Z.
The following proposition gives a necessary condition for commuting in U,.

Lemma 2.1. Let W = [w; ;] and V = [v; ;] be matrices in U,,. If W and V commute then w;v; 41 = w;41v; for
all1 <i<n—2. O
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Proof. This is a straightforward computation. The first superdiagonal of C = VWV ~!W ! vanishes and the
second superdiagonal entries are given by c¢; i12 = Wit1V; — W;Vi41. [ |

Corollary 2.2. The elementary superdiagonal matrices A?ﬂ, Ajil commute if and only if |i — j| # 1. O

Next we study the kth commutator subgroup of Gy, = (V,W). Note that in a nilpotent group the kth
commutator subgroup is generated by all m-fold commutators for m > k of the form

[Bl [BQ s [Bm; Bm+lm']

where the B; are chosen from a fixed generating set (see for example Lemma 1.7 in [4]). Therefore to test that
Gy, is k-step nilpotent we only need to check that [By[Bsz - - - [Bg, Bi+1]]]] = I when B; € {V,W}.

In Lemma 2.1 we noted that taking a commutator resulted in a matrix with zeros along the first
superdiagonal. In the next lemma we show that taking a k'™ commutator results in zeros on the first k
superdiagonals. We also give a recursive formula for the entries on the (k + 1)%* superdiagonal using iterated
two dimensional determinants.

Lemma 2.3. Let C* = [¢};] be a k-fold commutator of two matrices V,W; then ¢} ; = 0 when i < j <i+k
and 1

)
Zhtik+itl Gyl ktitl

where Z = [z ;] and either Z =V or Z = W. O

k _
Cikriyr = det

Proof. We prove this result by induction, where the base case is given in the proof of Lemma 2.1. Assume
C*~1 is given, and for convenience let K = C*~!. Since the first k — 1 superdiagonals of K contain all zeros,
computing C* = ZKZ 1K~ yields zeros on the first k superdiagonals, and on the (i,i + k + 1)-diagonal we
have

k—1 k—1
Ziit1Ci4 1 pyit1 — Fh+ik+it1C g
To help see this, note that when the first nonzero superdiagonals of Z, C*~1 C* are overlayed the resulting
matrix is the following.

k—1 k
I ziig1 -+ Cik+i  Ciitk+1
i1, kil
1 2l ki1
1

Our first application of Lemma 2.3 is the following lemma, which shows that Gy, cannot be full step if
V, W have a matching pair of zeros on their superdiagonals.

Lemma 2.4. Given Gy, = (V,W), if there is some 1 < d < n — 1 such that v4 = wg = 0 then the step of Gy,
is bounded by max{d — 1,n — 1 — d}. O

Proof. Recall that vqg = vg,4+1 and similarly wg = wg,44+1. By Lemma 2.3 we have that for C! = [V, W]

1 _ Vd—1,d Wd—-1,d| __
Ci—1,d+1 = det =0
Vd,d+1 Wd,d+1

since the bottom row of this two by two matrix has both entries to zero. Similarly

Vd,d+1 Wq,d+1 ] —0

1
Cd d+2 - det
at Vd+1,d+2 Wd+1,d+2

since the top row of the two by two matrix has entries both equal to zero. Inductively, by Equation 1, we have
that ¢ , 411 = ¢h 4yxp1 = 0- This is because either the top or bottom row of the matrix in Equation 1 will
f;_lﬂ and Cf—;ll,k—&-i—&-l are zero then cf,kﬂ.“ = 0 since

then the righthand column of the matrix in Equation 1 will have both entries zero. In particular, cﬁj is zero if
k> max{d—1,n—1—d}.

have both entries equal to zero. Alternatively, if both ¢
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Lemma 2.3 also leads us to define a modified determinant product which gives us a method to calculate the
entries of the first nonzero superdiagonal of a iterated commutator product of upper triangular matrices given
their first superdiagonal entries.

—

Definition 2.5. Let @ = (ay,...,as) and b= (by, ..., bn) be vectors with s > m and set s — m = p; then [@ b
is the m — 1 dimensional vector given by

@ :=(

Lemma 2.6. Let b; be the vector containing the n — 1 main superdiagonal entries of an n X n unipotent matrix
B; labeled from top left to bottom right. Then the (k + 1)** superdiagonal entries of the k-fold commutator
[B1[B2 - -+ [Bk, Br+1]]] are given by the (n — k) dimensional vector

Qm—1 bmfl
Ap+m bm

az by
apts b3

ap by
apy2 b

’ y Ty

O

- =

[Br[b2 - b bra] -]
O

This lemma can be proved by direct computation or by inspecting the proof of Lemma 2.3. To illustrate
this result, consider the following examples, the second of which will be used in Section 5.

Example 2.7. We consider the commutator [D, [C,[A, B]]] where the superdiagonal entries of A are given by
(a1, ...an—1) and similarly for B, C, D. The first three superdiagonals are all zero while the fourth superdiagonal
has entries given by

1 ap b Crd ap-q by
az by " On—3 bp_3
d1 dn74
az by an-3 bn—3
< ag b N2 Ny byg
5" )
as b Gp—3 bp_s
c Cn—
2 as b3 ns Ap—2 bn—2
d4 dn—l
asg b3 Ap—2 bn72
“ lag by B P
O
Example 2.8. Consider the commutator
W, [W,...[W,V]]
—_———
n—2
where V, W are n x n upper triangular matrices with main superdiagonals given by the vectors (v1, -+ ,v,—1) and
(wy,- -+ ,wn—1) respectively. Using the iterated determinant formula we see that the first nonzero superdiagonal
has only one entry and is given by
Kiviwows -+ - wp—1 + Kowivows - - wp—1 + -+ + Ky 1wy -+ - Wp_2Up—1
where each K; = (":1) with alternating signs. O

3 Distribution of the Superdiagonal Entries

In this section we examine the probability of finding zeroes on the superdiagonals of V' and W when ¢ € w(n).
In order to emphasize the dependence on ¢ we write V¢, W instead of V, W and vi, wﬁ instead of vy, wy, for the
superdiagonal entries. If we fix n and k we can model vﬁ as the endpoint of a lazy random walk in Z:

£
’Uﬁz E Zj
j=1
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where z; = £1 with probability 1/2n each and z; = 0 with probability (n — 1)/n. Likewise for any two k1 # ko
we have an induced lazy random walk on Z2:

where (z;,y;) = (£1,0) or (0,+£1) with probability 1/2n each, and (z;,y;) = (0,0) with probability (n — 2)/n.

Our goal is to estimate P(vj = 0) and P(vf = vf =0). The proofs of the following lemmas follow the
standard proofs of the local central limit theorem for lazy random walks on Z¢ where special attention is paid to
the dependence of the estimates on n. (See for example Section 2.3 in [5]). We reproduce them here because we
were not able to find this exact formulation in the literature. Morally we rewrite everything in terms of A = ¢/n
and provide error estimates. We can do this as long as A — co—that is, when ¢ € w(n). To make the results in

this section more applicable later on, we define a constant K = 1/v/27.

Lemma 3.1. Suppose £ € w(n). Then for a fixed 1 < k < n we have

n
P(vh=0)~ K 7

Proof. We begin by noting that the characteristic function of x; is given by

1

1T\ 1 _ i g —it\ __ 7& o
#(t) = E(e"*9) =1 nJr (e +e ™) =1 n(l cost)

2n

and the characteristic function of v{ which is

(1) = (1 - %(1 - cost))e.

1 (" 1 ‘
P(vﬁz()):%/ <1n(1cost)> dt.

The methods used to estimate this integral are identical to the ones used in the more general proof of Lemma
3.3 below so we do not produce them here. The above integral is transformed to

P(vf =0) = \/\g </R e /2ds + 0(1)>

Therefore

|
Since vf; and wi are independent we have the following corollary:
Corollary 3.2. Suppose / € w(n). For fixed k, P(vy = wx = 0) ~ K?n//. O
Next we prove an estimate on the probability of having a pair of zeros in fixed coordinates ki # ko.
Lemma 3.3. Suppose ¢ € w(n). Then for fixed ky # ko,
P(vg, = vf, =0) ~ KQ%
O

Proof. We begin by computing the characteristic function of (x;,y;) which is given by

. 1 1
B(t,to) = B(er@itt2ui)y = 1 — (1 — costy) — —(1 — costy)
n n
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and the characteristic function of (vf v} ) = (Zﬁzl xj, Z§:1 y;) which is

¢
o)t = (1 - %(1 —costy) — %(1 - cost2)> .

¢
1
P(vy,, = v}, = // ( —(1 —costy) — EO — cost2)> dtdts.
1 o2 1 ‘
- o //[ . (1 - % + nh(&)) a6

where 0 = (t1, ) and h() = S0 (~1)1 442" ¢ 0(|9\4)

Therefore

=2 (20)!
We use the Taylor expansion log(1 + z) = Zfol + that is valid for |z| <1 to write
log(¢(0)) =lo —m + lh(9) = |0|2 —|— h(8) + f(6,1/n) (2)
& -8 2n n - 2n n
—_———
where

This expansion is valid for

‘ o> 1 1’ 6]
77+7 —__

h(&)' =5 +h(0)‘ <1

which holds as long as |f| < 6 where ¢ does not depend on n. (It holds for n =1 and so it holds for all n). Let
A ={/n. Now use a change of variable § = s/ﬁ = s\/% in Equation 2 and multiply both sides by ¢ to get

/z1og( (s/f)) '2‘2 h(s/VX) + F(s,1/¢,))

gn(£,s)
where f = £f is given by
7( 1/5)\)_§:L i( 1) 1 si' 453 j
S N = jli—1 — Ni—1 (2i)!
This expansion is valid as long as |s| < dv/\. Note that when n = 1 we have
[ERVARS PR R J
s = — —1)i—_ 21 T 72
T = JO\ = =1 (24)!

and since ¢ > \ we have that

+2z ‘ 0 +2’L
Z]wl<2)\z 51%52) Zj)\]1<2)\z 181228>

=2

Then | |4

|9n (£, 8)] < MR(s/VX)| + | f(s,1/£,\)] < Mh(s/VN)| +

where ¢ can be chosen independent of n. Note that

N Y SN
h(s/V\) = /\Z(*l) No@) Z(*l) S RCE
=2 =2



A Matrix Model for Random Nilpotent Groups 7

50 A |h(s/vVN)| = o(|s|?) and so we can find 0 < € < § such that for |s| < ev/A

Let Fy,(s) = e(“%) — 1 and let

be the integral of a two-variable standard normal distribution (see for example Equation 2.2 in [5]). Then
1
P(vf, =vf, =0) = e //[ . ¢(0)"do

1 02 1 ¢
= — 12 4 -
(%P%me< g uh0)) a0
1 // —Jsf?/2
= — e WU (Fy o (s) + 1)ds
(27T)2>‘ [—mVA, V]2
1

= @ <An(e,e)+/[glgmeSIQ/Z(FE,H(S)H)ds)

= pe(0) + Bn(e, 0) + (%ﬁ <An(e7€) +//S|<Eﬁes22Fg7n(s)ds)

muwn—v/ o(s/V/N)'ds
[V X mVAI2\{|s|<eVA}

where C and 8 do not depend on n since |¢(6)] <1 — 2]9|*> < e~ 1% (where b does not depend on n) for all
6 € [—m,7)? and so for |s| > eV/A we have ¢(s/v/\) < e P/ Likewise

1 2
m@mz\// o—ls /24,
(277)2)‘ [s|>evV/X

where 8’ and C’ do not depend on n. Finally as long as |s| < As we have

where
< Che P

< Cle™ PN

gn(£,s) " C//|3|4
Fion()] < 1090 1] < C"g(6,5) <
where C” does not depend on n. Therefore we have
o2 ol .2 okl
‘// e*‘2| Fyp(s)ds| < — |s|4e*%ds < .
|s|<A1/8 A Jre A

This leaves us only to estimate the integral for \'/® < |s| < ev/X where we have the bound |Fy,(s)] < e™ 3 + 1.

The integral then can be estimated as follows
_ls? _ls? = el
e 2 Fyn(s)ds| <2 e” 2 ds<Ce .
AV/8<|s|<eV/X [s|>A1/8

This gives the desired result. u

Corollary 3.4. Suppose ¢ € w(n). For fixed ki # ko,

P! = —w! —wl =0 K4ﬁ2
(vkl_vkz_wk‘l_wk‘z_ )N .

~

Proof. This follows from Lemma 3.3 and the fact that

¢ ¢ ¢ ¢ ¢ ¢ ¢ ¢
P(”/ﬁ = Vg, = W, = Wy, = )= P(Uk1 =V, = O)P(wk1 = Wy, = )-
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Lemma 3.5. Suppose ¢ € w(n) and suppose a; = a;(¢) for 1 < i <mn — 1, with P(a; #0) — 1 as £ — oo. Then

P(ayvy + agva + -+ ap—_1v,—1 = 0) = 0 as £ — oo. O
Proof.
P(é aw; = 0) = P(v;, = :2 ZTU =0 a1 #0)P(ay £ 0)
JrP(iawi =0]a; =0)P(a; =0)
i=1
<P(v; = — Y Z—jvi:0|a1#0)+P(a1:O)

=2

< P(v; = 0) + P(ay = 0)

since the most likely value for v; is 0 and therefore by Lemma 3.1 this limit goes to zero. n

4 Asymptotic Abelianess

In this section we prove Theorem 1.1. To check that Gy, is abelian we only need to check that V, W commute.
Most of our analysis involves the notion of supercommuting that we defined in the introduction. Recall that for
two words V =ViVo-- -V, and W = Wi Wy --- W, with V;, W; € S to supercommute, every V; must commute
with every Wj.

Clearly supercommuting is a sufficient (but not necessary) condition for commuting. However, when
¢ € o(n), the probability of V' and W commuting but not supercommuting goes to zero as n — co. Therefore,
when £ is in this class, these two notions of commuting are asymptotically equivalent. To prove this fact, we
begin by defining the function

1 if Z=A;
0i(Z):=¢ -1 if Z=A"
0 otherwise.

Since multiplication in U, is additive on the superdiagonal elements,

l 4
U1=ZO'Z(‘/}) W; :Zai(Wj).
7j=1 7j=1

In other words, the i*” superdiagonal entry of V is a count of the number of times one of A;H appears in the
word V = V; ...V, where A; contributes +1, and its inverse —1. Since ¢ is growing more slowly than the size of
our matrix (and hence more slowly than the size of our generating set .S), the probability of seeing a particular
A; in an {-step walk approaches zero. We make this precise in the following lemma.

Lemma 4.1. Suppose £ € o(n). For fixed 1 <i<n—1and Z = Z,Zy--- Zy, where Z; € S = {AT!,... AT},
P(os(Z;) # 0 for some 1 < j </) =0
as n — oo. O

Proof. For fixed j,

Since the Z;’s are independent,

¢
. 1
P(0i(Z;) =0 for all j) = (1 _ n—1> .

Since £ € o(n), the limit of this probability is 1, and so its negation—the probability that ¢;(Z;) # 0 for some
j—goes to 0. n
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Now suppose that A; appears at least once in our word Z1Z5 - - - Zy. Lemma 4.1 implies that it, or its inverse,
almost surely does not appear again.

Corollary 4.2. Suppose £ € o(n) and Z = ZyZ5 --- Zy. For a fixed 1 <i <n — 1, the i*' superdiagonal entry
z; of Z satisfies
P(z; = £1 | 04(Z;) # 0 for some j) — 1

as n — oo. O

Proof. This follows from the fact that P(z; = £1 | 0,(Z;) # 0 for some j, and 0;(Z;) =0 for all k # j)) =1
and

£—1
1
P(Ui(Zk):Oforallk;éj):<1—n_1> -1

as { — oo. [ |

Lemma 4.3. When ¢ € o(n),

P(V and W commute but do not supercommute) — 0.

Proof. Note that

P(V and W commute but do not supercommute)

<P(V and W commute | V and W do not supercommute).

We will call this latter (conditional) event C and show that P(C) — 0.

Let A; and A;y; be called neighboring elementary matrices. If V and W do not supercommute, then
Corollary 2.2 implies the words V and W must contain neighboring matrices. Without loss of generality, this
implies there must be some 1 < k <n —1 and some 1 <14,j < ¢ such that o5_1(W;) # 0 and o, (V;) # 0. We
bound P(C) above by considering the events wy_1 # +1, v # £1 and the joint event wy_q = £1,v, = £1.
While these three events are not mutually exclusive, they do cover all possibilities.

P(C) < P(C | wyo1 # 1) Plwy_1 # +1) + P(C | vy # +1) P(ug # £1)
+ P(C | Wg—1,V = :|:1) P(wk_l,vk = :|:1)

By Corollary 4.2 the first two terms go to 0 and the last term goes to just P(C | wi_1, vy = £1). By Lemma 2.1,
this is at most

P(C | wg—1,vk = £1) < P (wi—1v — wgvp—1 =0 | wr—1, v = £1)
< P(wpvg—1 #0)
< P(vg—1 #0)

and P(vg_1 # 0) — 0 by Lemma 4.1. [ |

4.1 Part 1 of Theorem 1.1: when /(n) € o(y/n).

In this case, we can use a counting argument to show that V and W supercommute.

Lemma 4.4. Assume that £ € o(y/n), V=V Vo---Vy, and W = Wi W5 --- W,. Let F' be the number of pairs
i,j for which V; and W; fail to commute. Then the expected value E(F') — 0 as n — oc. O

Proof. Let 7;; be an indicator random variable whose value is 1 precisely when V;W; # W;V;. By Corollary
2.2, for each k, there are at most 2 values of i such that V; does not commute with Af'. Since W; = Aif* for

some 1 <k <n—1, when 2 <k <n — 2, the probability that V; does not commute with Wj is ﬁ = %;
when k is equal to 1 or n — 1, the probability is ﬁ = ﬁ Therefore the probability P(V;W; # W;V;) < =5

for all 4 and j. Since F' counts the number of non-commuting pairs V;, W;, we have

L0
F=3%> %
i=1 j=1
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By linearity of expected value,
¢ ¢
E(F) =YY E(;)-
i=1 j=1

4 4
=YD PViW; # W,V

i=1 j=1

Since £ € o(y/n) then £? € o(n) and

. . 202
lim E(F) < lim =0. u
n—o00 n—oo N —
Corollary 4.5. If £ € o(y/n) then V and W supercommute asymptotically almost surely. O

Proof. The elements V' and W supercommute precisely when every V; commutes with every W;, that is when
F = 0. Since F' is a nonnegative integer random variable, and E(F) — 0 we have that P(F' = 0) — 1. u

4.2 Part 2 of Theorem 1.1: when ¢ = ¢\/n.

We start with a heuristic argument. For V' and W to supercommute, V; must commute with W forall 1 <4, < £.
The probability that a given V; and W; commute is 1 — 2/(n — 1) for most cases. Since there are 2 such pairs,
the probability that they all commute is

02 n
2N (2 N
n—1 - n—1 e2c®’

This argument assumes independence of each V;, W; pair commuting, which does not in general hold. However,

we are able to show that limiting probability for abeilianess is nonetheless 1/ 6262, as predicted.

If we fix the V}’s, there is a specific set of k’s for which A%l fails to commute with at least one V;. Let B be
the number of such k’s; then since the W;’s are chosen independently, the probability that all of them commute
with V is given by

¢
B
P(V and W supercommute) = (1 o 1) . (3)

Now we have to say something about the distribution of B. Imagine a row of n — 1 bins. For each V; = A;H,
we put a ball in bin £ — 1 and a ball in bin k£ + 1. Then B is the number of non-empty bins. Since there are 2/
balls, two* for each V;, we have 2 < B < 2¢. Let D be the difference 2¢ — B. We will show that the expected
value of D approaches a constant.

Lemma 4.6. If / = c¢\/n then E(D) — 2¢? as n — oo. O
Proof. Let V = ViV, --- V4. First, we count the number X of “empty bins”. We write X = > X;, where

{0 if A;11 or A;_; appears in the word V
P =

1 otherwise.

Note that the behaviors for the end bins (when ¢ = 1 or ¢ = n — 1) are slightly different than the other bins but
asymptotically this difference will not be important. Since each element V; is chosen independently, we have,

E(X;,)=P(X;=1) = (1— 2 >e.

n—1

*When V; = Aitl or Ai:il only one ball is added; but this almost never happens as n — oo.
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Therefore, E(X) = (n — 1) (1 — i)e. Since B is the number of nonempty bins, B + X =n — 1, and we have,

n—1

E(B):(n—l)—(n—l)(1—nil)e:(n—1) (1-(1—n31)€>.

Finally, since D is the difference 2¢ — B, the expected value of D is E(D) = 2¢ — E(B). Taking the limit as n
goes to infinity gives the result. u

In order to evaluate the limit of Equation (3) as £ — oo we need to control the size of B = 2¢ — D. For this
we consider two cases: when D > log ¢ and when D < log/.

Lemma 4.7. If £ = ¢y/n then P(D > log{) — 0 as n — oc. O

Proof. Markov’s inequality tells us that P(D > log{) < E(D)/log¥. Since E(D) converges to a constant by
Lemma 4.6 but log ¢ grows without bound, this probability goes to O. u

Lemma 4.8. If { = ¢y/n then P(Gy,, is abelian | D < log () — 1/e2* as n — cc. O
Proof. Recall (by Lemma 4.3 and Equation 3) that

lim P(Gy,, is abelian) = lim P(W and V supercommute)

n— oo n—oQ

¢
= lim <1 B >
n— o0 n—1
and that by definition of D, B =2¢ — D. Since 0 < D < log ¢, we have
‘ ‘ ¢
1 2/ < 1_2€—D < 1_2€—log€ ’
n—1 n—1 n—1

Using standard techniques (taking the logarithm and using L’Hépital’s rule) one can show that as n — oo both
the extreme functions limit to 1/ 6262, and the result follows.

Lemma 4.9. If { = ¢\/n then P(Gy,, is abelian) — 1/¢2% as n — co. O

Proof. We have

lim P(Gy,, is abelian) = lim P(Gy,, is abelian | D < log¢) P(D < log /)

n—oo n—r oo

+ lim P(Gy,, is abelian | D > log¢) P(D > log¥).
n—oo
By Lemma 4.7 the second term goes to zero and the second factor of the first term goes to one, leaving just

= lim P(Gy,, is abelian | D < log{)

n—00
1

e2¢c?

by Lemma 4.8. [ |

4.3 Part 3 of Theorem 1.1: when ¢ € w(y/n) and /¢ € o(n).

By Lemma 4.3 we know that when ¢ € o(n) supercommuting is asymptotically the same as commuting. Therefore
to show that asymptotically Gy, is almost never abelian we only need to show that V' and W almost never
supercommute. To show this, we consider n — 1 “bins”, one for each A;. We think of each element V; as a ball
of a particular type, say red. Similarly each of the elements W; correspond to a blue ball. We throw the ¢
red balls, and ¢ blue balls into the n — 1 bins, and look for a particular collision that implies V' and W don’t
supercommute. To prove this, we will use the following Lemma which is a generalized (to 2 colors) version of
the probabilistic pigeonhole principle. A statement for g-colors appears in [3].
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Fact 4.10 (Lemma 5 in [3]). Let 1 be any probability measure on a set of size n. Let z1,...,z9¢ be chosen
randomly and independently using p. Then

P(3i,j with i <€ < j,z = 2;) > 1= 2" /V7"
for some universal constant c. .

In particular, when ¢ € w(y/n), this probability approaches 1 as n — occ.

Lemma 4.11. When ¢ € w(y/n) as n — oo the probability that V, W supercommute goes to zero. O

Proof. Let f be the function that takes A:ktl to k, and define 2¢ random variables {z;} as follows: when ¢ < £,

zi = f(V3)
and when ¢ > £,
" f(Wiiy) — 1 otherwise

Then the conditions of Fact 4.10 apply to the z;’s, and so asymptotically almost surely there exist an ¢ and
Jj so that i < /¢ < j and z; = z;. This means that either z; = f(V;) = f(W;—¢) —1=z; or f(V;) =n—1 and
f(W;_;) = 1. The latter case has probability 1/(n — 1), and so as n — oo we are almost surely in the former case.
Thus V; = Afl and W;_, = Afil. Then V; and W; do not commute, and so V and W do not supercommute. B

Corollary 4.12. If ¢ = w(y/n) and ¢ = o(n) then Gy, is asymptotically almost surely nonabelian. O

Proof. By Lemma 4.11 the probability that V,W supercommute goes to zero and therefore by Lemma 4.3,
Gy, is asymptotically almost surely nonabelian. [ |

4.4 Part 3 of Theorem 1.1: when ¢ € w(n)

In this case we need results from Section 3 on the distribution of superdiagonal entries.

Lemma 4.13. When ¢ € w(n) then Gy, is a.a.s. not abelian. O

Proof. By Lemma 2.1, if vjws # vowy then Gy, is not abelian. By Lemma 3.1, P(wy = 0) ~ K+/n/¢ — 0.
Then by Lemma 3.6, P(viwy = vow;) = P(viws — vowy = 0) — 0, and so a.a.s. viwse # vaw;. [ ]

4.5 Part 3 of Theorem 1.1: when k <//n <M

To complete the proof of Theorem 1.1 part 3, we need to consider functions ¢ which lie in the complement of
o(n), and w(n); we therefore consider functions ¢ such that for large enough n, there exists constants k and M

so that

k<t<nm
n

To show that G, is not abelian, it is sufficient to find 1 < ¢ < n — 2 for which the condition of Lemma 2.1 fails;
that is, there exists an i so that v,w;11 # vir1w;. To do this, we count a subset of pairs of words V' and W
which have this property, and show that these pairs occur with high probability.

Lemma 4.14. Suppose there exist constants k and M so that for large enough n, k < ¢/n < M. Then a.a.s.
there is some 1 < ¢ < mn — 2 for which v; = +1, v;41 =0, w; = £1, and w;41 = 1. O

Proof. We will look specifically for cases in which V; = Afl for precisely one j, V; # Aii_gl for all j, W; = Aiil
for precisely one j, and W; = A,i_ll for precisely one j. Note that words V' and W of this form have v; = £1,
vi+1 = 0, w; = £1, and w;41 = £1. Hence, by Lemma 2.1, V and W will not commute. It’ll be useful to have
a name for this sort of failure to commute, so we’ll say this particular sort of pair (V,W) has a “type i’
configuration. Out strategy for this proof is to define a random variable X which counts the expected number of
type i configurations for a pair of words (V, W). We then show E[X?]/E[X]? — 1. It will be sufficient to consider
only odd values of 7, and as this makes some of the counting arguments simpler, we make this assumption.
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Fix i. Let S; be the set of words V' of length ¢ which have V; = Afd for precisely one j and V; # Aﬁll for all
j. There are ¢ indices to choose for the location of Aiil7 two choices for the exponent on A;, and after subtracting
out the elements Aiil and Ai_ll, we have 2(n — 3) remaining generators to choose from for the remaining £ — 1

elements in the word V. Since the total number of words of length ¢ is (2(n — 1))¢, we have

=3 0 -3 2\
P8 = =6 1y —nunl)“‘nl(l_nl) '

Let T; be the set of words W for which W; = Aiil and exactly one j’ for which W = Aﬁll. Then we have

(0 =1)(n—=3)"2 (1) 2 \“?
P(T) (n—1)° T (n—1)2 (1_n1> ‘

Since V and W are chosen independently, we have

2, 20-3
P(S,T)) = g(n(g 1)13) (1 - 2 1) . (@)

Now we compute the probability of S; N.S;, for distinet ¢ and i’. Counting words of this sort is where we use
the convenience of only considering odd indices, so that |i — 4| > 2.

00— 1)(n—5)¢2 -1 4 \7?
PS50 = (n)(—l)f) :(7(@_1%(1_71_1) |

Similarly, we compute the probability of T; N T;.

P NTy) = L=DE=2E=3)(n =5 (=D =2)(-3) <1_ 1 )Lél.

(n— 1) - (n—1)% n—1

Let n’ be the number of odd integers in [1,n — 2], and let X be the number of odd values of ¢ for which a type
i configuration occurs in the pair (V,W). Define the random variable X;

o 1 ifVisin S; and W in T;
" 10 otherwise

Then X = 3", Xp;_; and
E(X) = n'P(S;, T)).

Note that when ¢ is in the complement of o(n), we have E(X) — oo as n — oo. (Also, when ¢ is in w(n), the
expected value E(x) — 0 as n — oo, hence this proof is not valid when £ is in this range.)
When i # ¢/, X;X; = 1 if and only if V is in S; N S;; and W is in T; N T;,. Therefore,

E(X?) =n'P(S;,T;) +n/(n' —1)P(S; N Sy, Ty N Tyr).
We now argue that E(X?)/E(X)? — 1 as n — oo.

E(X?)  n/P(S;,Ti) 4+ n'(n' —1)P(S; NS, T, N Ty)
E(X)2 - (n’)QP(SuTi)Q
_ 1 n' —1\ P(S;N Sy, T; NTy)
- n/P(S;, Ty) ( n' > P(S;,T;)?

When /¢ is bounded above by Mn, the first term goes to zero as n — co. After simplifying a bit, we have,

- n—3 n—1

P(S;N Sy, T,NTy)  (€—2)(¢—3) (n—5\"C/n-3\%
P(SME)Q B 62

When ¢ =cn, the product of the later two functions limits to 1. When can therefore conclude that
E[X?]/E[X]? — 1 whenever { is (eventually) bounded below by kn and above by Mn. Since E[X] — oo,
asymptotically almost surely X > 0, meaning that there is some odd i for which a type ¢ configuration occurs.

|

Corollary 4.15. Suppose there exits constants k& and M so that for large enough n, k < ¢/n < M; then a.a.s.
Gy, is not abelian. O
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5 Full Step

To analyze whether our group Gy, has full step we rely heavily on the results from Section 3. Define two families

of indicator random variables § and ~ as follows:

61},2‘: . 5w,i: . Vi =
0 ifv;,#0 0 ifw;#0

Note that v; = 6, 0y 4

5.1 Part 1 of Theorem 1.2: when / € o(n?)

0 ifv;#0orw; #0

In this case we show that Gy, is a.a.s never full step but we separate the proofs into two subcases. In Corollary
5.2 we consider the case when ¢ € O(n) while in Lemma 5.3 we consider the case when £ € w(n) N o(n?). The

following lemma is standard but is the basis for Corollary 5.2 so we include the proof.

Lemma 5.1. If ¢n balls are thrown uniformly and independently into n bins, there is a.a.s. at least one empty

bin.

Proof. Let X be the number of empty bins. Then X = ). X; where

_J 1 if bin 7 is empty
“ )0 otherwise.

Then
E(X) =nE(X;)
= nP(Bin i is empty)
< 1 > cn
=n|l-——
n
and

E(X?) =E(X)+2) E(X;X;)
i)
1

cn _ 1
=n <1 - > + 2% P(Bins ¢ and j are both empty)
n

(11 0 (12"

EX?) _n(-3)" +nn-1)(-3)

n

Thus E(X) — oo and

n

E(X)? - n2 (1 _ %)2cn
(-3~
~ (1_%)2@1
— 1,

And so P(X =0) — 0. Thus a.a.s. X > 0, and so there is at least one empty bin.

Corollary 5.2. If £/ € O(n), a.a.s. Gy, is not full-step.

O

O

Proof. Let V="V;---V,and W = Wy --- W,. Set up n — 1 bins and put a ball in bin 7 whenever some V; = Alil
or W; = AF!. Note that this process effectively throws in 2¢ balls uniformly and independently into the n — 1
bins. Since ¢ € O(n), there is some ¢ > 0 for which 2¢ < ¢(n — 1) for large enough n, and thus by Lemma 5.1
there is an empty bin. This empty bin corresponds to some % for which v; = w; = 0, and so by Lemma 2.4 Gy,

is not full-step.



A Matrix Model for Random Nilpotent Groups 15

Lemma 5.3. If £ € o(n?) and { € w(n), a.a.s. Gy, is not full-step. O

Proof. Let X be the number of positions on the superdiagonal for which V' and W both have a 0. That is

By Corollary 3.2,

when ¢ € o(n?).
Also,

v i#]
- ZP(”Z' =wi = O)JFQZP(%’ =v; =w; = w; =0).
i oy
By Corollaries 3.2 and 3.5,
~ K22 4 n2K4n—2
/ 02
n? nt
=K’— +K'—.
ARz

Then

B(X?) K% 4+ K%
E(X)?2 Kiny

and since £ € o(n?) the second term dominates in the numerator to give us

4 4
K ;}—2
Kant
[2

~ 1.

Since E(X) — oo and E(X?)/E(X)? — 1 then P(X > 0) — 1. So there is at least one i for which ; = 1, that
is v; = w; = 0. Then by Lemma 2.4 we have that Gy, is not full-step. [ |

5.2 Part 2 of Theorem 1.2: when /¢ € w(n?)

Lemma 5.4. If £ € w(n?), a.a.s. Gy, is full-step. O
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Proof. Let X be the number of zeroes on the superdiagonal of W. That is
X = Z O
i
Then

B(X) = 3 B0

Since the § are identically distributed,

By Lemma 3.1,

n

~ K —_
K \/;
3

n
~ K _
14

— 0

when ¢ € w(n?). This means that P(X = 0) — 1, and so a.a.s. none of the w; are 0.
Now, for Gy, to be full-step (that is, step n — 1), the (n — 2)-commutator subgroup must have a nontrivial
element. In particular, consider the commutator

Cn 2 =W, [W,...[W,V]]].
N—————’

n—2

As we saw in Example 2.8 in Section 2 the upper-right corner entry of C"~2 is given by

n—2 __
nn -

c Kiyviwows - - wp—1 + Kowivows -+ - Wy—1 + -+ + Kp_1w1 - - Wy 2Vp 1
where each K; = (";1) with alternating signs. Since the w; and K; are a.a.s. nonzero and ¢ € w(n), Lemma 3.6
says that P(cp2 = 0) — 0 and thus a.a.s. ¢! # 0, making C™~? nontrivial. n

n,n
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