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Abstract. Consider the random Cayley graph of a finite group G with respect to k generators
chosen uniformly at random, with | < logk < log|G|; denote it by G. A conjecture of Aldous
and Diaconis (1985) asserts, for k > log|G|, that the random walk on this graph exhibits cutoff.
Further, the cutoff time should be a function only of k and |G|, to sub-leading order. This was veri-
fied for all Abelian groups in the *90s. We extend the conjecture to 1 < k < log|G|. We establish
cutoff for all Abelian groups under the condition k — d(G) > 1, where d(G) is the minimal size of
a generating subset of G, which is almost optimal. The cutoff time is described (abstractly) in terms
of the entropy of random walk on 7k . This abstract definition allows us to deduce that the cutoff
time can be written as a function only of k and |G| when d(G) < log|G|and k —d(G) < k > 1;
this is not the case when d(G) =< log|G| < k. For certain regimes of k, we find the limit profile of
the convergence to equilibrium. Wilson (1997) conjectured that Z‘Zi gives rise to the slowest mixing
time for G; amongst all groups of size at most 29 We give a partial answer, verifying the conjec-
ture for nilpotent groups. This is obtained via a comparison result of independent interest between
the mixing times of nilpotent G and a corresponding Abelian group G, namely the direct sum of the
Abelian quotients in the lower central series of G. We use this to refine a celebrated result of Alon
and Roichman 1994: we show for nilpotent G that Gy, is an expander provided k — d(G) = log|G|.
As another consequence, we establish cutoff for nilpotent groups with relatively small commutator
subgroup, including high-dimensional special groups, such as Heisenberg groups. The aforemen-
tioned results all hold with high probability over the random Cayley graph Gy,.
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1. Introduction and statement of results

1.1. Motivation, brief overview of results and notation

1.1.1. Motivating conjectures of Aldous, Diaconis and Wilson. We analyse properties of
the random walk (abbreviated RW) on a Cayley graph of a finite group. The generators
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of this graph are chosen independently and uniformly at random. Precise definitions are
given in Section 1.4.1. For now, let G be a finite group, let k be an integer (allowed to
depend on G) and denote by Gy the Cayley graph of G with respect to k independently
and uniformly random generators. We consider values of k with 1 < logk < log|G| for
which Gy, is connected with high probability (abbreviated w.h.p.), i.e., with probability
tending to 1 as |G| grows.

Since pioneering work of Erdds, it has been understood that the typical behaviour of
random objects in some class can shed valuable light on the class as a whole. Thus, when
considering some class of combinatorial objects, it is natural to ask questions such as the
following:

e What does a typical object in this class ‘look like’?

e If an object is chosen uniformly at random, which properties hold with high proba-
bility?
Aldous and Diaconis [1] applied this philosophy to the study of random walks on groups.
Aldous and Diaconis [1, 2] coined the phrase cutoff phenomenon: this occurs when
the total-variation distance between the law of the RW and its invariant distribution drops
abruptly from close to 1 to close to 0 in a time-interval of smaller order than the mixing
time. The material in this article is motivated by a conjecture of theirs regarding ‘univer-
sality of cutoff” for the RW on the random Cayley graph Gg. It is given in [1, p. 40],
which is an extended version of [2].

Conjecture (Aldous and Diaconis, 1985). For any group G, if k > log|G| and logk <«
log|G|, then the random walk on Gy exhibits cutoff w.h.p. Further, the cutoff time, to
leading order; is independent of the algebraic structure of the group: it can be written as
a function only of k and |G |.

This conjecture spawned a large body of work, including [18, 19,30, 32, 33, 44, 48];
see Section 1.3. It has been established in the Abelian set-up by Dou and Hildebrand
[18,30]; see Section 1.3.1, and Theorem 7.2 where we give a short proof. Save [33] which
considers the cyclic group Z, for prime p and [48] which considers Zg (which enforces
k > d = log,|G]), focus has been on k > log|G|.

We establish cutoff for all Abelian groups when 1 < k < log|G | under almost optimal
conditions in terms of group-generation. We also give simple conditions under which the
cutoff time is independent of the algebraic structure of the group.

The second part of this article is motivated by a conjecture of Wilson. Wilson [48]
established cutoff for the RW on Gy when G = Z¢ and then conjectured that Z¢ is
the slowest amongst all groups of size at most 2¢, asymptotically as d — oo; see [48,
Theorem 1 and Conjecture 7].

Conjecture (Wilson, 1997). For all diverging d and n with n < 22 and all groups G of
size n, if k —logyn > 1 and logk < logn, then tyix(¢, Gg)/tmix(¢', Hr) < 1+ o(1)
w.h.p. for all e, &' € (0, 1), where H := Z‘Zi, i.e., the mixing time for Gy is at most that
of Hy w.h.p. up to smaller order terms.
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We establish a comparison between the mixing times for nilpotent and Abelian groups,
of which Wilson’s conjecture in the nilpotent set-up is an immediate consequence. Addi-
tionally, we apply our nilpotent—Abelian comparison theorem to establish cutoff for vari-
ous examples of non-Abelian groups, including p-groups with ‘small’ commutator sub-
group and Heisenberg groups.

1.1.2. Brief overview of results. Our focus is on mixing properties of the RW on the
random Cayley graph Gj. We consider the limit as n := |G| — oo under the assumption
that 1 < logk < log|G|. The condition 1 < logk < log|G| is necessary for cutoff on Gy
for all nilpotent G; see Remark A.5 below.

We establish cutoff when G is any Abelian group, requiring only &k — d(G) > 1,
where d(G) is the minimal size of a generating subset of G. We show that the lead-
ing order term in the cutoff time is independent of the algebraic structure of G when
d(G) < log|G| and k — d(G) = k, i.e., it depends only on k and |G]|. It is the time at
which the entropy of RW on Z* is log|G|. This extends the Aldous—Diaconis conjec-
ture to 1 < k < log|G|. For certain k, we find the limit profile of the convergence to
equilibrium.

We deduce Wilson’s conjecture in the Abelian set-up, as a consequence of our cutoff
results. We then extend this to the nilpotent set-up via the following result, which is of
independent interest: to a nilpotent group G, we associate an Abelian group G of the same
size, which is the direct sum of the Abelian quotients in the lower central series of G, and
show that #,,ix (G )/ tmix (Gx) < 1 + o(1) w.h.p. (provided k — d(G) > 1).

We give examples where this comparison is tight: we establish cutoff w.h.p. for the
RW on Gy where G is a nilpotent group with a relatively small commutator subgroup.
Examples of such groups include high-dimensional extra special or Heisenberg groups.

Lastly, we show that the random Cayley graph of a nilpotent group G is an expander
w.h.p. whenever k > log|G| and k — d(G) < k. (If G is Abelian, then G = G.)

Introduced by Aldous and Diaconis [1], there has been a great deal of research into
these random Cayley graphs. Motivation for this model and an overview of historical work
are given in Section 1.3.

1.1.3. Notation and terminology. Cayley graphs can be either directed or undirected;
we emphasise this by writing G,': and G, respectively. When we write Gy or G,ﬁc, this
means ‘either G~ or G ]j' ’, corresponding to the undirected, respectively directed, graphs
with generators chosen independently and uniformly at random.

Conditional on being simple, G]j is uniformly distributed over the set of all simple
degree-k Cayley graphs. Up to a slightly adjusted definition of simple for undirected
Cayley graphs, our results hold with Gy, replaced by a uniformly chosen simple Cayley
graph of degree k; see Section 1.4.2.

Our results are for sequences (G ) yeN of finite groups with |Gy | — coas N — oo.
For ease of presentation, we write statements like ‘let G be a group’ instead of ‘let
(Gn)nenN be a sequence of groups’. Likewise, the quantities d(G) and, of course, k ap-
pearing in the statements below all correspond to sequences, which need not be fixed
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(or bounded) unless we explicitly say so. In the same vein, an event holds with high prob-
ability (abbreviated w.h.p.) if its probability tends to 1.
We use standard asymptotic notation: ‘<’ or ‘o(-)’ means ‘of smaller order’; ‘<’ or

‘O(-)’ means ‘of order at most’; ‘<’ means ‘of the same order’; ‘<’ means ‘asymptotic-
ally equivalent’.

1.2. Statements of main results

We analyse mixing in the fotal-variation (abbreviated TV) distance. The uniform distribu-
tion on G, denoted 7, is invariant for the RW. Let S = (S(¢));>0 denote the RW on Gy;
its law is denoted by Pg, (S(t) € -). For t > 0, denote the TV distance between the law
of S(¢) and ng by

46, (1) = [P, (S() €)= m ] = max| P, (50) € 4)— 21|

k k ACG k | G|

Throughout, unless explicitly specified otherwise, we use continuous time: t > 0 means
t €[0,00).

1.2.1. Cutoff for all Abelian groups. We use standard notation and definitions for mixing
and cutoff’; see, e.g., [35, Sections 4 and 18].

Definition. A sequence (X )yen of Markov chains is said to exhibit cutoff when, in
a short time-interval, known as the cutoff window, the TV distance of the distribution of
the chain from equilibrium drops from close to 1 to close to 0, or more precisely if there
exists (ty)NeN With

limsupdy(ty(1—¢)) =1 and limsupdy(tn(1+¢)) =0 foralle € (0,1),

N —o0 N—oo
where dy () is the TV distance of X*(-) from its equilibrium distribution for each
N e N.

We say that a RW on a sequence of random graphs (Hy)nyeN exhibits cutoff around
time (tny)NeN w.h.p. if, for all fixed &, in the limit N — oo, the TV distance at time
(1 4 &)ty converges in distribution to 0 and at time (1 — €)¢y to 1, where the randomness
is over the random graph Hy .

To extend the Aldous—Diaconis conjecture to 1 < k < log|G|, one needs additional
assumptions. For an Abelian group G, write d(G) for the minimal size of a generating set
of G. If k < d(G), then the group cannot be generated by any choice of generators.
Pomerance [43] shows that the expected number of independent, uniform generators
required to generate the group is at most d(G) + 3. (That is, if Z1, Z,, ... ~ Unif(G)
and « € N is minimal with (Zq, ..., Z,) = G, then d(G) < E(x) < d(G) + 3.) Thus
k —d(G) > 1 is always sufficient for G to be generated by {ZF, ..., Z,ﬁc} w.h.p.
(by Markov’s inequality); we assume this throughout. In many cases, k — d(G) > 1
is necessary to generate the group w.h.p., and so this assumption cannot be removed.
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For a characterisation of these cases and related discussion, see [25, Lemma 8.1]. The
condition k — d(G) < k is particularly relevant for the Aldous—Diaconis conjecture; see
Remark A.1.

We use an entropic method, which involves defining entropic times; see Section 1.3.5
for a high-level description of the method and Section 2.1 for the specific application.
The main idea is to use an auxiliary process W to generate the walk S'; one then studies
the entropy of the process W. Write Z = [Z1, ..., Zi] for the multiset of generators
of the Cayley graph; then Gy corresponds to choosing Z1, ..., Z; ~'"4 Unif(G). Here,
W; (t) is, for each i, the number of times generator Z; has been applied minus the number
of times Z;~ ! has been applied; W is a rate-1 RW on Z*. Then, S(r) = W(r) - Z when the
group is Abelian. (This auxiliary process W is key even when studying nilpotent groups.)

For undirected graphs, W is the usual simple RW (abbreviated SRW): a coordinate
is selected uniformly at random and incremented/decremented by 1 each with probab-
ility 1/2. For directed graphs, inverses are never applied, so a step of W is as follows:
a coordinate is selected uniformly at random and incremented by 1; we term this the
directed RW (abbreviated DRW).

The entropic times are defined in terms of the entropy of this auxiliary RW W.

Definition A. For y € N U {00}, let rf = rf (k, G) be the time at which the entropy of
rate-1 RW (i.e., SRW or DRW, as appropriate) on Zf, is log|G/y G|, where yG := {yg |
g € G}; we use the convention Z o, := Z and 0coG = |G |G = {id}. Set tF := tF (k,G) :=
maXy eNU{oo} l';b (k,G).

We establish cutoff for all Abelian groups, under almost optimal conditions on k in
terms of G. This gives an affirmative answer for Abelian groups in a strong sense to the
primary part of the conjecture (occurrence of cutoff) of Aldous and Diaconis [1, 2] as
well as the informal question asked by Dou [13]; we discuss the secondary part (time
depending only on k and |G|) in Remark A.1.

Cutoff has already been established for Abelian groups when k > log|G| with logk <
log|G|, as mentioned above; see Section 1.3.1. We thus restrict our statements to 1 < k <
log|G|. For 1 < k <log|G|, only two groups had been considered previously: Zg in [48]
and Z, with p prime in [33]. Recall that 1 « logk <« log|G| is necessary for cutoff
for nilpotent G, e.g., Abelian G; see Remark A.5. More refined statements are given in
Theorems 2.5, 3.7, and 4.2.

Theorem A. Let G be an Abelian group and k an integer with 1 < k < log|G|. Suppose
that k — d(G) > 1. Then, the RW on G;ct exhibits cutoff at time tX(k, G) w.h.p. Further,
ifk —d(G) < k and d(G) < log|G|, then t«(k, G) < oo (k,|G|), which depends only
onk and |G|.

Moreover, the following asymptotic relations regarding the entropic times hold:
o Ifk < log|G|, then too(k,|G|) = k|G|*'*/(27e).
o Ifk —d(G) =k = log|G|, then t4(k,G) =< k|G|[*/* < k.
o Ifk > d(G), thenk|G|*'* < 1,.(k,G) < k|G|*'*logk.
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We now give some remarks on this theorem. Further remarks are deferred to Sec-
tion 1.2.4.

Remark A.1. Theorem A establishes cutoff for all Abelian groups, under the mild
(almost necessary) condition k — d(G) > 1, verifying the primary part of the Aldous—
Diaconis conjecture. Further, the secondary part is partially verified too: the cutoff time
depends only on k and |G|, up to smaller order terms, when k — d(G) < k and d(G) <K
log|G|. Cases with k — d(G) < k or d(G) =< log|G| need not satisfy this, however.
For example, if k < 2log(4"), then the groups Z3" and Z/, give rise to mixing times which
differ by a constant factor; see also [48]. For a counterexample with 1 < k <« log|G|,
see [25, Proposition 3.2 and Theorem 3.4], where Zd, with p prime, is studied.

Remark A.2. For certain regimes of k, we find the limit profile of the convergence to
equilibrium: we define entropic times 7, and show that dg, (7o) —P W(«a), where ¥ is
the standard Gaussian tail; see Definition 2.1, Proposition 2.2 and Theorem 2.5. This holds
for any Abelian group if, for example, k —d(G) < k and 1 < k < log|G|/logloglog|G|
ork —d(G) > land 1 < k < /log|G|/logloglog|G|. The result holds for any 1 <«
k < log|G| under some constraints on the group. In [25, Theorem A], we show the same
for k < log|G|, again with some constraints on G.

Remark A.3. From the abstract entropic definition, Zg is the slowest amongst Abelian
groups:
max{t«(k, G) | G Abelian group with |G| < 29} = 7, (k, Zg).

This verifies Wilson’s conjecture in the Abelian set-up; the general nilpotent set-up comes
later.

Remark A.4. The entropic time T, (k, G) arises naturally; see Section 2.5 for an outline.
In essence, we want

1
W, = {w e ZK |P(W(1) = w) < @} — (weZF | —log P(W(t) = w) —log|G| > 1}
to satisfy P (W (z) e W;)=1— o(1). We thus want the entropy of W(z) to be at least log|G|.

The emergence of the entropic times 7z (L # oo) is more delicate. We outline this in
Section 3.5.

Cutoff in L, instead of TV (i.e., L), can also be analysed. For time ¢ > 0, define

/
4@ 0) = [P6, (S() € )~ 76lhng = (1617 Y16 IBG (S() = )~ 1)
geG

Mixing and cutoff can then be defined with respect to L, analogously to TV (L) distance.

It turns out that L, mixing time may be a constant, or even more, larger than the TV.
Similar considerations to those in Remark A.4 suggest that for the L, mixing the key
condition is P(W(2t) = 0) < 1/|G|. This leads us to a conjecture for the L, mixing
time, which we state informally now. We elaborate briefly on where the proof would
differ, compared with TV, in Section 7.3.



Cutoff for almost all random walks on Abelian groups 1919

Conjecture A. For L € Z U {oo}, let ~Li = ?Li (k, G) be the time t at which the return
probability for RW on Z]i at time 2t is |G/LG|™\. Set T£(k, G) := maxpen ?Li(k, G).
Then, under similar conditions to those of Theorem A, w.h.p., the RW on Gy exhibits
cutoff in the L metric at time TE(k, G).

We also consider cutoff in separation distance. For time ¢t > 0, define
56, (1) = max{l — |G|Pg, (S(?) = g)}.
geG

Mixing and cutoff can then be defined with respect to separation distance analogously
to TV.

It is standard that, under reversibility, the TV and separation mixing times differ by
up to a factor 2; see, e.g., [35, Lemmas 6.16 and 6.17]. However, Hermon, Lacoin and
Peres [23, Theorem 1.1] showed that TV and separation cutoff are not equivalent, and
that neither one implies the other.

We show that separation cutoff occurs w.h.p. in a certain regime and, moreover, that
the cutoff time is the same, up to subleading order terms, as for TV.

A more refined statement is given in Theorem 5.2.

Theorem B. Let G be an Abelian group and k an integer. Suppose that 1 < logk <
log|G| and k — d(G) > max{((log|G|)/k)?, (log|G|)/?}. Then, the RW on Gy, exhibits
cutoff in separation distance at time t«(k, G) w.h.p.

Remark B. The conditions hold if k¥ > (log|G|)*/*, logk « log|G| and k — d(G) >
(log|G|)'/2. Analogously to Remark A.3, the slowest amongst Abelian groups for separ-
ation mixing is Zg.

1.2.2. Comparison of mixing times between different groups. The previous results con-
cerned cutoff. The next results are of a slightly different flavour. They concern nilpotent
groups: these are groups G whose lower central series, i.e., the sequence (G))e>o0
defined by G(p) := G and G = [G-1), G] for £ > 1, stabilises at the trivial group.
The results compare the mixing times between different groups; these mixing times are
random.

Definition. For ¢ € (0, 1) and a Cayley graph H, write
tmix(e, H) == inf{t > 0| dg(t) < &}.

For two sequences H := (Hy)yen and H' := (Hy ) nen of random Cayley graphs,
say that t,,;x (H )/ tmix (H') <14+0(1) w.h.p. if there exist non-random sequences (yn ) N eN
and (§n)nyen with limy §x = 0 such that, for all ¢,¢” € (0, 1), we have

lim P (tmix(e, Hy) < (1+88)yn) =1 = lim P((1 =8n)yNn < tmix(e', Hy)).
N —>o0 N—>o00

We establish Wilson’s conjecture in the nilpotent set-up, as the following theorem
describes.
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Theorem C. For all diverging d and n withn < 2% and all nilpotent groups G of size n,
ifk —log, n > 1 and logk < logn, then tmix(Gi)/tmix(Hg) < 1 + o(1) w.h.p., where
H =174

As noted in Remark A.3, for Abelian groups this follows from our cutoff result and
the abstract entropic definition of the cutoff time 74 (k, G) for Abelian G. The extension
to nilpotent groups is then established by Theorem D below, which is of independent
interest. It is quite significantly stronger than Wilson’s conjecture in the nilpotent set-up.
We can use it to establish cutoff for a class of nilpotent groups with ‘small commutator
subgroup’; see Corollaries D.1-D.3.

Theorem D. Let G be a nilpotent group. Set G = EBIL (Gu—-1)/Gwy), where (G))eso
is the lower central series of G and L .= min{{ > 0 | Gy = {id}}. Suppose that 1 K
logk < log|G|and k — d(G) > 1. Then, tmix(Gi)/tmix(Gr) < 1 + o(1) w.h.p.

The quotients G—1y/ Gy = G—1)/[G-1). G] are all Abelian, by definition of the
commutator. The result says that the mixing time of Gy is at least as fast as its Abelian

counterpart G. For a group G, denote its commutator subgroup G*™ := [G, G] and its
Abelianisation G*® .= G/G*™.

Corollary D.1. Let G be a finite, non-Abelian, nilpotent group and k such that 1 <
logk < log|G|.

o If k <log|G|, then suppose that k > d([G,G]) log|[G, G]| and k — d(G*) >
d([G, G)).

o [Ifk > log|G|, then suppose only that log|[G, G]| < log|G]|.

Then, the RW on Gy, exhibits cutoff at t«(k, G*®) w.h.p.

For step-2 nilpotent groups, [G, G] is Abelian and hence [G, G] = [G, G]. The above
corollary is thus particularly applicable for these groups. A prime example of such groups
is special groups with small commutator subgroup. For a prime p, a p-group is special if
it is step-2 and its centre Z(G), Frattini subgroup ®(G) and commutator subgroup [G, G|
are all equal and elementary Abelian (i.e., isomorphic to Z;, for some s). In this case, also
G® ~ Ly, where r := £ — s and £ := log,|G|.

We can relax the conditions on k using this particular form of the Abelianisation and
commutator subgroup. The time at which the entropy of RW on lej reaches log(p”) =
log|Z},| is ©p(k, Z},).

Corollary D.2. Let p be prime, G be a non-Abelian, special p-group and k be such that
1 € logk < log|G|. Let r := logp|G"‘b|, s == 1og,|G*™| and £ :=r + 5 = log,|G|.
Suppose that k > {.

o Ifk <log|G|, then suppose that k > s>log p andk —r > s.

o Ifk > log|G|, then suppose only that s <K r.

Then, the RW on Gy exhibits cutoff at t«(k, G™®) = 1, (k, L) w.h.p. conditional that G
is connected. If (k — r)p > 1, then Gy, is connected w.h.p. If k —r < k and p > 1, then
tp(k, Zy) = tool(k, Zy).
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Special groups are ubiquitous amongst p-groups of a given size in a precise, quant-
itative sense. Hence, Corollary D.2 is applicable to many groups. See Remark 6.12 for
a precise statement as well as some asymptotic expressions. Sims [46] gives, for given
(p. £, s), a simple, explicit description of all special groups of size p* whose commutator
subgroup is of size p°.

Extra special groups satisfy G™ == 7, (so d(G®™) = 1) and |G| = p?¢~3 for some
integer d > 3. For given d and p # 2, up to isomorphism there are only two extra special
groups. One of these is the Heisenberg group, which can be defined for p not prime
also. For (not necessarily prime) m, d € N, the Heisenberg group H,, 4 is the set triples
(x,y,2) € 2472 x 2972 x Z, with

(x.y.0)o(x. ¥y 2 =(x+xy+y. 24+ +x-)),
where x - y’ is the usual dot product for vectors in Z;in_z. We have
HP, =727 and HZ% = L.

For p prime, H, 4 with d > 1 falls into the class analysed in Corollary D.2 with r =
2d — 4 and s = 1. The following corollary thus focuses on H,, ;5 with m not (necessarily)
prime. Note that 7o, (k, Z,) is the time at which the entropy of RW on 7k = Z’go reaches
log(m") = log|Zy,|.

Corollary D.3. Let m,d € N with d > 1. Suppose that k —2d > 1, k > logm and
logk <« dlogm =< log|H,, 4| Then, w.h.p., the RW on (H,, 4)x exhibits cutoff at
T (k, H;zb,d ~ Z,znd_4). If additionally k — 2d =< k and m > 1, then t.(k, Z,an_4) =
Too(k, Z2874).

If m is fixed (and thus d > 1), then the condition k >> logm is absorbed into k > 1.
Thus, this corollary handles arbitrary Heisenberg groups H,, s with m fixed and k —
2d > 1.

We now give some remarks on Theorem D and Corollaries D.1-D.3.

Remark D.1. The bounds on z«(k, C_;), for Abelian G, described in Theorem A, com-
plement the upper bound 7ix (Gr) < tmix (G ) to give explicit bounds on #y,ix (G ) which
hold w.h.p.

Remark D.2. In the course of proving this theorem, we prove an exact relation between
the L, mixing time for the RWs on G and G, namely

E(dg) (1) < E@dg ().

As explained below, it is natural to conjecture that Theorem D does not require G
to be nilpotent. The definition of the Abelian group G corresponding to G required G
to be nilpotent. We extend this definition to allow general group G. (The definitions are
equivalent if G is nilpotent.)

The following conjecture extends Theorem D; it contains, as a special case, Wilson’s
conjecture.
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Conjecture D. Let G be a group, (G))e=o be its lower central series and let L =
min{{ > 0| G = {id}}. Let the prime decomposition of |G| be |G| =[1] p;. Set G =
(@{‘(G(g_l)/G(g))) ® (D] Zp, ). Suppose that 1 K logk < log|G|and k — d(G) > 1.
Then, tmix(Gr)/tmix(Gr) < 1+ o(1) w.h.p.

We are showing in Theorem D, for nilpotent groups, that being non-Abelian can only
speed up mixing. Finite nilpotent groups are intuitively thought of as ‘almost Abelian’;
this is partially because two elements having co-prime orders must commute. Removing
the nilpotent property should only mean the group is ‘farther from Abelian’, and thus is
expected to speed up mixing.

1.2.3. Expander graphs of nilpotent groups. Our last result considers the expansion prop-
erties of the random Cayley graph.

Definition E. The isoperimetric constant of a finite d-regular graph G = (V, E) is de-
fined as

Ha.b} € E|aeS.be S
d|S| '

= i D(S), here ®(S) =
= i, 2O Ve 2
Theorem E. Let G be a nilpotent group. Set G = @{‘ (Gu-1y/ G)), where (G))e>o0
is the lower central series of G and L := min{{ > 0 | Gy = {id}}. Then, for all ¢ > 0,
there exists a ¢’ > 0 such that if k — d(G) > clog|G|, then ®(Gy) > ¢’ w.h.p.

Remark E. This theorem is already known when k — log, |G| < k, without the nilpotent
restriction: it is a celebrated result of Alon and Roichman [3]. For them, the constant ¢’
vanished as k got closer to log,|G|. Our result removes this when d(G) is not close to
log, |G|, e.g.. d(G) < 0.991og,|G|.

1.2.4. Further remarks on Theorem A. Here we make some remarks on Theorem A in
addition to the three in Section 1.2.1.

Remark A.S. This article establishes cutoff in a variety of set-ups, but always in the
regime 1 < logk < log|G|. This leaves the regimes k < 1 and logk =< log|G|, for which
there is no cutoff for any choice of generators: when k < 1, this holds whenever the group
is nilpotent; when log k < log|G|, this holds for all groups. The former result is due to
Diaconis and Saloff-Coste [15]; we give a short exposition of this in [25, §4]. We prove
the latter in Theorem 7.2 below; the mixing time is of order 1. Dou [19, Theorems 3.3.1
and 3.4.7] establishes a more general result for log k < log|G|.

Remark A.6. Our approach lifts the walk S from the Abelian Cayley graph G(Z) to
a walk W on the free Abelian group with k = |Z| generators. Note that the walk W is
independent of Z, i.e., of which k generators are chosen. We study the lifted walk W, in
particular its entropic profile, before projecting back from W to S. This gives us a can-
didate mixing time; see Sections 1.3.5 and 2.1.
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Remark A.7. The theorem is established via two distinct approaches: the former applies
for k not growing too rapidly; the second can be seen as a refinement of the first, optimised
for larger k, where the first breaks down. We combine the two approaches to analyse an
interim regime of k.

We separate the exposition of the approaches: they are given in Sections 2, 3 and 4,
respectively. In the first two, a concept of entropic times is defined; see Sections 2.2
and 3.2. A precise statement for each approach is given; see Sections 2.4, 3.4 and 4.1,
respectively. In summary, Theorem A is a direct consequence of Propositions 2.2 and 3.2
and Theorems 2.5, 3.7 and 4.2.

1.3. Historic overview

In this subsection, we give a fairly comprehensive account of previous work on mixing and
cutoff for random walk on random Cayley graphs; we compare our results with existing
ones. The occurrence of cutoff in particular has received a great deal of attention over the
years. We also mention, where relevant, other results which we have proved in companion
papers; see also Section 1.4.3.

1.3.1. Universal cutoff: The Aldous—Diaconis conjecture. Aldous and Diaconis stated
their conjecture for k >> log|G|; see [1, p. 40]. A more refined version is given by Dou [19,
Conjectures 3.1.2 and 3.4.5]; see also [30, 44]. An informal, more general, variant was
reiterated by Diaconis [13, Chapter 4G, Question 8]; he gave some related open questions
recently in [14, §5]. Towards the conjecture, an upper bound, valid for arbitrary groups,
was established by Dou and Hildebrand [18, Theorem 1] and later Roichman [44, The-
orems 1 and 2], who simplified their argument. A matching lower bound, valid only for
Abelian groups, was given by Hildebrand [30, Theorem 3]; see also Hildebrand [32, The-
orem 5]. Dou and Hildebrand [18, Theorem 4] modify the proof of [30, Theorem 3] to
extend the lower bound from Abelian groups to some families of groups with irreducible
representations of bounded degree. Combined, this established the Aldous—Diaconis con-
jecture for Abelian groups and such groups with low degree irreducible representations.
Moreover, the cutoff time was determined explicitly: it is at

loglG| _ p
log(k/log|G|)  p—

(Having k > log|G | needs p — 1>>1/loglog|G|.) See also Dou [19] and Hildebrand [32].

There is a trivial diameter-based lower bound of log, |G|. If p > 1, i.e., k is super-
polylogarithmic in |G|, then T'(k,|G|) < log;|G|. Thus, cutoff is established for all
groups for such k.

In [24, Theorem B], using the group U,, 4 of d x d unit upper triangular matrices
with entries in Z,,, we disprove the part of the conjecture concerning the independence
of the cutoff time from the algebraic structure of the group: if d > 3 is fixed and k =
(10g|Up 4 )1+1/9, then there is cutoff at (2/d)T(k, |Up q|). In fact, T(k, |Up.q|) does
not even capture the correct order: letting d — oo sufficiently slowly, we still have k =

Tk, |G|) =

llogk|G|, where p is defined by k = (log|G|)”.
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(log|Ups a Piti/d log|Up, 4| and the cutoff time is still showntobe (2/d)T (k, |Upy 41),
which is o(T (k, |Up,a))-

There has been a little investigation into the regime 1 <« k < log|G|, but with much
less success. Hildebrand [30, Theorem 4] showed that the mixing time must be super-
polylogarithmic, unlike for k > log|G|. Wilson [48, Theorem 1] established cutoff for Z¢;
this naturally requires k > d = log,|G|. Regarding 1 <« k < log|G|, a breakthrough
came recently when Hildebrand [33, Theorem 1.7] established cutoff for Z, with 1 <«
k <log p/loglog p and p a (diverging) prime. The techniques were specialised to their
respective cases; we consider arbitrary Abelian groups.

Relatedly, Hildebrand [31] analysed the regime in which k is just above the log, n
threshold. For k = a log, n with a > 1, he established an upper bound on the mixing time
of alog(a/(a — 1)) log, n w.h.p.; see [31, Theorem 1]. However, this is quite far from
tight when a is large:

alog (L) >1 foralla > 1,
a—1

yet
T(alogy,n,n) 1

= — 0 asa — oo.
log, n log, a

He also analysed k = log, n + f(n) with 1 < f(n) < logn; see [31, Theorem 2].

1.3.2. Comparison of mixing times. In the direction of comparison of mixing times, there
has been much less work. The only work of note (of which we are aware) is by Pak [40].
There, he studies universal mixing bounds (i.e., ones valid for all groups), but his bounds
are not tight; they are always at least a constant factor away from those conjectured by
Wilson [48] (and by us above).

A related universal bound in which Zg is the worst case is given by Pak [41]. Let
¢ (G) :=P(Gy is connected), i.e., the probability that the group G is generated by k uni-
formly chosen generators. Then, Pak [41, Lecture 1, Theorem 6] proves that if |G| < 2¢,
then g (G) > (p(Zg) for all k.

1.3.3. Random walks on upper triangular matrix groups. The study of random walks
on Heisenberg groups and other groups of upper triangular matrices has a rich history.
We give a detailed historical account in [24, §1.3.2].

As noted above, in [24] we study d X d unit upper triangular matrices with entries
in Z,,. By viewing the Heisenberg group as d x d matrices (see Section 1.1.3), these
d X d unit upper triangular matrices can be seen as a supergroup of the d-dimensional
Heisenberg group.

1.3.4. Expander graphs for nilpotent groups. A celebrated result of Alon and Roich-
man [3, Corollary 1] asserts that, for any finite group G, the random Cayley graph with
at least C log |G| random generators is w.h.p. an g-expander, provided C; is sufficiently
large in terms of €. (A graph is an g-expander if its isoperimetric constant is bounded
below by &; up to a reparametrisation, this is equivalent to having the spectral gap of the
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graph bounded below by ¢.) There has been a considerable line of work building upon this
general result of Alon and Roichman [3]. (Pak [39] proves a similar result.) Their proof
was simplified and extended, independently, by Loh and Schulman [36] and Landau and
Russell [34]; both were able to replace log, |G| by log, D(G), where D(G) is the sum
of the dimensions of the irreducible representations of the group G; for Abelian groups
D(G) = |G|. A ‘derandomised’ argument for Alon—Roichman is given by Chen, Moore
and Russell [10]. Both [10,34] use some Chernoff-type bounds on operator valued random
variables.

Christofides and Markstrom [11] improve these further by using matrix martingales
and proving a Hoeffding-type bound on operator valued random variables. They also
improved the quantification for C,, showing that one may take C; := 1 + ¢, with ¢, —
0 as ¢ — 0; this means that, w.h.p., the graph is an g-expander whenever k > (1 +
¢e)log, D(G) and ¢, — 0 as ¢ — 0. They also generalise Alon—Roichman to random
coset graphs. The proofs use tail bounds on the (random) eigenvalues.

It is well known that D(G) > \/m Thus, all these results require at least k >
(log,|G|)/2. Our result, on the other hand, applies to k > ¢ log|G| for any constant
¢ > 0, provided the underlying group is suitable — e.g., this is the case if G is Abelian
and d(G) < log|G|; another example is given by d x d unit upper triangular matrix
groups with entries in Z,, if m > 1.

Hildebrand [33, Theorem 1.1] showed, for all diverging (sequences of) primes p,
that the order of the relaxation time of the RW on the cyclic group Z, is p?'* when
1 < k <log p/loglog p.

In [27, Theorem E], we restrict to Abelian groups under the assumption k —2d(G) <k
and determine, via an altogether different method, the order of the relaxation time when-
ever | < k <log|G|: itis |G|?/* w.h.p. This extends Theorem E in the Abelian set-up to
allow 1 € k <« log|G|.

1.3.5. Cutoff for ‘generic’ Markov chains and the entropic method. We now put our
results into a broader context. A recurrent theme in the study of mixing times is that ‘gen-
eric’ instances often exhibit the cutoff phenomenon. In this set-up, a family of transition
matrices chosen from a certain family of distributions is shown to give rise to a sequence
of Markov chains which exhibits cutoff w.h.p. A few notable examples include random
birth and death chains [16,47], the simple or non-backtracking random walk on various
models of sparse random graphs, including random regular graphs [38], random graphs
with given degrees [5-8], the giant component of the Erd6s—Rényi random graph [7]
(where the authors consider mixing from a ‘typical’ starting point) and a large family of
sparse Markov chains [8], as well as random walks on a certain generalisation of Ramanu-
jan graphs [9] and random lifts [9, 12].

A recurring idea in the aforementioned papers is that the cutoff time can be described
in terms of entropy. One can look at some auxiliary random process which up to the cutoff
time can be coupled with, or otherwise related to, the original Markov chain — often in the
above examples this is the RW on the corresponding Benjamini—Schramm local limit. The
cutoff time is then shown to be (up to smaller order terms) the time at which the entropy
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of the auxiliary process equals the entropy of the invariant distribution of the original
Markov chain. It is a relatively new technique, and has been used recently in [7-9, 12].
For ‘most’ regimes of k, this is the case for us too; further, for the non-Abelian groups
considered in [24] we use a similar idea. As our auxiliary random process, we use a SRW
(resp. DRW) in the undirected (resp. directed) case.

With the exception of the very recent [28], to the best of our knowledge, in all previous
instances where the entropic method was used the graphs were tree-like. This is not the
case for us: in the Abelian set-up, G has cycles of length 4 (potentially up to the direction
of edges). Admittedly, this has less of an impact on the walk since each vertex is of
diverging degree.

1.3.6. Subsequent work. The release of this multi-paper project in early 2021 spurred
significant interest and progress on several related problems. Salez [45] established a suf-
ficient condition for cutoff involving an entropic concentration criterion, and verified it
for RW on any undirected Abelian Cayley graph which is an expander. The collection of
Cayley graphs was extended beyond expanders by Hermon et al. [22].

Regarding random Cayley graphs, Hermon and Huang [21] built on the ideas initiated
here, hinging on multiple aspects of the proofs of Theorems A and D. They established
cutoff for SRW on Gy for nilpotent G, but required bounded step and rank d(G™). The
generality permitted by allowing divergent rank d(G) = d(G™) for Abelian G is one of
the major improvements of Theorem A over previous work. Also, several of our examples
in Corollary D, such as high-dimensional Heisenberg groups H,, 4 (d > 1), are ruled
out. Under further restriction, they showed that the mixing times of the RW on G and the
projection to G are asymptotically equivalent.

Even more recently, Pedrotti and Salez [42] introduced a new criterion for cutoff for
Markov chains with non-negative curvature; RW on an undirected Abelian Cayley graph
has this property. Again, cutoff can be deduced when the graph is an expander, but also
under some weaker, quantitative conditions. No estimate on the mixing time itself is given
in [42,45], though, so connection to the motivating Aldous—Diaconis conjecture is lost.
Again, directed graphs are excluded.

1.4. Additional remarks

1.4.1. Precise definition of Cayley graphs. Let G be a finite group and Z a multisub-
set of G. We focus on mixing properties of the Cayley graph of G with generators Z.
The undirected (resp. directed) Cayley graph of G generated by Z, denoted G~ (Z)
(resp. G1(Z)), is the multigraph with vertex set G and edge multiset

{g.g-z} g€ G, z€Z] (resp.[(g.8-2) | g €G, z € Z]).

If the walk is at g € G, then a step in GT(Z) (resp. G~ (Z)) involves choosing a gener-
ator z € Z uniformly at random and moving to gz (resp. one of gz or gz~ ! each with
probability 1/2).
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We focus attention on the random Cayley graph defined by choosing Z1, ..., Z; ~i
Unif(G); when this is the case, denote G;‘ = G%(Z) and G, = G~ (Z). Whilst we do
not assume that the Cayley graph is connected (i.e., Z may not generate G ), in the Abelian
set-up the random Cayley graph Gy is connected w.h.p. whenever k — d(G) > 1; see
[25, Lemma 8.1]. In the nilpotent set-up, this is the case whenever k — d(G/[G, G]) > 1;
see [24, Remark E.1].

The graph depends on the choice of Z. Sometimes, it is convenient to emphasise this;
we use a subscript, writing Pg(,)(-) if the graph is generated by the group G and multi-
set z. Analogously, Pg, (-) stands for the random law Pg(z)(-), where Z = [Z,, ..., Zk]
with Zy, ..., Zx ~14 Unif(G).

1.4.2. Typical and simple Cayley graphs. The directed Cayley graph G*(z) is simple if
and only if no generator is picked twice, i.e., z; 7 z;j forall i # j. The undirected Cayley
graph G~ (z) is simple if in addition no generator is the inverse of any other, i.e., z; # zj_1
forall i, j € [k]. In particular, this means that no generator is of order 2, as any s € G of
order 2 satisfies s = s~! — this gives a multiedge between g and gs for each g € G.

The RW on G~ (z) is equivalent to an adjusted RW on G+ (z), where when a generator
s € z is chosen, instead of applying a generator s, either s or s~! is applied, each with
probability 1/2. Abusing terminology, we relax the definition of simple Cayley graphs to
allow order 2 generators.

Given a group G and an integer k, we are drawing the generators Z1, ..., Zy inde-
pendently and uniformly at random. It is not difficult to see that the probability of drawing
a given multiset depends only on the number of repetitions in that multiset. Thus, condi-
tional on being simple, Gy, is uniformly distributed on all simple degree-k Cayley graphs.
Since k < \/@ , the probability of simplicity tends to 1 as |G| — co. So, when we say
that our results hold ‘w.h.p. (over Z)’, we could equivalently say that the result holds ‘for
almost all degree-k simple Cayley graphs of G’.

Our asymptotic evaluation does not depend on the particular choice of Z, so the stat-
istics in question depend very weakly on the particular choice of generators for almost all
choices. In many cases, the statistics depend only on G via |G| and d(G). This is a strong
sense of ‘universality’.

1.4.3. Overview of random Cayley graphs project. This paper is one part of an extensive
project on random Cayley graphs. There are three main articles (including the current
one and [24,27]), a technical report [25] and a supplementary document [26] containing
deferred technical proofs. Each main article is readable independently.

The main objective of the project is to establish cutoff for the random walk and to
determine whether this can be written in a way that, up to subleading order terms, depends
only on k and |G |; we also study universal mixing bounds, valid for all, or large classes
of, groups. Separately, we study the distance of a uniformly chosen element from the
identity, i.e., typical distance, and the diameter; the main objective is to show that these
distances concentrate and to determine whether the value at which these distances con-
centrate depends only on k and |G|.
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e Cutoff phenomenon (and Aldous—Diaconis conjecture) for general Abelian groups;
also, for nilpotent groups, expander graphs and comparison of mixing times with
Abelian groups (the current paper).

e Typical distance, diameter and spectral gap for general Abelian groups [27].
e Cutoff phenomenon and typical distance for upper triangular matrix groups [24].

e Additional results on cutoff and typical distance for general Abelian groups [25].

2. Total variation cutoff: Approach #1

In this section, we prove the first part of the upper bound on mixing for arbitrary Abelian
groups. The main result of the section is Theorem 2.5. The outline of the section is as
follows:

e Section 2.1 introduces the entropic method.

e Section 2.2 defines entropic times and states a CLT.

e Section 2.3 sketches arguments to evaluate these entropic times.
e Section 2.4 states precisely the main theorem of the section.

e Section 2.5 outlines the argument.

e Section 2.6 is devoted to the lower bound.

e Section 2.7 is devoted to the upper bound.

2.1. Entropic times: Methodology

We use an ‘entropic method’, as mentioned in Section 1.3; cf. [7-9, 12]. The method is
fairly general; we now explain the specific application in a little more depth.

We define an auxiliary random process (W(t));>¢, recording how many times each
generator has been used: for t > 0, for each generatori = 1, ..., k, write W;(t) for the
number of times that it has been picked by time ¢. By independence, W(:) forms a rate-1
DRW on Zl_i. For the undirected case, recall that we either apply a generator or its inverse;
when we apply the inverse of generator i, the increment is W; — W; — 1 (rather than
W; — W; + 1). In this case, W(-) is a SRW on Z*.

Since the underlying group is Abelian, the order in which the generators are applied
is irrelevant and generator-inverse pairs cancel. Hence, we can write

k
S@) =Y Wi)Zi =W()- Z.

i=1

Recall that the uniform distribution is invariant, regardless of the group and gener-
ators. For an Abelian group G, we propose as the mixing time the time at which the
auxiliary process W obtains entropy log|G|. The reason for this is the following: take ¢
to be slightly larger than the above entropic time; using the equivalence — log u > log|G|
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if and only if u < 1/|G|, ‘typically’ W(t) takes values to which it assigns probabil-
ity smaller than 1/|G|; informally, this means that W(¢) is ‘well spread out’. We can
have two independent copies S and S’ (using the same generators Z) with S(t) = S’(¢)
but W(t) # W'(t). The uniformity of the generators will show that, on average, this is
unlikely. We thus deduce that S(¢) is well spread out, i.e., well mixed.

Contrastingly, if the entropy is much smaller than log|G |, then W () is not well spread
out: it is highly likely to lie in a set of size 0(1/|G|). The same must be true for S(¢);
hence, S(¢) is not mixed.

2.2. Entropic times: Definition and concentration

We now define precisely the notion of entropic times. Write p; (resp. vg) for the law
of W(t) (resp. Wi(sk)); so iy = vf%‘c. Define

k
0 (1) = —log vy (Wi (1)), andset Q(1) == —log e (W(1)) = 3 0i(0).
i=1
SoE(Q(¢)) and E(Q(¢)) are the entropies of W(¢) and W (¢), respectively. Observe that
t = E(Q(2)):]0,00) — [0, c0) is a smooth, increasing bijection.

Definition 2.1 (Entropic and cutoff times). For all k,n € N and all « € R, define ty
so that

E(Q1(ta)) = k’“% VUK nd sy = %"‘ where v == Var(Q1 (t)),

assuming that logn 4+ o~/ vk > 0. We call ty the entropic time and the {ty}qer cutoff
times.

Comparing with notation in the introduction, t9 = 75(G); see Definition A. The
definition there was for cutoff only; the profile is described by the full range (ty)qeRr,
in the regime handled here.

Direct calculation with the Poisson distribution and SRW on Z gives the following
relations.

Proposition 2.2 (Entropic and cutoff times). Assume that 1 < k < logn. Then, for all

o eR,
ty <t k- n?lt g et ,/2<<1
= tg < an Ty = )
* 0 2me to k

The idea is to approximate the SRW and DRW laws by a normal distribution, then
calculate the entropy of this. A rigorous proof is long and tedious, requiring many careful
approximations. We sketch the principal ideas below in Section 2.3. The precise details
are deferred to [26, Proposition A.2].

Since Q =) ,1c Q; isasum of k > 1 iid random variables, Q (t¢) concentrates around
E(Q(tg)) = log N. One can show that multiplying the time by a factor 1 + & for any
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constant £ > 0 increases the entropy by a significant amount; similarly, if £ < 0, then the
entropy decreases significantly. Further, the change is by an additive term of larger order
than the standard deviation /Var(Q(tg)). Thus, Q((1 4 £)t¢) concentrates around this
new value. In particular, the following hold:

1
K+&)to (W((1 + €)to)) = e~ Q(UFDH10) « - w.h.p.,
1
-5t (W (1 = )t)) = 72700 %~ whop.

The following proposition quantifies this change in entropy and this concentration.

Proposition 2.3 (CLT). Assume that 1 < k < logn. For all @ € R, we have
P(Q(ty) <logn + ) = W(a) forw = Var(Q(to))"/* = (vk)/*.

(There is no specific reason for choosing this . We just need some w with 1 < 0 <K

(vk)1/2.)

This follows without too much difficulty from the local CLT. Again, though, the details
are technical — albeit less so than for the entropic times. We defer the proof to [26, Pro-
position A.3]

2.3. Entropic times: Sketch evaluation

In this subsection, we sketch details towards a proof of Proposition 2.2. The full, rigorous
details can be found in [26, Proposition A.2], where all of the approximations below are
carefully justified.

Recall that tg is the time ¢ at which the entropy of Wj(¢), which is a rate-1/k RW,
is (logn)/k. We need to find the variance Var(Q1(tp)), as this is used in the definition
of ty, given in Definition 2.1.

In the sketch below, we replace Var(Q1(t9)) by an approximation.

For s > 0, denote X := Wj(sk) for s > 0 and the entropy of X as H(s). The target
entropy logn/k > 1, and so the entropic time s¢ >> 1. For s > 1, the RW X, has approx-
imately the normal N(E(Xj), s) distribution. Translating the random variable has no
affect on its entropy, and so we approximate the entropy H (s) of X by the entropy H (s)
of a N(0, s) random variable. Direct calculation with the normal distribution gives

_ 1 _ 1
H(s) = = log(2mes), andhence H'(s) = —.
2 2s
Define s,, as the entropic times for the approximation

logn + avvk

ﬁ(ga) = k

where
v := Var(Q;(30k)),
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where Q1 (sk) is the analogue of Q1 (sk), except with W, (sk) replaced by N(0, s). Hence,
_ nZ/k
H(sg) = logn implies that 50 = —— > 1.
2we

By direct calculation, specific to the normal distribution, one finds

Var(@(sk) = 5.

As mentioned above, for this sketch, to ease the calculation of t, in Definition 2.1,
we replace Var(Qq(tg)) by its approximation 1/2, and assume the above normal dis-
tribution approximation.

In order to find the window, assuming for the moment that o > 0, we write

“ds,
da.
0 da “

S — S0 =
Again, we replace s, by $4. By definition, s, satisfies

H(_ ) =1 n n o 1
Sy) = log — + —, —_
£k 2k 2k

Using the expressions for d3,/da and H'(s) = 1/(2s) above, we find that

o o 2
Sq — 50 = (2k)—1/2/ 25,da ~ (2k)—1/2/ 250 da = a3 \/;
0 0

since 3, only varies by subleading order terms over a € [0, @]. The argument is analogous
fora < 0.

We have now shown the desired result for 5, i.e., when approximating Wj(sk) by
N(E(Xs), s). It turns out that this approximation is sufficiently good for the results to
pass over to the original case, i.e., to apply to s¢ and to = s¢k. This is made rigorous in
[26, §A] via a local CLT.

ds, —
and hence =% [ '(3q) =
do

2.4. Precise statement and remarks

In this subsection, we state precisely the main theorem of the section. There are some
simple conditions on k, in terms of d(G) and |G|, needed for the upper bound.

Hypothesis A. The sequence (ky,Gn)NeN satisfies Hypothesis A if the following hold:
lim |Gy| =00, lim (ky —d(Gy)) =0
N —o0 N—oo

and

ky —dn(Gn) =1 _ . kn 2dN(GN) loglog k
kn ~ log|Gy| log|G y |

forall N € N.



J. Hermon, S. Olesker-Taylor 1932

Remark 2.4. Write n := |G|. Any of the following conditions imply Hypothesis A:

1
l<ks |—20  and k—d> I
logloglogn

1 <k < +/logn and k —d > loglogk;
1
1<k« _ 0BR and k —d > 6k for some suitable § = o(1);
logloglogn
d<<log+ and k—d <k < logn.
logloglogn

Throughout the proofs, we drop the subscript-N from the notation, e.g., writing k
or n, considering sequences implicitly. Recall that we abbreviate the TV distance from
uniformity at time ¢ as

Ao N (1) = IPGy (21,24, D(S() €) = Gy v, where Zi, ..., Zy, ~"Unif(G).

We now state the main theorem of this section. Recall that W is the standard Gaus-
sian tail.

Theorem 2.5. Let (ky)nyeN be a sequence of positive integers and (Gy)neN of finite,

Abelian groups; for each N € N, define Z(yy = [Z1, ..., Zyy] by drawing Zy, ...,

Zky ~4 Unif(Gy). Suppose that the sequence (kn,Gn)nen satisfies Hypothesis A.
Foralla € Randall N € N, write ty §y = to(kn,|Gn|). Let o € R. Then,

t
ta—’N — 1 and dg, n(anN) —P W(a) (in probability) as N — cc.
0,N

That is, w.h.p. there is TV cutoff at to with profile given by {tq }qer: for all ¢ € (0, 1), the
difference in the mixing times tyix(€) — tmix(1/2) is given, up to smaller order terms, by
ty—1(5 — to. Moreover, the implicit lower bound on the TV distance holds deterministic-
ally, i.e., for all choices of generators.

Remark. Using Proposition 2.2, we can write the cutoff statement in the form

Imix —t -
tmix () =to _p U l(e) whp. Ve e (0,1),
w

where to < k|G |2/* /(27e) is the mixing time and w = vk |G |*/¥ /(v/27€) the window.

Remark. The CLT, Proposition 2.3, will give the dominating term in the TV distance:

e on the event {Q(ty) < logn — w}, we lower bound the TV distance by 1 — o(1);

e ontheevent {Q(ty) > logn + w}, we upper bound the expected TV distance by o(1).
Combining this with the CLT, we deduce that dg, (to) — ¥(«) in probability.

Remark. Observe that Hypothesis A does not cover the regime k > log|G|. Under fairly
mild conditions on the group, we can apply a variation on the argument given below to

obtain a limit profile result for any 1 < logk « log|G|. The detailed analysis is carried
out in [25, §2].
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2.5. Outline of proof

We now give a high-level description of our approach, introducing notations and concepts
along the way. No results or calculations from this section will be used in the remainder
of the document. Further, we restrict attention to establishing cutoff only, not the limit
profile: take t = (1 £ &)ty.

In all cases, we show that cutoff occurs around the entropic time. As Q(¢) is a sum
of many iid random variables, we expected it to concentrate around its mean. Loosely
speaking, we show that the shape of the cutoff, i.e., the profile of the convergence to
equilibrium, is determined by the fluctuations of Q(¢) around its mean, which in turn, by
the CLT (Proposition 2.3), are determined by Var(Q(¢)), for ¢ ‘close’ to ty. Note that
Var(Q(t)) = kVar(Q1(t)) since the Q; are iid.

Throughout this section (Section 2.5), we write 0 for the identity element of the
Abelian group G, as is standard. We now outline the proof in more detail. We often drop
t-dependence from the notation.

We start by discussing the lower bound. If Q is sufficiently small, then W, and hence
also S, is restricted to a small set. Indeed, O < logn — w if and only if w(W) > n~le®,
and thus if this is the case, then W € {w | u(w) > n~'e®}. Since we generate S via W,
it is thus also the case that

ScE:={geG|P(S =g)>n""'e?}.

But clearly, |E| < ne™®. Choosing the time ¢ slightly smaller than the entropic time tg
and w > 1 suitably, the event {Q(¢) < logn — w} will hold w.h.p. Thus, w.h.p., S(¢) is
restricted to a set of size o(n). Hence, it cannot be mixed. This heuristic applies for any
choice of generators.
Precisely, we show for any w with | K w < logn, allt and all Z = [Z,..., Z],
that
dg, (t) = P(Q(t) <logn —w) —e™®.

Thus, we are interested in the fluctuations of Q(¢) for ¢ close to to. Using the CLT applic-
ation above, i.e., Proposition 2.3 with w := Var(Q(to))/*, we deduce the lower bound
in Theorem 2.5.

‘We now turn to discussing the upper bound. The lower bound was valid for any choice
of generators Z. Here, we exploit the independence and uniformity of the elements of Z.

Let W’(t) be an independent copy of W(t), and let V(¢) := W(t) — W'(¢). Observe
that, in both the undirected and directed case, the law of V(¢) is that of the rate-2 SRW
in Z*, evaluated at time 7. The standard L, calculation (using the Cauchy—Schwarz
inequality) says that

2“; _T(G”TV < ”é‘ —7TG||2 = |n Z (g-(x) _ %)2’

xeG

recalling that wg (x) = 1/n for all x € G. A standard, elementary calculation shows that

PG, (S(t) € ) =nglla = VnP(V(1)- Z=0]Z)— 1.
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Unfortunately, writing X = (X (s))s>0 for arate-1 SRW on Z, a simple calculation shows
that

P(V(ty) - Z =0 Z) > P(V(te) = (0,...,0) € Z¥)
2to k 1
—#(x(3)-0 > 1

(This calculation differs amongst the regimes of k.) Moreover, the L,-mixing time can
then be shown to be larger than the TV-mixing time by at least a constant factor; hence,
this is insufficiently precise for showing cutoff in TV. We drop the ¢-dependence from the
notation from now on.

This motivates the following ‘modified L, calculation’. First, let W C Zk, and write

typ:={W. W e W}, P():=P(-|typ) and E():=E(-|typ):

note that here we are (implicitly) averaging over Z. The set W C ZF will be chosen later
so that

PV =0)=(V=0]|typ) < % and P(W ¢ W) =o(l);
we call this typicality. We now perform the same L, calculation, but for P rather than IP:
dg, (1) = PG, (S € ) —nglrv < [P, (S €- | W e W) —nglrv + P(W ¢ W)
and

AE(|PG (S €-| W € W) —n6l7y) <E(GIP(V-Z=0]2Z)-1)
=|GIP(V-Z =0)-1;

see Lemma 2.6. By taking expectation over Z and doing a modified L, calculation,
we transformed the quenched estimation of the mixing time into an annealed calcula-
tion concerning the probability that a random word involving random generators is equal
to the identity. This is a key step.
To have w € ‘W, we impose local and global typicality requirements. The global part
says that
—logpu(w) >logn +w forallw e W,

where @ = (vk)'/* as above; the local part will come later. For a precise statement
of the typicality requirements, see Definition 2.7. These have the property that, when
t = (1 + e)to,
P(Wk) ¢ W) <1,
see Proposition 2.8. Then, since
1,—w

—logp >logn +w ifandonlyif p<n—"e™?,

we have B
PV =(0,....00)<PW=W|WeW) <nle®.
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Of course, there are other scenarios in which we may have V - Z = 0. To deal with
these, since linear combinations of independent uniform random variables in an Abelian
group are uniform on their support, we have

v+ Z ~ Unif(g,G), where g, := gcd(vy,..., vk, n);

see Lemma 2.11. Then,

1(V #0) )
lgvGl /
(Recall that V' and Z are independent.) We use the local typicality conditions to ensure
that max; |W;| < r«, for some explicit r, which diverges a little faster than nl/* This
allows us to consider only values g € [2r4] for the gcd. It is here where the two approaches
(Sections 2 and 3) diverge.
First (Section 2), we use a rather direct approach. Elementary group theory gives

IGIB(V-Z=0,V #0) = |G|E(

—L(V #0) _ 7 d(G) = d(G) N
'G'E(W) < (g 1(V¢o>)51+yzzjzy DP(gy = y):

see Lemma 2.12. Since the law of SRW on Z is unimodal, for each non-zero coordinate,
the probability that y divides it is at most 1/y. Thus, in general, the probability is at
most 1/y plus the probability that the coordinate is O, the latter of which is of order
1/4/t/k. This leads to

_ 2 NG
P(gy =vy) < (m"';) when ¢ > tg;

see Lemma 2.14. Provided at least one of d(G) or k is not too close to logn, we are
able to use this to control the expectation, showing E(gf,(G)l( V #0)) =1+ o(1) when

t > tp; see Corollary 2.15.
Combining these two analyses, we deduce that

nP(V-Z=0)<nP(V-Z=0V #0)+nP(V =0)=1+o(l).

The modified L, calculation then says that the TV distance tends to 0 in probability,
as required.
The only real adjustment needed to handle the profile is the use of the estimate

P(W(ty) ¢ W) = ¥().

The remainder of the analysis is fairly robust to the specific value of 7.
The second approach (Section 3) analyses the term P(gy = y) and uses it to kill
|G/y G| directly in

1(V # 0)

GIE( 1

)= Blav = nIG/rGl.
yeN
We outline the details of the adaptation in Section 3.5, including where Approach #1
breaks down.
This concludes the outline. We now move onto the formal proofs.
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2.6. Lower bound on total-variation mixing

In this subsection, we prove the lower bound on mixing, which holds for all choices of
generators.

Proof of lower bound in Theorem 2.5. For this proof only, to emphasise that the multisub-
set Z is fixed, not being averaged over, we add a subscript-Z to the probabilities involving
Z:Pz(S(ty) € ).

For all @ € R, by the CLT (Proposition 2.3),

P(€y) = ¥(a),
where
& = {n(W(ty)) = n_lew} ={0(ty) <logn —w};
recall that w > 1. Fix « € R. Consider the set

1

Eqy ={x€G|3weZstpuy,(w)>n"'e?andx = w- Z}.

Then, Pz (S(ty) € Eq | E) = 1 since W generates S = W « Z. Every element x € Ey
can be realised as x = wy - Z for some w, € Z¥ with i, (wy) > n~le®. Hence, for all
x € E4, we have

Pz(S(ty) = x) = P(W(ta) = wy) = pt, (wy) > n~le?.

Taking the sum over all x € E,, we deduce that

E
1> Z Pz(S(tg) = x) > |Eq|-n"'e®, and hence |Eal <e ® =o(l).
n

x€Eqy

Finally, we deduce the lower bound from the definition of TV distance:

[Pz (S(ta) € 1) —7Glltv = Pz(S(te) € Eo) — n6(Ea) = P(Ey) — %|Ea|
> U(a) —o(l). n

Remark. Given an arbitrary group G, projecting the walk from G to the Abelianisation
G® = G/[G, G], which is Abelian, cannot increase the TV distance. Thus, to(k, |Gab|)
is a lower bound on mixing for the projected walk on the G, and hence for the original
walk on G too.

2.7. Upper bound on total-variation mixing

It is often easier to control L, distances, rather than L (i.e., TV). However, L, is sensitive
to rare events, unlike TV. We use a ‘modified L, calculation’ to bound the TV: first,
condition that W is ‘typical’; then, use a standard L, calculation on the conditioned law.
Let W’ be an independent copy of W. Then, S’ := W’ - Z has the same law as S and is
conditionally independent of S given Z.



Cutoff for almost all random walks on Abelian groups 1937

Lemma 2.6. Forallt > 0 and all W C Z, the following inequalities hold:

dg, (1) = |P6, (S(1) € ) —7g v
< PG (S() € - | W(2) € W) — gy + P(W(r) ¢ W);

and
4E(|PG, (S(1) € - | W(t) € W) — 6 lI7y) < nP(S(t) = S'(t) | W), W (1) e W) — 1.
We emphasise that dg, is a random variable, a function of Z1, . .., Zy ~" Unif(G).

Proof. The first claim follows immediately from the triangle inequality. For the second,
using the Cauchy—Schwarz inequality, we upper bound the TV distance of the conditioned
law by its L, distance:

1,2
4PG (S e | W e W) —mGlRy <n ) (Pe, (S =x | WeW-—)
X
=ny P (S=x|WeW?-1
P

=nY P (S=8=x|WWeW-1,
X

since
S=W-Z and S ' =W'.Z.

The claim follows by taking expectations over [Z1, ..., Zk]. L]

We now make the specific choice of the ‘typical’ set 'W; we make a different choice for
each o € R. The collection { Wy }4er of sets will satisfy P(W(ty) ¢ Wy) =~ W(x), using
the CLT (Proposition 2.3); see Proposition 2.8. Recall that W is the standard Gaussian tail.
We show that the modified L, distance (given typicality) is o(1) at t,; see Proposition 2.9.
Applying Lemma 2.6, we find that dg, (to) < W(a) + o(1) w.h.p. over Z. This matches
the lower bound from Section 2.6.

By considering all « € R, we find the shape of the cutoff. If we only desire the order
of the window, then we need only consider the limit & — o0; in this case, P(W(ty) ¢
Wy) =~ ¥(x) & 0, which explains the use of the word ‘typical’ in describing ‘W,,.

The typicality conditions will be a combination of ‘local’ (coordinate-wise) and ‘glob-
al’ ones.

Definition 2.7. For all « € R, define the local and global typicality conditions, respect-
ively:

1
Watoc i= {w € ZF [ [wi — EWi(ta))| S e Vi=1,... k), rei= 5nl/k(logk)z:
Wago = {w € ZK | P(W(ty) = w) < n"le ).

Define Wy := Wy loc N We,g10, and say that w € 7k is (a-)typical if w € Wy,
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The following propositions determine the probability that W(ty) lies in ‘W,, i.e., the
probability of typicality.

Proposition 2.8a. Let X = (X)s>1 be a rate-1 RW — either a SRW or a DRW — on Z.
Then,

1 1
Po(|Xs —E(Xs)|>r) < = forallr >r, = Enl/k(logk)2 whenever s < nz/klogk,

where the subscript 0 indicates that X starts from Xo = 0. In particular, for all ¢ € R,
we have
]P(W(ta) ¢ Wa,loc) = k_l/2 = 0(1)

Proof. The proof of the first part of this proposition follows from standard large devi-
ation estimates on the RW on Z, and the fact that t, < kn?/* forall a € R, as stated in
Proposition 2.2. The precise details are arduously technical. We defer them to [26, §C].
The second part follows immediately from the first part and the union bound over the k
coordinates. |

Proposition 2.8b. For each o € R, we have
P(W(ty) ¢ Wa,glo) — ().
Proof. This follows immediately from our CLT (Proposition 2.3). ]

Herein, we fix @ € R and frequently suppress the time t,, from the notation, e.g., writ-
ing W for W(ty) or W for Wy.Let V=W — W/, so{W - Z=W'.-Z}={V.-Z =0}.
Write

D = D(ty) :=nP(V(ty) - Z =0 | typy) — 1,
where
typ = typ, = {W(ta), W' (ta) € Wy).
It remains to show that D(t,) = o(1) for all @ € R. Recall Hypothesis A, the crux of
which is that
k—d—-1 _zdloglogk -

d k—d>1.
k logn — logn an >

Forry,...,rg€Z\{0}, we use the convention gcd(ry, . ..,r¢,0) := ged(|r1], ..., |re)l-

Proposition 2.9. Suppose that (d, n, k) jointly satisfy Hypothesis A. (Recall that, impli-
citly, (d,n, k) is a sequence of triples of integers.) Write g .= ged(Vy, ..., Vi, n). Then,
forall o € R, we have

|G|

0 < D(ty) = P@=vy|typ) — — 1 =0(1).
y;, lyG|

Given this proposition, we can prove the upper bound in the main theorem, The-
orem 2.5.
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Proof of upper bound in Theorem 2.5 given Proposition 2.9. Fix a € R and consider the
TV distance at time t,. Apply the modified L, calculation, i.e., Lemma 2.6 and Defin-
ition 2.7, at time tq: by Proposition 2.9, the modified L, distance (given typicality)
is 0(1) in expectation; by Markov’s inequality, it is thus o(1) w.h.p. Proposition 2.8 says
that typicality holds with probability W(ty) asymptotically. Combined, this all says that
dg, (ta) < ¥(a) + o(1) wh.p. |

It remains to prove Proposition 2.9, i.e., to bound the modified L, distance. The
remainder of the section is dedicated to this goal. To do this, we are interested in the
lawof V - Z.

Obviously, when V' = 0, we have V' - Z = 0. The following auxiliary lemma controls
this.

Lemma 2.10. We have

—w

nP(V =0]typ) < <e ? =o(l).

e
P(typ) ~

Proof. By direct calculation, since W and W’ are independent copies,

P(V =0.typ) =PW =W.WeW)= > PW=uw)
wew

Recall global typicality: P(W = w) < n~'e™® for all w € 'W. Thus,

P(W = w)? - e ?
P(typ) ~ P(yp)’

PV =0]typ) =n Y
wew

We now analyse v+« Z = Y, v; Z; for v # 0. Sums of independent uniform random
variables are uniform. Some simple technicalities take care of the fact that the v;’s need
not be 1, or even equal.

Lemma 2.11 ([26, Lemma F.1]). Forallv € 7*, we have
v+ Z ~ Unif(yG), wherey :=gcd(vy,...,Vk,n).
We now need to control |y G|, since Lemma 2.11 implies that

P(g =y | typ)

P(V-Z=0|typ)=)_ 7G]

yeN

,  where g := ged(V1,..., Vg, n).

Lemma 2.12. For all Abelian groups G and all y € N, we have
|G| < 4@
lyGl

Proof. Decompose G as @f Zm; withd = d(G) and some my,...,mg € N. Then yG

can be decomposed as EB‘f ged(y,mj)Zm,;. Hence, |yG| = H‘li(mj/gcd(y, m;)) >
d

[Ti(m;/y) = IGl/y“. [ ]
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These lemmas combine to produce a simple, but key, corollary.

Corollary 2.13. We have
nP(V-Z =0,V #0]|typ) < E@ DLV #0) | typ).

Proof. The conditioning does not affect Z, so the claim is immediate from the previous
lemmas. ]

We control this ged coordinate-by-coordinate, using a crude divisibility bound.

Lemma 2.14. Recall that V = V(ty). For all y € N, we have

PUAEYZ I i#0 =~ and Pa=7 0 < (= +—p) -
14 y n

Proof. For both the SRW and DRW, the difference V = W — W’ is a rate-2 SRW on VA
Hence, each coordinate is an independent rate-2/k SRW on Z, which is symmetric
about 0.

It is easy to see that any non-increasing distribution on N can be written as a mixture
of Unif({1,...,Y}) distributions, for different Y € N. The map m — P (|V1(2t/ k)|) = m:
N — [0, 1] is non-increasing for any ¢ > 0. Hence, | V| conditional on V; # 0 has such
a distribution. Thus,

Vil = [Vi(te)| ~ Unif{l,...,Y} conditional on V; # 0,
where Y has some distribution. Hence, we have
P0G €2 Vi #0) = EQY/7)/Y) = .
If the ged g = y, then V; € yZ for all i € [k]. By independence of coordinates, we then

obtain
P(g=1y)
P(typ)

noting that P (typ) =< 1. Using Proposition 2.2 to argue that P(V; = 0) < 2/n'/¥ we de-
duce that

P(g =y |typ) < SP(Vi e yZ)* < (P(Vy =0) + P(Vy € yZ | Vi # 0)F,

Pla — o) < 2 1\k
(g—ylyp)N(er;). =
From this, using the Hypothesis A, we can deduce that E(q?@1(V # 0) | typ) =
1+ o(1).
Corollary 2.15. Recall that time t = ty. Given Hypothesis A, we have
E@ D1V #0) [typ) = 1 +o(1).

This proof is briefly deferred. First, we deduce Proposition 2.9 from the above results.
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Proof of Proposition 2.9. By Lemma 2.10 and Corollaries 2.13 and 2.15, we have
nP(V-Z=0]typ) <nPWV =0|typ) +nP(V-Z =0,V #£0|typ)
<nP(V =0]typ) +E@ D1V #0) | yp) =1 +0(1). =

We close the analysis of Approach #1 with the briefly-deferred proof of Corol-
lary 2.15.

Proof of Corollary 2.15. Let d := d(G). By local typicality, g < 2r. = n'/k(logk)? if
V # 0. Thus,

7!/ ¥ (log k)? |

E@L(V #0) [typ =D y'Pa=yItyp) <1+ Y  y'Pla=y]|tp).
yeN y=2

For y > 2, we use Lemma 2.14. Let § € (0,1). For2 <y < 8n1/k, we use the bound

2 )k (1 +28)%
v/8 vk

For y > 6n'/*, we use the slightly crude bound (a + b)¥ < 2K(a* + b¥) fora,b > 0 to
deduce that

1
P(Q=V|typ)§(;+

1 2k 2k 4k
P(g=y|typ)52k(y—k+ )——

n vk om

Dividing the appropriate sum over y into two parts according to whether or not y <

§n'’* and using the above inequalities, elementary algebraic manipulations can be used
to deduce that

E(gd l(V 7& 0) | typ) —-1< 628k2d+1—k + 2k8d+1—kn(d+l—k)/k
4kn(d+1)/k(10g k)2(d+1)

n
This is o(1), by the conditions of Hypothesis A, as we now explain. Write
_k—d-1
N k

e We wish to choose § as large as possible, but with the first term o(1): set § := n/4.

n: € (0,1).

e Hypothesis A implies that n > 4k /logn, which shows that the second term is o(1).
e The inequality in Hypothesis A is designed precisely so that the final term is 0(1). =

Remark. We have always assumed that k — d(G) > 1. Our analysis does apply if M :=
k —d(G) > 2is fixed (i.e., not diverging) too. Then, however, it is not necessarily the case
that the group is generated w.h.p. —e.g., if G = Z¢, then it is not. Our analysis shows that
the mixing time is of order to with probability bounded away from 0, and approaching 1
as M grows.
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3. Total variation cutoff: Approach #2

Recall that Theorem A is established via two distinct approaches. In the previous section,
we used one approach to deal with the case that k is ‘not too large’. Here, we use a new
approach to deal with the case that k is ‘not too small’. The main result of the section is
Theorem 3.7. The outline of the section is roughly the same as that of the previous one.

e Section 3.1 discusses the new, refined entropic methodology.

e Section 3.2 defines the new entropic times.

e Section 3.3 states bounds on the growth rate of the entropy and concentration.

e Section 3.4 states precisely the main theorem of the section.

e Section 3.5 outlines the differences between this argument and the previous approach.
e Section 3.6 is devoted to the lower bound.

e Section 3.7 is devoted to the upper bound.

3.1. Entropic times: New methodology and definition

The underlying principles of the method used in this section (Section 3) are the same
as those of the previous one (Section 2), just adjusted slightly to deal with the cases not
previously covered.

We first discuss where the previous approach broke down and how we might fix it. The
primary issue was when d(G) was very large. For example, consider Zg. All elements are
of order 2, so instead of looking at W, a RW on Z, we could equally have taken W mod 2.
The entropy of Wj () mod 2 is significantly smaller than that of Wj () once ¢t/ k = 1. This
suggests a longer mixing time.

Now, V - Z ~ Unif(y G) when ged(Vi, ..., Vk,n) = y. This motivates defining t,
to be the time at which the entropy of W; mod y is log|G/y G|, and proposing 74 :=
maxyeN Ty as the upper bound.

3.2. Entropic times: Definition and concentration

In this section, we refine the definition of entropic times. The concept is highly analogous
to that of the previous section. There is, thus, some overlap in both verbal description
and notation. We have been careful, though, to set it up as not to cause confusion: we
always use indices such as y € N in the new entropic times to(y, N) or 7, below, whilst
previously we used o € R in 4.

We now define precisely the (updated) notion of entropic times. Let W = (W;(¢) |
i €[k], t > 0) be a RW on Z¥, counting the uses of the generators, as in the previous
sections. This can be either a SRW on Z* or DRW on le_. As before, S(t) = W(t) - Z.
For y € N U {oo}, define W, via

W,i(t) = W;(t) mody fory e N and Wy = W.
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Then, W), is a RW on Z’;. So, Wi = (W,,;(t))s>0 forms an iid sequence of rate-1/k
RWs on Z,. As before, ‘mod 0o’ has no effect: w = w mod oo for all w € Zk, and
G/ooG = G as coG = {id}.

Write i, (tesp. vy,s) for the law of W, (¢) (resp. Wy, 1(sk)); so, by, = v;ejlk/k. Define

Oy (1) = —log py (Wy (1)) and  Qy;(t) = —logvy/k(Wy(1)).

So, O,,; forms an iid sequence over i € [k]; also,

i=1

Qy(1) =) 0yi()), hy(1) =E(Qy(1)) and Hy(s) = E(Qy,(sk)).
k

So, hy(t) and H,(s) are the entropies of W, (t) and W, ;(sk), respectively. Note that
hy(t) = kH,(t/k) and that h,,: [0, c0) — [0, log(y¥)) is a strictly increasing bijection.

Some of these expressions, such as /,, depend on k; we usually suppress this from
the notation.

Definition 3.1. For N < y*, define the entropic time

_ oy, N _1/log N
ro(y,N):=hy1(logN) and UO(V,N):%:HVI( i )

We are interested primarily in N := |G/y G| for an Abelian group G: set

e = Tx(k,G) = max 1o(y,|G/yG)|).
yeNU{oo}

This t is the same as defined in the introduction; see Definition A. Comparing with
notation in Approach #1, to(oc0, |G|) = to; see Definition 2.1. We establish cutoff here,
not the profile as well.

Recall that coG = |G|G = {id} and 1G = G. So, the maximum is achieved at some
y € [2, n]. Below, for brevity, we write ‘y > 2’ to mean ‘y € N U {oo} \ {1}".

Our next result determines the asymptotics of 7.

Proposition 3.2a. Suppose that 1 < k < log|G|. The following hold:
ifk —d(G) = k, then t(k, G) < k|G|*'*;
ifk —d(G) = 1, then k|G|*'* < 1.(k, G) < k|G|** logk.
Proposition 3.2b. Suppose that d(G) < log|G| and k — d(G) < k > 1. Then,
(k,G) < 19(00, G) = ty.

As with earlier results, the rigorous proofs are technical. They boil down to comparing
the RW on Z, with one on Z. Precise details are deferred to [26, Propositions B.17
and B.18].

In Section 3.6, we show that to(y, |G/yG|) is a lower bound on mixing for all y,
for all Z. Throughout this section, we work under the assumption that k < log|G|. (Recall
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from Section 1.3 that cutoff had already been established for all Abelian groups when
k > log|G|.) As a result of this, taking y := |G|, we see that the mixing time is at least
of order k. Indeed, |G|G = {id}, so the target entropy per coordinate is log|G|/k = 1,
so each coordinate needs to be run for time #/k = 1. Hence, there exists a ¢ > 0 so that
the mixing time is at least 2¢k. This holds for all Z, not just w.h.p. over Z.

Unfortunately, the y with 79(y, |G/yG|) < ¢k cause some technical difficulties. For
this reason, we take the maximum with ¢k in the definition of the ‘adjusted’ entropic
time 7, below. Crucially,

max(zo(y, |G/yG|) vV ¢k) = maxto(y, |G/yG|) V ck = 4.
yeN yeN

We emphasise that this last adjustment is purely technical. On the other hand, the entropic
times in Definition 3.1 capture properties of the group to which those in Definition 2.1 are
oblivious.

Definition 3.3. For y > 2 and s > 0, define the (adjusted) entropic time and relative
entropy via

oy =00y, |G/yG|) Vs, tv,:=0,k and R,(s):=logy — H,(s).

The maximal entropy of a distribution on Z,, is log y, obtained uniquely by the uni-
form distribution Unif(Z, ). Hence, R, (s) — 0 as s — oo, since the RW converges to
Unif(Z, ).

3.3. Entropic times: Entropy growth rate and concentration

We determine the rate of change of the entropy around the entropic time and establish
concentration estimates on the ‘random entropy’ Q, at a time shortly after the entropic
time.

The first lemma controls the rate of change of the entropy near the entropic time.

Lemma 3.4. There exists a continuous function c: (0, 1) — (0, 1) so that, for all y > 2,
all ¢ € (—1,1)\ {0} and all s > ¢, we have

[Hy (s(1 +§)) = Hy(s)| = 201 (Ry () A 1).

Outline of proof. If s =< 1, then it is easy as all terms are order 1. If s < y2, then the
fact that the RW is on Z,,, not Z, is not significant. The entropy is thus approximately
(1/2)1log(2mes), i.e., that of N(0,s), if also s > 1. The case s > y? follows from standard
(modified) log-Sobolev arguments.

Making this proof rigorous is technical. Doing so is deferred to [26, Lemma B.20]. =

Recall that 7, = max,en 7,. Abbreviate d = d(G). For y € N, write

1

§y = E(k —d(G))logy.
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Proposition 3.5. Assume that k > d. There exists a continuous function c: (0,1) — (0, 1)
so that, for all y > 2 and all ¢ € (0, 1), the following hold:

P(Qy (tu(l +¢)) < 10g|G/y G| + ce(§y A Dk) < e CrADE,
P(Q,(t(1 —¢)) > 10g|G/yG| —ce(&y A Dk) =0(1) forallt <.

Outline of proof. Recall that Q, (t) = Zlf 0,,i(t) is a sum of iid terms, each of mean
H,(t/k)/k. By the entropy growth rate (Lemma 3.4), for any £ € (—1, 1) \ {0}, the
change in entropy between times s and (1 4 &)s is of order R, (s) A 1, with implicit
constant depending on |£|. Taking s := 09 (y, |G/y G|), recalling that |G/y G| < y4(© by
Lemma 2.12, gives

Ry(s) =logy — Hy(s) = logy — logliﬂ > %(k —d(G))logy =§y.

We are interested in the times oy, not o¢(y, |G/yG|); this is only a minor tech-
nical complication. The quantitative concentration estimate requires first deterministically
bounding E(Q1,,) — Q1,, from above. A (one-sided) variant of Bernstein’s inequality
for a sum of iid, deterministically bounded random variables, is then applied. The non-
quantitative part is just an application of the Chebyshev inequality, once the variance
Var(Q,,1(sk)) has been uniformly bounded over s > ¢. Again, making argument this
rigorous is technical. It is deferred to [26, Proposition B.21]. [

3.4. Precise statement and remarks

In this subsection, we state precisely the main theorem of the section. There are some
simple conditions on k, in terms of d(G) and |G|, needed for the upper bound.

Hypothesis B. The sequence (ky, Gn)neN satisfies Hypothesis B if the following hold:

k
< oo, liminf{ky —d(Gy)} = 0o, liminf N
N—o0

1. —————————————— N
NP N—oo log(|#n]|+ 1) o

N—oo 10g|GN]|

where

Jn ={yGn |y2|Gylandy € 2.n.n]} and n.y = ||Gy|"*N (logky)?].
where the notation a ! b means that a divides b, i.e., b € aZ, fora,b € N.
Remark 3.6. If k > /logn, then k > log(|#]| + 1), since |#| < n. < n'/k(logk)?.

Throughout the proofs, we suppress the subscript-N, e.g., writing k or n, consider-
ing sequences implicitly. Recall that we abbreviate the TV distance from uniformity at
time ¢ as

dey N (1) = PGy (21,24, DS () € ) — TGy [TV

where
Z1, .o Ziy ~ Unif(Gy).
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We now state the main theorem of this section. Recall that

7. = max 7o(y, |G/yG|) = maxt,.
¥ y

Theorem 3.7. Let (ky)neN be a sequence of positive integers and (Gn)NeN of finite,

Abelian groups; for each N € N, define Z(ny := [Z1, ..., Ziy] by drawing Z1, ...,

Ziy ~4 Unif(Gy). Suppose that the sequence (kn,Gn)nen satisfies Hypothesis B.
Let ¢ € (—1, 1)\ {0}. Then,

d, N (1 + c)tx(kn,GN)) —P1(c <0) (in probability) as N — co.

That is, w.h.p., there is TV cutoff at T« = maxy to(y, |G/yG|). Moreover, the implicit
lower bound on the TV distance holds deterministically, i.e., for all choices of generators.

3.5. Outline of proof

The general outline is analogous to that before; see Section 2.5. That approach failed once
either d or k became too large or k — d became too small. We outline here the ideas used
to cover these cases.
For the lower bound, we project the walk from G to G/y G. This cannot increase the
TV distance. The same argument shows that 7¢(y, |G/y G|) is a lower bound for all y.
For the upper bound, fundamentally, we still wish to bound the same expression

G|

lyGl

D)= ) P(g=v|typ)-

yeN

see Propositions 2.9 and 3.13. If g = y, then W = W’ mod y. But W, := W mod y
and le := W’ mod y are simply RWs on Z’;. So, the same argument as in Lemma 2.10
gives

_ vGl

“—— whent > 10(y.|G/yG]).

P(g =y [typ) <P(W, =W, |typ) K =
Y v IG/yGl |G|

Thus, D(t) =1+ o(1) whent > 19(y, |G/yG]|) for all y > 2. Hence, the proposed upper
bound of
T« = max 1o(y, |G/y G|).
y=2

The adjusted entropic times t,, are only introduced to alleviate a technical problem.

3.6. Lower bound on total-variation mixing

The idea is to quotient out by y G, and show that the walk on this quotient is not mixed
at time (1 — &)7to(y, |G/yG|), as in Section 2.6. Hence, the original walk is not mixed
on G either. This is achieved via the entropy growth rate and variance bounds detailed in
Proposition 3.5.
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Proof of lower bound in Theorem 3.7. As in Section 2.6, for this proof only, to emphas-
ise that Z is fixed, not being averaged over, we add a subscript-Z to the probabilities
involving Z: Pz (S(¢) € -).
Fixe € (0,1) and set t := (1 — &)7o(y, |G/yG|). Recall that
¢ k—d(G) 1
=——1Io
Y k gy
Then, P(&) = 1 —o(1), where

-1

8
& = W, (1)) > 14 d §, = e c=&ADk
{“y,t( y(1) = |G/)/G|} an yi=e

by the entropy concentration (Proposition 3.5). Also, |G/yG| < y4(@ by Lemma 2.12,
and so

% . %(k —d(G)logy =&y

Also, k — d(G) > 1, by assumption. Thus, §, = o(1) uniformly in y. Consider the set

Ry (00(y.|G/yG|)) = logy —

871
E={xeG/yG|3we s > —L —andx = (w- 2)yG}.
X € G/yG | 3w e T stuyiw) = (ol and v = (- Z)y
Define S, to be the projection of S = W+ Z to G/yG. Then, Pz(S,(t) e E | &) =1
since Wy, generates S. Every element x € E can be realised as x = w, + Z for some
Wy € Z’; with py;(wy) > 5;1/|G/yG|, by definition of E. Hence, for all x € E,
we have

5—1
Pz (S,(t) = x) > P(W,(t) = = > 7
7( y() x) = P( y() Wy) Ny,t(wx)_ 1G/7G]|
recalling that S,, lives in the quotient G/y G. Taking the sum over all x € E, we deduce
that

-1

)
12 Y Po(S,(0) =) = |E|-
x€E |G/vG]

and hence

E
6] = =)

Projecting onto G/y G cannot increase the TV distance, so

[P, (S(t) € ) —nglltv = Pz(Sy(t) € E) — ng/y6 (E)
[El _
|G/yG]

>P(€) - 1—o(1).

Finally, recall that max,en 7, = maxyenN To(y, |G/yG|) = t«. This completes the
proof. ]
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3.7. Upper bound on total-variation mixing

We use the same ‘modified L, calculation’ as in Section 2.7, conditioning on ‘typicality’;
see Lemma 2.6.

Abbreviate d = d(G) and recall that {, = ((k —d)/k)logy; set Z’y =, A 1. Fix
& > 0. The following depend on &; we suppress this. Set ¢ := 7,(1 + &). Recall the constant
¢ = c¢; > 0 from Proposition 3.5.

Definition 3.8. Sett = 7. (1 + ¢). Define global typicality sets for y € N U {co} by

S -
Wyglo == {w € Z’; | P(W,(t) =w) < |G/;G|}’ where 8, == e ctyk.

using the convention Eoo =Cloo A1 = 1,50 80 := e~ ¥ Define the local typicality set by
1
Wioe == {w € ZX_ | lwj — E(Weo i (1))| < rs Vi € [k]}, where ry := E|G|1/k(1ogk)2.
When W’ is an independent copy of W, define typicality by
typ 1= {Woo 1), Wio (1) € W} 0 ([ (W (1), Wy (1) € Wygio}),
yel
where I is a specific subset of [2, |G|] to be defined below in Definition 3.11.

We are going to use a union bound over y € I', so desire control on } |, . 8.

Lemma 3.9. ForallT C N\ {1}, we have

D 8y < 8o 4+ 27« DT = 51| + 0(1).
yel

Proof. Since minI" > 2 and k —d > 1, we have Zyep y—ck=d) < ZyzZ y—ctk—d) <
2—c(k—d)+1‘ SO,

376, =Y (e e Ek) = o7k 4+ Yy < g T 4 2ok DT
yelr velr yel

Proposition 3.10. For all ¢ > 0 and any subset ' C N \ {1}, we have
P(typ) = 1 = 8o |I'| — o(1).

Proof. Suppress the time-dependence from the notation: e.g., write W), for W,,(¢) and Q,,
for O, (1).

We consider global typicality first. Observe that
e—cEyk

0, = —log iy (Wy) > log|G/yG| + cZ‘yk ifand only if p,(W,) < 1G/yG|"
14
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Hence, recalling that §,, = =<8k with 2), = {, A 1, by Proposition 3.5, we have
P(Wy ¢ Wy0) <5y, andhence P( () (W € Wypod) = 1- 35,
yel yel

by the union bound. Recall that {, = (1/k)(k — d)logy. Applying Lemma 3.9, we de-
duce that

P(({Wy € Wyo}) = 1= 8ccIT| = 0(1).

yel
We turn to local typicality. Proposition 3.2a gives t/k < |G|*/¥ log k. So, Proposi-

tion 2.8a gives

P(ﬂqu —E(Weo,)| < r*}) —1—0(1), andhence P(Wa € Wioo) = 1 —o(1).

The claim follows by combining local and global typicality and applying the union
bound. ]

We now choose the set ', to make sense of typicality. Recall that a ? » means that a
divides b.

Definition 3.11. Define A := {y € [2,n4] | y ¢ n}, where n, = |2r4]. Recall that
H={yG|yeA yG#G}={H|H =yG # G forsome y € A}.

Given H € J#, write 'y :=={y € A | H = yG} and denote by yy the minimal y 2 n
with H = yG, i.e., yg = inf ['y. Finally, define I' := {yg | H € #} U {n}; so, ' C
AU{n} C[2,n] U {n}.

The following lemma, whose proof is deferred to the end of this subsection, is also
needed.

Lemma 3.12. Forall H € # and all y € Ty, we have yg 2 y.

Recall that 7, = max, 1,. In analogy with Section 2.7 and Proposition 2.9, write
D = D) =nP(Vo(t)- Z =0 | typ) — 1.

Proposition 3.13. Write g := gcd(Veo,15- - -+ Voo k- ). Recall that e >0 and t = t4(1+¢).
We have

Gl | _ 8olll +0(1)

0= D +e) =) PE=ylww) o -15=F >

yeN

The conditions of Hypothesis B imply immediately that this last term is o(1), since

Soo = ek,

It is straightforward to deduce the upper bound on mixing from Propositions 3.10
and 3.13.
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Proof of upper bound in Theorem 3.7. We use a modified L, calculation at time (1+¢) x

max, Ty.

e Condition that W satisfies typicality; see Definition 3.8 and Proposition 3.10.

e Perform the standard TV-L, bound on § = W - Z conditional that W is typical; cf.
Lemma 2.6.

e Upper bound the expected L, distance by (8o0|T"| + 0(1))/P(typ); see Proposi-
tion 3.13.

e This gives an upper bound on the expected TV distance of (§0|T'| + 0(1))/P(typ) +
P (typ).

e Clearly, |T| < |#| + 1. So, k > log(|#| + 1) implies §oo|T| < Soo(|H]| + 1) K 1,
as 800 = e~ ¥ Thus, P(typ) = 1 — o(1) by Proposition 3.10. Hence, the expected TV
distance is o(1).

e This means that the TV distance is o(1) w.h.p., by Markov’s inequality. |

We now prove Proposition 3.13. All terms are evaluated at t = 7,(1 4 ¢), and this is
suppressed.

Proof of Proposition 3.13. Write Voo := Woo — W), and g = gcd(Voo,1, - - - » Voo ks 11)-
If ¢ = y, which must have y ¢ n as the ged is with n, then Vo, + Z ~ Unif(yG) by
Lemma 2.11. Then,

DZ"P(Voo-Z=0|typ)—1ﬂc@j%_

yn
We consider various cases. First, combining together all y such that yG = G, we

upper bound
P@ely[vG=G) _
[y Gl -

If Voo = 0in Z¥, then g = y = n, which gives y G = {id}; using the definition of typicality,

—————— = [GIEP W = Wy, | Woootyp) [ typ) < ————;
lyG| el e P (typ)
cf. Lemma 2.10. If Vi, # 0, then, given (local) typicality, @ < n, = |2r«].
It remains to study y € A. By Lemma 3.12, for any H € J, we have

G| 1.

G|

{Vy, =0forsomey € 'y} € {V,,, =0}.

(Recall that V), € lei for each y.) This collapses the sum over all y € I'g into the single
term yg:

Pi@=yltyp) PUyer,{s=7}1typ)
2 lyGl B |H |

yel'y
- PV, =0forsomey € I'y) _ P(Vy, =0|typ) - Sy /G|
- |H| - |H| ~ Pyp)
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using typicality for the final inequality. We decompose } A into > pez > yer,,

|ZP(9 v ltyp) _ Gy Y P@=vyltyp) _ <y Syr
yeA | G| He¥ yel'y |)/G| He# ]P’(typ)
Combining all parts and using Lemma 3.9, we deduce the proposition

P(g =y | typ) 8oo| [ + o(1)
0 <nP(V - z—0|typ)—1—IGIZW‘ =" Pap

It remains to give the deferred proof Lemma 3.12. Recall that @ ? b means that a
divides b.

yin

Proof of Lemma 3.12. Decompose G = P Zm,; arbitrarily. Fix f € I'y. Then, H =
@®] hjZm;,where hj := gcd(B,m;) forall j, since«G = BG if and only if ged(o,m;) =
ged(B, mj) for all j. Set yx :=lem(hy, ..., h,). We show that y.G = H and yx 2 o for
all « € I'y, proving the lemma.

Fix j € [r]. Now, h; ¢ y« = lem(hy, ..., h,) and hj ¢ m; by assumption. Hence, h; ?
ged(y«, m;). Conversely, if x ¢ z and y ¢ z, then lem(x, y) ¢ z, and so

ys = lem(hy, ..., h)2 B

since ;¢ B. Hence, ged(y«, m;) ¢ ged(B, m;) = hj. Thus, h; = gcd(y«, m;). Hence,
y«G = H. Now consider any « with «G = H; so, h; = gcd(e, m;) for all j. Hence,
hjaforall j,andsolem(hy,..., k), ie., yx Q. L]

4. Total variation cutoff: Combining Approaches #1 and #2

The only regime which we have not yet covered is

log|G
_ 186l ) < foglG] with 1 < k — d(G) < k!
logloglog|G| ™

see Remarks 2.4 and 3.6 for the regimes covered by Approaches #1 and #2, respectively.
We combine the approaches here, using the refined notion of entropic times (Section 3.2),
to handle the rest.

4.1. Precise statements and remarks

There are some simple conditions on k, in terms of d(G) and |G|, needed for the upper
bound.

Hypothesis C. The sequence (ky,Gn)neN satisfies Hypothesis C if the following hold:

lim inf kn >0, lim kn <
1m in s Sup — o0,
N—oo flog|Gn|/logloglog|G | N—oo +/log|G|
—d(G
liminf(ky —d(Gy)) = oo, limsup kv =dGy) _
—> 00

N—oo kn
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Remark 4.1. In short, the conditions of Hypothesis C say that

log|G
_ 186Gl ) < foglG] and 1<k —d(G) < k.
logloglog|G|

Throughout the proofs, we drop the subscript-N from the notation, e.g., writing k
or n, considering sequences implicitly. Recall that we abbreviate the TV distance from
uniformity at time ¢ as

de N (1) = Py 2y, 2 DS @) € ) = Gy TV,

where
Z1, .o Zgy ~ Unif(Gy).

‘We now state the main theorem of this section. Recall that
7« = max 1o(y, |G/yG|).
yeN

Theorem 4.2. Let (ky)neN be a sequence of positive integers and (Gn)NeN of finite,

Abelian groups; for each N € N, define Z(ny := [Z1, ..., Zyy] by drawing Z1, ...,

Zky ~4 Unif(Gy). Suppose that the sequence (kn, Gn)nen satisfies Hypothesis C.
Let c € (—1,1) \ {0}. Then

de, N (1 + c)tx(kn,GN)) —P1(c <0) (in probability) as N — co.

That is, w.h.p., there is TV cutoff at max, to(y. |G/yG|). Moreover, the implicit lower
bound on the TV distance holds deterministically, i.e., for all choices of generators.

Remark. The TV lower bound from Section 3.6 is valid whenever k — d(G) > 1. Thus,
it suffices to consider only the upper bound here. The asymptotic evaluation of 7. depends
on the regime of k.

4.2. Outline of proof

Fundamentally, we still wish to bound the same expression that we did previously:

6]
2 Pa=ylwp) o -1
rUG] Y

see Propositions 2.9 and 3.13. In Section 2.7, we used |G/y G| < y¥(@ . In Section 3.7,
we used typicality to get

1
P(g =y [typ) <P(W) =W, [typ) € ———.
v IG/yG|
The idea here, for this interim regime of k near /log|G]|, is to improve the bound
|G/yG| < y?©@ for all but e°® of the y; for the remaining y, we use |G/yG| < y4(©
and the second approach.
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4.3. Upper bound on total-variation mixing

Let G be an Abelian group; set n := |G|. One can find a decomposition @‘11 Lm; of G
such that d = d(G), the minimal size of a generating set, and m; ¢ m; forall i < j.Fix
such a decomposition.

Lete > 0andlet? := (1 + &)1« (k, G). We frequently suppress the ¢ and ¢ dependence
in the notation. Let ¢ := ¢, > 0 be the constant from Proposition 3.5. Recall some notation
from Section 4.3:

1 . = 1
¢, = E(k —d)logy, &=, A1, 8, =% and r.= EIGII/k(Ing)Z‘

Since k —d > 1 and k < /logn, we have Z‘n = 1; set Eoo := 1. Recall that W is a RW
on Z and we define W, by W mod y; set W, := W. We now define typicality for this
section precisely.

Definition 4.3 (Cf. Definition 3.8). Define typical sets for y € N U {oco} by the following:
Sy
1G/yGl
Wioe i= {w € ZF | |lwi —E(W;(t))| < r« Vi € [k]}, wherer, = énl/k(logk)z.

Wy g0 i= {w € Z’; | PW, (1) = w) < }, where 8, = e_czyk;

Choose L to be the maximal integer in [1, d] with my, < M, where
M = eVioenlogloen. ot T .= {rm | r € [KV?], mimp, rmin}\ {1}.

When W’ is an independent copy of W, define typicality by
typ 1= (W), W'(0) € Wioeh 1 (W5 (0, W (1) € Wygo}).
yel
Lemma 4.4. We have log|T'| < k. In particular, §5|T| = o(1).
Proof. We have |T'| < k'/2 divmy, where divm is the number of divisors of m € N.
It is a standard number-theoretic result that log divm < logm/ loglog m uniformly in

m € N; see, e.g., [20, §18.1]. By the definition of my and the assumption that k >
\/log n/logloglogn, we obtain

log M 1 logl
logdivimy, < o8 < g7 08 081 < k.
loglog M loglogn

Thus, log|I"| < k. Finally, recall that log(1/6) = ck < k. L]

The following result is an immediate consequence of Lemmas 3.9 and 4.4 and Pro-
position 3.10.

Lemma 4.5 (Cf. Lemma 3.9 and Proposition 3.10). We have

> 8, =o0(l) and P(yp) =1-o(l).
yel
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Thus, by applying the modified L, calculation, as before, it suffices to prove the fol-
lowing result.

Proposition 4.6. Let ¢ > 0 be fixed and set t = (1 + €)1«(k, G). Then,

IGIP(S =S |typ) =1 =Y |G/yG|P(g=y |typ) — 1 = o(l).
yeN

In order to prove this, we first show that L < d < k.

Lemma 4.7. We have 0 <d — L < \/logn/loglogn < k. In particular, L < d < k.

Proof. By definition, L € [1,d],so L <d.If L <d, then m;, < M < my 4. Now,

n =my---myg, so then Ma-L < mi;’l‘ <mp4+1---mg < n.Recall that

k> logn .
~ \ logloglogn
logn logn
d—L< = <k =d. |
log M loglogn

We prove Proposition 4.6 by separating the sum over y into two parts according to I".

Rearranging,

Proof of Proposition 4.6. Observe that |G/yG|P(g = y | typ) < 1 when y = 1. Also,
g ¢ n. Thus,

Y IG/yGIP(g=y [typ)— 1= Y |G/yG|P(g =y |typ)
yEN yel”

+ > 1G/yG|P(g =y | typ).
yel

where IV := {y € [2,n] | y ¢n} \ T. We analyse these sums with Approaches #1 and #2,
respectively: namely, we show below that both sums are o(1), when ¢ := (1 + &)1« (k, G)
with ¢ > 0 a constant.

#1 Suppose thaty € I, so y ¢ T' U {1}. For each j € [L], we may write
y =r;-ged(y,m;) and mj = r]’- - ged(y, m;j),

where
ged(rj, rj) = 1.

By definition of ', if y = 7 - m for some m ¢ m;, then 7 > k12 as y ¢ T". Hence,
ged(y, mj) = y/rj < y/k'/2 for j € [L]. Applying this to the first L terms of the

product gives
d

d
14
Gy G| = Uged(%m;) < T
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Let § € (0, 1). Exactly the same analysis as in the proof of Corollary 2.15 then leads
us to

Z |G/)/G| P(g =y | typ) < e28k2d+l—k + 2k5d+l—kn(d+l—k)/k
yel”
4k(10gk)2(d+1)
kL/2

Setting § := (1/4)(k —d — 1)/ k makes the first two terms o(1), as in Corollary 2.15.
For the third term, 4% (log k)2@+1 /kL/2 « 1 as L < k = d. Hence, the sum over
y e IMiso(1).

#2 The typicality conditions set out in Definition 4.3 imply that

§
P(g=y|typ) <P(W, =W, [typ) < ———;
v |G/yG]|

cf. Lemma 2.10. Hence, combined with Lemma 4.5, the sum over y € I'is0(1). =

5. Separation cutoff

Recall that separation distance is defined by

Pt(x7y)

s(t) = I;l,ayx{l — 20)

} fort >0,

where P;(x, y) is the time-¢ transition probability from x to y and 7 the invariant distribu-
tion. We write sg, , v when considering sequences (ky, Gny)nen, analogously to dg, n
for total variation.

5.1. Precise statement and remarks
As for the previous theorems, conditions are imposed on (k, G).

Hypothesis D. The sequence (ky,Gn)neN satisfies Hypothesis D if the following hold:

. kny —d(Gn) . logky
lim inf ) 57 =00 and limsup =
N—oo max{(log|Gn|/kn)?, (log|Gn|)'/?} N—oo 10g|Gn|

Remark 5.1. It is easy to check that Hypothesis D is satisfied when logk < log|G|
and

either k = (log|G|)*>* and k —d(G) > (log|G|)"/?
or k > (log|G|)*? and k — d(G) < k.

In particular, the latter holds whenever k —log, |G| Z log|G|, e.g., k > log|G]|.
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Theorem 5.2. Let (ky)neN be a sequence of positive integers and (Gn)NeN of finite,
Abelian groups; for each N € N, define

Zny = [Zl,...,ZkN]

by drawing Z1, ..., Z, ~" Unif(Gy). Suppose that the sequence (ky,GN)nen sat-
isfies Hypothesis D. Let ¢ € (—1, 1) \ {0}. Then,

56, N((1 + )tk , Gn)) —P 1(c <0) (in probability) as N — .

That is, w.h.p. there is separation cutoff at t«(k, G). Moreover, the implicit lower bound
on the separation distance holds deterministically, i.e., for all choices of generators.

Remark. Total-variation distance is a lower bound on separation distance; see, e.g., [35,
Lemma 6.16]. Hence, the lower bound on separation distance is immediate from that on
TV distance.

The proof uses the previously established TV mixing time upper bound as a building
block.

5.2. Upper bound on separation mixing

Preliminaries. Write n := |G|. We want to show, for fixed £ > 0, that
1
min PE@0,x) > (1 —o(1)) forsomet < (14 28)tE(k,G).
X€ n

Abbreviate d := d(G). Let y = o(1), to be specified later. Throughout the course of
the proof, we impose conditions on y; at the end, we show that these are equivalent to
Hypothesis D.

Setk’:=k — y(k—d);then, k' <k andk’'—d = (1—y)(k—d) <k —d > 1. Let
A:=1[Zy,..., Zy/]be the first k" generators and B := [Zy/41, ..., Zi] be the remaining
k — k' = y(k — d). Since G is Abelian, P; = P; 4 P; g, where in P; 4 (resp. P; p),
we pick each generator of A (resp. B) at rate 1/ k independently. In words, first apply the
generators from A, then those from B. [

Let & > 0 be a constant; let t' := (1 + &)7«(k’, G). Since there is cutoff on G(A)
w.h.p. at 7. (k’, G), we can choose § = o(1) so that ¢’ is larger than the §2-TV mixing
time for the rate-1 RW on G(A) for a typical choice of A. In the regime k > logn,
simply having 6 = o(1) will be sufficient. In the regime k < logn, we quantify this to
be § = e~2¢%=4) Hypothesis D implies that k > /Togn; combined with k < logn,
this means that Hypothesis B, used in Approach #2 (Section 3), is satisfied. We also
compare T«(k’, G) and 7«(k, G), the w.h.p.-cutoff times for G(A) and G(Z), respect-
ively.

We need two auxiliary lemmas, which we state now; their proofs are deferred to Sec-
tion 5.3.
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Lemma 5.3. Assume Hypothesis D. Then, there exists § < 1 such that the §>-mixing time
of the RW on G(A) is at most t' = (1 + &)1« (k’, G) w.h.p. Further, when additionally

k < logn, there exists a constant ¢ > 0 such that we may take § := g delk—d),

Lemma 5.4. We have t.(k', G) < (k. G) if and only if y(k — d)k=2logn < 1.

Note that k >> logn implies k —d < k, and so (k —d)k™2logn < logn/k < 1
already; so, any y < 1 suffices. Assume that y(k — d)k~2logn < 1so that 74 (k',G) <
7«(k, G). To relate this to the rate-1 RW on G(Z), rescale time by k/|A| = 1/(1 —
xtk—d)/k):sett :=t"/(1 — y(k —d)/k). Thus,

= (14+8t(k,G) asy k1<

3 d; in particular, ¢t < (1 4+ 2&)7.(k, G).

By monotonicity of the separation distance with respect to time, it thus suffices to show
that
min P;(0, x) > l(1 —o(1)) wh.p.
x€G n
Recall that the generators Z = A U B are separated into A, the first &/, and B, the
remainder.

Lemma 5.5. Assume Hypothesis D. Lett > t' = (1 + &)t (k’, G). Assume that

1 1
= L x <1 whenk <logn and 7 KL x <1 whenk > logn.
Let § be as in Lemma 5.3. For y,z € G, define

0p(y,2) =BT Y 1y+b~" =2);

beB

i.e., Qp is the transition matrix for the time-reversed RW on the Cayley graph G(B).
Suppose also that for all (deterministic) sets D C G with |G \ D| < §|G|and all x € G

uniformly,
1

P(Qp(x,D)<1—-n) = 0<ﬁ) for some n = o(1),

where BT .= B and B~ := B U B~ (as multisets). Then,

1
min P;(0,x) > —(1 —o0(1)) w.h.p.
x€G n

Proof. We condition on a typical realisation of A: write # := {a | tmix(8%; G(a)) < t'}
and condition on A = a for a fixed a € 4. Then, P(4 € A) = 1 —o(1) by Lemma 5.3.
Given A = a € A, the set

1
D= {z €G | Pra0,2) > —(1 —8)} satisfies |D| = n(1 — §).
n
Indeed, using the distinguishing-statistic representation of total-variation distance,

1 1 1 1
§2 > (D) — P, 4(0, D) > —|D¢| — —(1 = §)|D| = =8| D¢|, so —|D°| <.
n n n n
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For the undirected case (i.e., the RW on Gk_), by reversibility, conditional on A = a € A,
we have

P0.%) 2 Piy(x, D)+ (1-5),

While the RW on G ,j is not reversible, Cayley graphs have the special property that a step
‘backwards’ with a generator z corresponds to a step ‘forwards’ with z~!. Thus,

1
PF(0.5) 2 Qf p(x. D) - ~(1-5).

where Q,J,FB is the heat kernel for the RW on G*(B~!), where B~ := [z7! | z € B],
rather than on G (B). For the RW on G, ., replacing the generators with their inverses
has no effect on the graph (or RW); set Q7 := P 5. We want to show that Q,p (x,D) =
1 — o(1) uniformly in x € G w.h.p.

Now, Q; p corresponds to a RW on G*(B~1) run for time ¢. By considering just the
final step of this RW, we now argue that the hypothesis of the lemma is sufficient. Indeed,
first note that

min Q;5(x, D) = (1 —e~"18V%) - min Qp (x, D).

where ¢ tIBI/k

e Ifk > logn,then (k —d)/k < 1,s0t|B|/k = yt > 1 whenever 1/t' € y < 1.
o Ifk <logn,thent >t = k,sot|B|/k = y(k —d) > 1 whenever 1/(k —d) <
x < 1.

Thus, the assumptions in the lemma allow us to perform a union bound over x € G:

is the probability that none of the generators in B are applied by time 7.

P(min O/ p(x. D) < 1-21 | A =a)=o0(),

where the randomness is over the generators B, provided 7 decays sufficiently slowly.
For each a € 4, we have the desired lower bound on min, P (0, x) conditional on
A = a. Finally, we average over A and use

P(AeA)=1-o(l)
to complete the proof:
P(ngn P(0,x) > ’11(1 —0(1)))
zp(ngnp,(o,x)z%(l—o(n)}Ae,A)P(AeA)z 1—o(l). m

We need to check that the supposition of the previous lemma is satisfiable.

Lemma 5.6. Suppose that y(k — d)? > logn if k < logn and that y < 1 sufficiently
slowly if k > logn. Then, we can choose n < 1 vanishing sufficiently slowly so that for
all (deterministic) sets D € G with |G \ D| < §|G| and all x € G uniformly,

P(Qp(x,D) <1—1n) = o(%).
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Proof. Fix an arbitrary x € G. We desire a proportion at least 1 — 5 of the generators
in B to connect x to D. The generators are chosen independently, and each connects
with probability |D|/|G| > 1 — §. Since there are y(k — d) generators, it thus suffices to
choose n <« 1 so that

; 1
PBin(y(k —d).1-8) < y(k —d)(1 —n)) = o(m)
Let L := y(k — d); then, L > 1. Direct calculation, using standard inequalities, gives

P(Bin(L.1-§) < L(1 — ) = P(Bin(L,$) = nL)
L k—d
8 R
nL U U
e Consider first k > log n; necessarily, k —d < k. Here, we do not quantify §: we
simply assume § = o(1). Requiring  and y to vanish sufficiently slowly (compared
with §) gives (8e/n)"* = o(1). Raising this to the power k —d < k > logn gives
super-polynomial decay.
e Consider now k <logn. Here, § = e=2¢%*=4) Choosing 1 > e~/§ = e ¢k~ +1 gjyes
(5_6)”("‘”’) _ snae—d)/2 _ p—enxk—d)?
n
We can choose n < 1 so that ny(k — d)? > logn, giving super-polynomial decay.
These bounds are independent of x, and hence hold for all x € G uniformly, as
required. ]
On top of Hypothesis D, we need y to satisfy the following simultaneously when
k <logn:
e weneed y(k —d)k™2logn < 1 to hold for Lemma 5.4;
e weneed1/(k—d) <1< yand y(k —d)? > logn to hold for Lemmas 5.5 and 5.6.

No requirements beyond ‘sufficiently slowly’, in terms of §, are imposed on y when k >
log n. The next lemma states that having such a y is equivalent to Hypothesis D; its proof
is deferred to Section 5.3.

Lemma 5.7. Assume Hypothesis D and that k < logn. Then, we can choose y € (0, 1)
satisfying

1
yk —d)k™2logn < 1, y(k—d)*> > logn and P <Ly <K L

In fact, Hypothesis D is equivalent to being able to find such a y.

These lemmas combine easily to establish the upper bound in Theorem 5.2, as we
eXpose Now.
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Proof of upper bound in Theorem 5.2. Assume that 1 < logk < logn. Lemma 5.7 guar-
antees that a y satisfying the conditions of Lemmas 5.4, 5.5 and 5.6 simultaneously can
be found under Hypothesis D when k < logn; when k > logn, simply take y < 1 suf-
ficiently slowly.

The conclusion of these lemmas is that the separation distance is o(1) w.h.p. at time ¢/,
and thatt’ = (1 + &)t (k’, G) < (1 4 2&)74(k, G). This completes the proof of the upper
bound. ]

5.3. Auxiliary lemmas
It remains to give the deferred proofs of the auxiliary lemmas: Lemmas 5.3, 5.4 and 5.7.

Proof of Lemma 5.3. Consider k' < k < logn first. We use Approach #2 (Section 3.7),
applied to G(A); recall that A has k' iid generators, and that ¢’ = (1 + £)7.(k’, G). Quan-
tifying the proof of upper bound in Theorem 3.7, using Lemma 3.9 and Proposition 3.13,
gives a bound of
8oo(|r| + 1) + o—c(k—d)+1
PP (typ)

on the expected TV distance at time ¢/, under Hypothesis B with typicality given by Defin-
ition 3.8.

The proof of Proposition 3.10 shows that global typicality fails with probability at
most oo || + e ¢*=+1 The local conditions as stated in Definition 3.8 do not fail
with sufficiently low probability — only at most 7, for some n = o(1). This is proved via
standard large deviation estimates from [26, §C]. Replacing r« by r.« logn gives failure
probability 7'°¢" < ¢k,

Increasing ry like this increases |I'|, but not enough to cause any issues. Indeed,
we have

+ P(typ“)

1
log|T"| <logns < 1og(n1/k(logk)210gn) < Elogn + 3loglogn.

But, Hypothesis D implies that k — d > (logn)'/2 and that
logn

2
k>k—d> ( ) ., sok > (logn)??; hence, log|T| « (logn)'/? < k —d.
Thus, the dominating term in the upper bound is 27¢*~4)Adjusting ¢, this completes
the case.

The case k' < k > logn is trivial, since here all Abelian groups have TV cutoff at
(k', G). [

Proof of Lemma 5.4. We have k < k" and k —d = k' — d. Observe that n2/* < n2/¥’ if
and only if

2 2 2 2 . _2
1 > (P — %) logn = (m — %> 10gl’l, 1.€., )((k—d)k logn < 1.
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The claim follows by Proposition 3.2a for 1 < k < logn. On the other hand, if k >> logn,
then

logn
«k,G) = T(k,n) = ————;
ok, ) Ge,m) log(k/logn)
see Section 1.3.1. Hence, T'(k,n) < T (ak,n) forall « € (0, 00). Thus, T'(k,n) < T'(k',n)
ask < k'. [

Proof of Lemma 5.7. Rearranging the conditions, they are equivalent to having

1 k? 1
ogn Lk—-d <K for some y € (0,1) with —— K y < 1.
X xlogn k—d

We reparametrise these conditions. Let ¢ € (0, c0) and set

ek? logn vk —dlogn
X = ———; then = .
(k—d)logn X ek

The conditions on y then, in terms of ¢, become
logn (k—d)logn

(logn)?
m<<8<<l and 2 KK 2

We can find such an ¢ € (0, co), implicitly a sequence, if and only if

(k — d)logn}
k2 '

(logn)?> logn

max{——, — ¢ K min{l,
{(k —d)k?’ k2 }
Some case analysis shows that this condition is equivalent to the first condition of Hypo-

thesis D. [

6. Nilpotent groups: Mixing comparison and expansion

We compare the mixing times for a nilpotent group G with a ‘corresponding’ Abelian
group G: tmix(Gr)/tmix(Gx) < 1 + o(1). We use this to show that Gy is an expander
w.h.p.if k —d(G) = log|G]|.

To emphasise, the material in this section applies to both the un- and directed cas-
es, simultaneously. Throughout, (G())¢so is the lower central series of G and L :=
min{f > 0 | G = {id}}.

6.1. Precise statements
We prove Theorem D, which we recall here for the reader’s convenience as Theorem 6.1.

Theorem 6.1. Let G be a nilpotent group. Set G = @lL (G-1)/G)). Suppose that
1 « logk < log|G|andk —d(G) > 1. Let ¢ > 0 and let t > (1 + &)« (k, G). Then,
dg, (t) = o(1) w.h.p.
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Remark. An equivalent bound, depending only on k and |G| = |G|, valid for all groups
has already been established when k >> log|G|; recall Section 1.3.1. Thus, we need only
consider 1 <« k < log|G|.

We use this mixing time bound to show that G for nilpotent G is an expander w.h.p.
when k — d(G) = log|G|. The isoperimetric constant was defined in Definition E for
d-regular graphs:

1
o, = i ®(S), where &(S) = ———|[{a.b} e E|ac S, be S|
c= _min (), where ®(5) = illla.b) €  |a |
Specifically, we prove Theorem E, which we recall here for the reader’s convenience as
Theorem 6.2.

Theorem 6.2. Let G be a nilpotent group. Set G = @IL (G-1)/G))- Suppose that
k —d(G) = log|G|. Then, ®.(Gy) < 1 w.h.p.

6.2. Outline of proof

Consider the series of quotients (Q := G(z_l)/G(g))éLzl. For each £ € [L], choose a set
R¢ € Gy of coset representatives for Q¢ = G—1)/ G). To sample Z; ~ Unif(G), it
suffices to sample Z; y ~ Unif(Ry) for each £ independently, and then take the product:
Z;=Zi1---Z;;see Lemma 6.3. Then Z; ;G4 ~ Unif(Q) independently for each i
and ¢; see Corollary 6.4.

Suppose that M steps are taken; let o: [M] — [k] indicate which generator is used in
each step. Set S := ]_[,1:,21 Zs(m)- Foreach £ € [L], let Sy = ]_[,Anl=1 Z 5 (m),¢; this is the
projection of S to Qy. Then, each S;G () is a RW on Qy, which is an Abelian group, but
all using the same choice o.

These are RWs on Abelian groups, so the ordering in o does not matter. For each
i € [k], let W; be the number of times in o that generator Z; has been applied minus
the number of times that Z; ! has been applied. Let ¢’ be an independent copy of o and
define S’ and W’ via ¢’ and Z; for each £ € [L], define S, := ]_[f‘nl=1 Zs(m),0- Then,
S and S’ are iid conditional on Z.

To compare the RW on the nilpotent group with one on an Abelian group, we show that

L
nP(S =S| (W.W)) =n[[P(SiGw = S;Gwy | W.W") =|G/aG]|.
1

where
g = ged(Wy — Wy, ..., Wx — W/, n);

see Proposition 6.6 and Corollary 6.9. By analysing |G /gG |, we showed in Sections 2—4
that the RW on Gy, is mixed w.h.p. shortly after .(k, G); see specifically Lemma 2.11.
From this and the inequality above, we are able to deduce that the RW on Gy, is mixed
w.h.p. shortly after the same time.
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6.3. Reduction to Abelian-type calculations

Consider the series of quotients (Qy := G(g_l)/G(g));ﬁzl. For each £ € [L], choose a set
R¢ € Gg—y) of coset representatives for Oy = G—1)/ G, i.e., aset Ry with |[Ry| = [ Q|
and {rG)}rer, = Gu—-1)/Guy = Qr. We sample the uniform generators via uniform
random variables on each of the quotients. In this way, projecting to one of the quotients,
we get a RW on this quotient.

Lemma 6.3. Foreach{ € [L], let Yy ~ Unif(Ry) independently. Then, Y :=Y;---Yp ~
Unif(G).

Proof. Letrg € G and consider the event{Y =r¢}. If ro =Y --- Y, thenry = Yl_lro =
Y, ---YL. Clearly, the right-hand side is in G;), and so the left-hand side is too. Hence,
ro=Y1 mod Gy). But, Y1 ~Unif(R), so the probability of thisis 1/|R1|=1/|G)/ G |-
Similarly, r; := Yz_lrl =Y3---YL € G),s0r1 =Y, mod G(y), the probability of which
is 1/|R2| = 1/|G1)/ G(2)l. Iterating,

L L
P(Y = ro) = H; =11 Gl 16wl _ 1T
CGe-n/Gwl 1M Gu-l 1Gel 1G]

since the Yy are independent. Since ro € G was arbitrary, we deduce that Y ~ Unif(G). m

This gives the following corollary.

Corollary 6.4. Forall (i,£) € [k] x [L], sample Z; y ~ Unif(Ry) independently and set
Zi=2ZiyrZip Then, Zy,...,Z1 ~" Unif(G). Further, Z; ¢Ggy ~ Unif(Qy) inde-
pendently for all (i, ).

Proof. All the independence claims are immediate. The first claim is immediate from
Lemma 6.3.

For the second claim, we have Z; ¢ ~ Unif(R) and |R¢| = |Q¢|. Now, xG ) = yG(g)
if and only if y~'xG() = G(. If X ~ Unif(R¢) and H € Qy, say H = yGy) with
¥ € Ry, then y~'X ~ Unif(Ry) independently of y. So, P(XGy = yG)) = 1/|Ry].
Hence, XG ) ~ Unif(Qy). |

Assume that Z is drawn in this way for the remainder of the section. The next main
result (Proposition 6.6) is the key element of the proof of Theorem 6.1. It reduces the
problem to a collection of Abelian calculations, similar to those already considered earlier.

First, we need an auxiliary lemma, showing that v - Z = 0 is the ‘worst case’.

Lemma 6.5. Let H be an Abelian group. Let Z1,. .., Zi ~" Unif(H) and v € Z¥. Then,

maxP(v-Z =h) =P(v-Z =id(H)).
heH
Proof. Write 0 := id(H). Leth € H. Write A(h) :=={z € H* |v.z = h}.Ifw € A(h),
then
B={z—w|zeA(h)} C A(0);
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also, clearly, |B| = |A(h)|, so |[A(h)| < |A(0)|. Hence,

A _ 1A©O)] _

Pw-Z=h)= HIE = HF =Pw-Z =0). |

The following theorem decomposes the probability P (S = S”) into a product of prob-
abilities P(S¢Gy = S é G))- The latter correspond to probabilities of RWs on Abelian

groups Qy.

Proposition 6.6. Let M, M’ € N. Let 0: [M] — [k] and o': [M'] — [k]. Let n € {1}
and i € {il}M/. Recall that (G g))¢s0 is the lower central series and that Gy = {id}.
Fort € [L], set

M M ) M M ,
. Nm /e Mm . Nm ! Mm
Se= 112500 Si=1120%me S=11250 =11 2w
m=1 m=1 m=1 m=1
Fori € [k], write

V; = Z 77;;7 - Z Nm-

me[M’']:0’ (m)=i me[M]:.o0(m)=i
Then,
L L k
P(S =8 < [[P(ScGw = SiGwy) =[] P(Z viZigGy = id(Qz))-

=1 =1 i=1

The randomness in the above set-up comes from the choice (Z k){"=1 of generators,
not from the RW aspect (o, n) or (¢”, n): it is valid for any choices of (0,0, 1, 7). In par-
ticular, it applies to both the undirected and directed Cayley graphs, the latter requiring 7
and 7’ to be all-1 sequences.

Proof. The claimed equality follows immediately from the fact that QO is Abelian.

‘We now set up a little notation. Write 4; ¢ :=Z; 1---Z; y—1and B; y :=Z; g1+ Zi L}
then Z; = A; ¢Z; ¢B; 4. (Here, A;1 :=id and B; ; = id.) Note that B;; € G for all
j €lk]and £ € [L].

Let & :={S'S™! ¢ G} Then,

L
P(S =8) =[P (E| &)
1

Now, [g,h] € Gy and hg = ghlh™!, g7 1] = gh[g,h]"! forall g € G and h € G(4—1).
So,

M’ M
ro—1 _ N ’ —NM+1—m ’
S'ST = MyNy - ( H Ba/(m),zco’(m),e) : ( l—[ By mt1-me a(M+1—m),E)
m=1

m=1
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for some C; ¢, C]fg € G and My and Ny defined as follows:

M’ M
. N —NM+1—m
My = ( l—[ Ao/(m),e) : ( l_[ Aa(M-H—m),l)’
m=1 m=1

M’ M
. 77;;1 —NM+1—m
Ny = ( 1_[ Zo’(m),e) ’ ( H Za(M+1—m),z) € Ge-1-
m=1 m=1
We thus see that
61 =1{8'S7" € Gy}

holds if and only if {M; € G—1)} holds. Crucially, this implies that the indicator 1(&;—)
of this event’s occurrence is independent of Ny.
We claim that the following is true:

given that S’S™! € Gy, we have S'S™" € Gy if and only if MyN; € G).

To prove this, we first make three observations, recalling that G—1y/G¢) is Abelian:

o for all o € Gy—1), we have oGy = G and (¢B)G )y = (@G))(BG(y)) for all
B €G;

® Bj1.Cju.C/ € Gforall j € [k]and Ny € Ge—1y;

e S’S7' e G-y ifand only if My € G(g_1), and so My N; € G_y).

Assume that S’S™! € G(;_1). Applying these observations in the above formula above
gives

M/
S'ST'Gwy = (MNeGy) - ( I1 (Bgf’ém),eG(@))(Cé/(m),eG(e)))

m=1

M
X ( 1_[ (B;(Will_Z),gG(l))(CG(M+1—m),ZG(l)))
m=1
= M[NZG(Z).

Thus, S'S™! € G¢—1) if and only if My Ny € Gy—y), as claimed.
Now, M, is independent of Ny, and so Ny is independent also of 1(&;_;). Thus,

P(&¢ | Ee—1) =P(MyNy € Gy | E¢—1) < max P(xNg € Gy).

x€Ge—1)

Now, Q¢ = G—-1)/ G is Abelian, and Ny is a product of generators Z; ; and Z]_(1 for
different j € [k]. Hence, we are in the set-up of Lemma 6.5. Applying that lemma,

P(&¢ | E¢—1) < P(Ng € Guy) = P(SeGy = S;Gpy).

using the definition of N,. This proves the desired inequality. ]
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6.4. Evaluation of Abelian-type calculations

The quotients Qy are Abelian, so the order in which the generators are applied does not
matter. Define W; = Z,Anl:l 1(o(m) = i) for each i. Then, W = (W,-){.‘=1 is the RW
on Z¥ run for M steps.

Key in analysing the Abelian-type terms are gcds: for all w, w’ € Z*, define

g(w,w’) = ng(wl - wi’ w2 — w/Za cees W — wl’{? |G|)

We use these to evaluate the right-hand side of Proposition 6.6, culminating in Corol-
lary 6.9.
First, we prove an auxiliary lemma akin to Lemma 2.11.

Lemma 6.7. Let £ € [L]. For all w,w’ € Z¥, we have

k
> i Zi0Gey ~ Unif(gw,w) Qo).
i=1
Proof. Corollary 6.4 says that Z; ;G ~ Unif(Q,) independently. The quotients Q are
Abelian. Lemma 2.11 says that linear combinations of independent random variables in an
Abelian group are also uniform, but on the subgroup given by the gcd of the coefficients.
This proves the lemma. ]

This leads us to a bound on P, 4, (S = S’) in terms of a product of |Q,/y Q| =
|Q¢l/|yQ¢| over £ € [L], for some y which is a suitable gcd. The following lemma con-
trols this product.

Lemma 6.8. Forall y € N, we have ]_[(L=1 lyO¢| = |yGl.

Proof. For any Abelian groups A and B and any y € N, we have y(4 & B) = (y4) &
(yB) and |A & B| = |A||B|. Since G was defined to be a direct sum of the Qy, the claim
now follows. u

Let (S’, W) be an independent copy of (S, W). Combining Proposition 6.6 and Lem-
mas 6.7 and 6.8 gives the following corollary. For w, w’ € Z*, write

Paw,uwn () =P | (W, W) = (w,w')).

Corollary 6.9. Forall w,w’ € Z¥, we have

L —

104l |G|
HP( , /)(SZS/)Sll = —
o o1 18w Qe I8w,w) Gl

=|G/g(w,uw)G|-

Proof. Note that | Q| divides |G|, and so ged(vy,.. ., vk, |Q¢]) < gcd(vy,..., vk, |G|) for
all v € Z*. Also, for any Abelian subgroup H of G, if a ¢ |H|and a2 B, then BH < aH.
Combined with Proposition 6.6 and Lemma 6.7, this proves the inequality. To emphasise,
Proposition 6.6 is valid for any choice of (o, 0’, 1, ), so, in particular, applying under
this conditioning. The first equality follows immediately from Lemma 6.8. The second
equality follows from Lagrange’s theorem. ]
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The right-hand side of this corollary depends only on the Abelian group G. We apply
the theory developed in Sections 2—4 to bound the mixing time for this Abelian group.

Proof of Theorem 6.1. Let W C Z¥ be arbitrary for the moment. Set
D :=nP(S =S"|typ) —1, wheretyp:= {W, W' € W}.

Abbreviate g := gw,w). Applying now Corollary 6.9, we obtain

D<) Pg=vyltyp):|G/yG|-1.
yeN

This latter expression is purely a statistics of the Abelian group G. We established the
upper bound on mixing by looking at precisely this quantity. Bounding it was one of the
main challenges. There were three different arguments for bounding it, corresponding to
different regimes of k. We briefly outline these arguments now. The choice of ‘W varies
from argument to argument.

e In Section 2.7, we upper bounded |G/yG| < yd(é); we then used unimodality to
show that P(y ¢ W; | W; # 0) < 1/y, from which we deduced that P(g = y | typ) <
(1/y + P(W1 = 0 | typ))~.

e In Section 3.7, we analysed (W, W’) taken modulo y, for each y; we then used
entropic considerations to bound P(g = y | typ) < |G/y G| in a quantitative sense.

e In Section 4.3, we combined these two approaches.

Instead of reconstructing these arguments, we reference the appropriate places in the pre-

vious sections. For each approach, there are conditions on (k, G); see Hypotheses A—C.
At least one of these is satisfied if

1 < k <log|G|—1log|G| and k —d(G) > I;

see Remarks 2.4, 3.6 and 4.1.

We need to choose the set ‘W; see Definitions 2.7 and 3.8 for the respective definitions,
replacing G with G in those definitions. See Propositions 2.9, 3.13, and 4.6 specifically
for the results bounding the above sum. The conclusion of these results is that

D<) P@=ylyp)-1G/yG|—1=o(l).
yeN

Combined with the modified L, calculation of Lemma 2.6, this completes the
proof. ]

6.5. Cutoff for nilpotent groups with small commutators

We now prove Corollaries D.1-D.3, which relate to nilpotent groups with large Abelian-
isation.
First, we compare 74 (k, G = G & [G, G]) with 7. (k, G™).
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Proposition 6.10. Let A and B be finite, Abelian groups and k be such that 1 < logk <
log| A|.

o [fk <log|A @ B|, then suppose that k > d(B)log|B| and k — d(A) > d(B).
o [fk > log|A & B|, then suppose only that log| B| < log|A].
(In either case, 1og|B| < log|A|.) Then, t«(k, A ® B) < t«(k, A).

These conditions imply that A @ B should be viewed as a ‘small perturbation” of A.
The proof is technical, relying on auxiliary results on entropy; it is deferred to [26, Pro-
position B.30].

Proof of Corollary D.1. The lower bound of t,(k, G*) follows by projecting onto the
Abelianisation, which is an Abelian group. The argument is analogous to that of Ap-
proach #2 in Section 3.6.

The conditions of Corollary D.1 match those of Proposition 6.10 when 4 = G* and
B =[G, G]. Hence, 7« (k, G*®) < t4(k, G = G® @ [G, G]). The upper bound of 7, (k, G)
is immediate from Theorem D if k < log|G|. It was already known for k >> log|G |; recall
Section 1.3.1 or see Theorem 7.2. |

To prove Corollaries D.2 and D.3, we need an asymptotic evaluation of the entropic
times. Recall that 7, (k, y") is the time at which the entropy of RW on Z’; reaches
log(y") = log|Z;|.

Proposition 6.11 ([26, Proposition B.25a]). Let , := ((k — r)/k) log y. Suppose that
1<k Zrlogy.
ty(k,y") _ 1 log(1/%)

j 1, th ~ = .
oy < e k 21 —cos(2n/y)

k,y"
If ¢ 21, then %x y2e—2§y = (yr)z/k.

Suppose further that 1 < k < rlogm.

T, (k.y") _ y2e 2 (yn)/k
k Y 2me T 2me

If &, > 1,  then

Proof of Corollary D.2. The lower bound argument is exactly the same as for Corol-
lary D.1.

For the upper bound, we slightly refine the argument used to prove Theorem D. First,
we claim that G® =~ Z},. Indeed, the Frattini subgroup ®(G) satisfies $(G) = [G, G]G?
when G is a p-group, where G? := (g” | g € G). By definition of being special, ®(G) =
[G, G]. Thus, G? < [G, G]. In particular, the Abelianisation is of exponent p, as required.
Thus, G =~ Zf, as GO ~ Z;.

The general arguments for Abelian groups used to prove Theorem A can be spe-
cialised to the group Zf;. We do not include the details here, but rather defer them to
[25, Theorem B]. The conditions for this approach are only k > £, rather than k — £ > 1
as previously.
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We turn to the entropic time. We have yZ;, = Z,, unless p 2y, as p is prime. Thus, the
worst-case y in T« (k, Z},) = maxy,pr ty(k, Z},) is y = p, and so t«(k, Z},) = tp(k, Z},).

For a nilpotent group G, for Z to generate G it suffices that Z generates G°; here,
G® = Z,,. We analyse Abelian group generation in [25, Lemma 8.1]. That lemma shows
that k — r > 1 is always sufficient to generate the group w.h.p., but if p > 1 then merely
k —r > 0 is sufficient.

Finally, if k —r < k and p > 1, Propositions 2.2 and 6.11 gives

(k. Z},) = Too (k. Z},) = to(IZ]).

Indeed, in the notation there, {, = ((k —r)/k) log p is the relative entropy; so,
é‘p > 1. |

For the Heisenberg group H,, 4, we have the explicit expression H ;lb 4= Z,an_“,
even for m not prime. This allows us to evaluate 7« (k, H};b 4) €ven when m is not prime,
provided m > 1.

Proof of Corollary D.3. Let r := 2d — 4. We have Hdb =~ 7, and HCom =~ Zm. The
conditions of Corollary D.3 are precisely those requlred to apply Corollary D.1. Hence,
there is cutoff at 7. (k, H ab ) w.h.p. It remains to evaluate . (k, H ab ) = 1+(k,Z},) when
k—r=<kandm > 1.

First, observe that

Vg = Lpy)geaymy forally.
Hence, by replacing y by ged(y,m) < y, we need only consider y with y ¢ m. Next,

|z, /Zm/y| = y". Hence,

w(k,Z),) = max 7, (k,y").
yum

In the notation of Proposition 6.11, {,, = ((k —y)/k)logy < logy. Hence, {, > 1l if
(and only if) y > 1. If the maximising y, call it y, satisfies y« > 1, then Propositions 2.2
and 6.11 give

ker/k

m?aXfy(k, Y =g.kvo) = = To(k, yy).
yim

It remains to show that y, = m. The map y — ky?/*/(2re) is increasing. So, if
¥« > 1, then in fact y» = m. Similarly, Proposition 6.11 show that 7, (k,y)/k < y2rik
as {, < logy 2 1. Hence,

Ty (k. y") < 2rlk 2r/k _ Tm(k,y")
T o4 = T,

thus, yx = m. n

<m

Finally, after Corollary D.2 we mentioned that special groups are ubiquitous amongst
p-groups of a given size. We elaborate on this claim in the following remark.



J. Hermon, S. Olesker-Taylor 1970

Remark 6.12. In the classical work [29], Higman gave upper and lower bounds on the
number groups of size p* for a prime p. The upper bound was later refined by Sims [46].
Together, they show that this number is equal to p(z/ 20U The lower bound
p&/ 2NE-0() i obtained from Higman [29, Theorem 2.1] by counting step-2 groups
whose Frattini group is equal to the centre and is elementary Abelian of size p’ and of
index p”, where r = £ — s. It is classical that such a group is special if and only if it has
exponent p, i.e., every element other than the identity has order p.

Higman in [29] showed that the number of such groups of size p® is between
pU/Dsrr+D)=r2=s? ang p1/Dsrr+D=s6=1 if s < r(r + 1)/2 and 0 otherwise. A small
variant of his argument shows that the number of special groups of size p*™" whose com-
mutator subgroup is of size p® is between p(1/2s7(r=D=r?=s anq p1/Dsr(r—1)=s(s=1)
fors < r(r —1)/2. (In [29], one includes in F all elements of order p. See also the short
argument in Sims [46, p. 152]; there, the change is considering the case that b(i, j) = 0
forall1 <i <rand1 < j <s.) Taking r and s such that |[r — 25| < 3, we see that the
logarithm of the number of groups of size pt is dominated by special groups.

6.6. Expander graphs of nilpotent groups with k = 1og|G|

The isoperimetric constant ®, can be defined for general Markov chains; see [35, §7.2].
The isoperimetric constant of a graph is that of the nearest-neighbour RW on the graph.
It is easy to see that the isoperimetric constant of a Markov chain, of its time reversal and
of its additive symmetrisation are all equal. But, for any generators Z, the additive sym-
metrisation of the RW on G*(Z) is the RW on G~ (Z); s0, D (G1(Z)) = ®.(G~(Z)).
It thus suffices to work with undirected Cayley graphs.

We analyse the spectral gap via considering the 1/n¢-mixing time for some ¢ > 0.

Proposition 6.13. Let G be a nilpotent group. Suppose that k —d(G) =< k =< log|G|. Let
&> 0andsett = (1 + ¢)t, (k,G). Then, there exists a constant ¢ > 0 so that dak (1) <
|G|~¢ w.h.p.

Proof. Consider first Abelian G; here, G = G. Since Hypothesis D is satisfied,
dg, (1) < = k=4O

w.h.p. for some constant ¢’ > 0, by Lemma 5.3. The claim now follows as k — d(G) =<
log|G| here.

Consider now nilpotent G; here, G # G. We apply our nilpotent-to-Abelian method.
There, we upper bounded the modified L, distance for the RW on G (at time ¢) by the
modified L, distance for the RW on G (at time 7); see specifically Proposition 6.6, Lem-
ma 6.7 and Corollary 6.9. For Abelian groups, we used the modified L, calculation (in
Sections 2—4). Thus, the nilpotent case is an immediate application of the nilpotent-to-
Abelian method and Abelian case. ]

We apply Proposition 6.13 along with standard mixing-type results.
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Proof of Theorem 6.2. As noted in Remark E, it suffices to consider only k < logn.
First, we use the discrete Cheeger inequality, for reversible Markov chains

where y is the spectral gap; see, e.g., [35, Theorem 13.10]. Thus, it suffices to show that
y < 1.

Next, we use a standard relation between the mixing time and spectral gap: for a re-
versible Markov chain with invariant distribution uniform on n states, mixing time #p;x
and spectral gap y,

1
tmix(—c) = y~llogn for any constant ¢ > 0;
n

see [35, Theorem 20.6 and Lemma 20.11]. Thus, y < 1 if t,,;,(1/n¢) < logn for such c.
The mixing claim follows immediately from Proposition 6.13 and that k < log|G|. =

7. Concluding remarks and open questions

In Section 7.1, we discuss lack of cutoff in the regime where k is a fixed constant. In Sec-
tion 7.2, we give a very short proof, which is a small variant on Roichman’s argument
[44, Theorem 2], establishing an upper bound on mixing, for arbitrary groups and any
k > log|G|. In Section 7.3, we briefly discuss cutoff in other metrics, namely L, and
relative entropy. In Section 7.4, we discuss some questions which remain open and give
some conjectures.

Throughout this section, we only sketch details.

7.1. Lack of cutoff when k is constant

Throughout the paper, we have always been assuming that k — 0o as |G| — oo. It is
natural to ask what happens when k does not diverge. This case has actually already
been covered by Diaconis and Saloff-Coste [15], using their concept of moderate growth.
In short, there is no cutoff.

Diaconis and Saloff-Coste establish this not only for Abelian groups, but for nil-
potent groups. Recall that a group G is called nilpotent of step at most L + 1 if its
lower central series terminates in the trivial group after at most L steps: G() := G and
G = [G-1), G] for £ € N with G = {id}.

For a Cayley graph G(Z), use the following notation. Write A := diam G(Z) for its
diameter. For the lazy simple random walk on G(Z), write t,e] := t,e1(G(Z)) for the relax-
ation time (i.e., the inverse of the spectral gap) and #,ix = tmix(1/4; G(Z)) for the (TV)
mixing time. When considering sequences (G (Z(y))) neN, add an N -sub/superscript,
analogously to before.

We phrase the result of Diaconis and Saloff-Coste [15] in our language.
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Theorem 7.1 (Cf. [15, Corollary 5.3]). Let (Gy)neN be a sequence of finite, nilpotent
groups. For each N € N, let Z(xy be a symmetric generating set for Gy and write Ly
for the step of G . Suppose that supy |Zn)| < co and supy Ly < oo. Then,

N

N

mix 2 N N
T SAy St Sty as N — oo.
|Z )l

N

In particular, (¢, ) NeN does not exhibit the cutoff phenomenon.

We give a very brief exposition of the results of Diaconis and Saloff-Coste [15],
including the definition of moderate growth, leading to this conclusion in [25, §4].

7.2. A variant on Roichman’s argument

In this subsection, we give a very short argument upper bounding the mixing time for
arbitrary groups and k >> log|G|; it is a small modification of Roichman’s argument [44,
Theorem 2], but it applies in both the undirected and directed cases. (Roichman [44, The-
orem 1] deals with the directed case, but requires additional matrix algebra machinery.)

Theorem 7.2. Let ¢ > 0. Let G be a finite group and k an integer with k > log|G| and
logk < log|G|. Then, the RW on Gki is mixed w.h.p. at time (1 + )T (k, |G|), where

logn

e )

forn,k € N.
In particular, this upper bound T (k, |G|) does not depend on the algebraic structure of
the group.

Proof. Lete>0andsett := (1 + ¢)log|G|/log(k/log|G|). Note that 1 < ¢ < k. Choose
some w > 1, diverging arbitrarily slowly; set r+ := [t(1 & w/+/1)| and L := o|t?/k].
The number of generators picked at most once is at least k — L w.h.p.; of these, the
number picked exactly once lies in [z_, £+] w.h.p. Take typ to be the event that these two
conditions hold for two independent copies, W and W’. We use a modified L, calculation
(see, e.g., Lemma 2.6) meaning that we need to control

D:=|G|P(S=S"|W =W,typ)— L.

Let & be the event that some generator is used precisely once in W and never in W',
or vice versa:

&= |J AWl = L1W/| = 0y U{IW/| = L.IW| = O)).
i€lk]

Then, S’ - §~! ~ Unif(G) on &. Indeed, if Z ~ Unif(G) and X, Y € G are independent
of Z,then XZY ~ Unif(G); here, Z corresponds to one of the generators used precisely
once in W and not in W’ or vice versa, with the obvious choice of X and Y so that
XZY = S’S™L. Off €, every generator picked once in W must be picked at least once
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in W', and vice versa. There are at most L generators which are picked more than once

in W’. Thus,
1 1

max = .

oer Eose ) ()

An application of Stirling’s approximation shows that this probability is 0(1/|G|) when w
diverges sufficiently slowly. Combined with the modified L, calculation, this proves the

upper bound. ]

P(€ [typ) <

Finally, consider the case k = |G|* for some fixed @ € (0, 1). The discrete-time chain
cannot be mixed at time [1/a] — 1 by considering the size of its support, but noting that
(ltc ) > |G| fort :=|1/a| + 1, by the above argument we see that the walk is mixed w.h.p.
after ¢ steps.

Dou [19] proves a more general statement than this which allows the generators to be
picked from a distribution other than the uniform distribution; see [19, Theorems 3.3.1
and 3.4.7].

7.3. Mixing in different metrics

One can also consider cutoff in the L, distance. Recall that, for a time ¢t > 0,

/
4@ 0) = [P6,(S() € ) ~ 76l = (161 Y (161BG, (50) = )~ 1) .
geG

For reasons explained below, we strongly believe the following is true — and can be
proved in the framework which we have developed in this article. It was stated as Conjec-
ture A in Section 1.2.1.

Conjecture A. For y € Z U {00}, let ?f = ~f (k, G) be the time t at which the return
probability for RW on Z’; at time 2t is |G|\, Set T (k,G) = maxy,eN %'yi (k, G). Then,
under similar conditions to those of Theorem A, w.h.p., the RW on Gy exhibits cutoff in
the Ly metric at time T (k, G).

The main change is that we now no longer perform a modified L, calculation. Repla-
cing r« == (|G|"*(log k)?)/2 with r. := (|G| * log|G|)/2, local typicality then holds
with probability 1 — o(1/|G]); cf. Proposition 6.13. Thus, we may condition on local typ-
icality as this can only change the L, distance by at most an o(1) additive term. On the
other hand, we no longer condition on global typicality. Instead, we must handle directly
terms like P(W = W’) or P(W,, = W)).

For Approach #1, we must handle a gcd. Under the assumption that 1 < k < /log| G|,
increasing . as we have has little effect on the proof, in essence because (log n)¢ = n°M.
In Approach #2, we replace |#| by |#|log|G]|, but still k¥ > /log|G| implies that
k > log(]#|log|G]). Lastly, the combination of the two approaches works when

log|G
Moel6l ) < JioglGl.
loglog|G|
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Using somewhat similar adaptations, we believe that cutoff in the relative entropy
(abbreviated RE) distance can be established. In this case, we quantify the probability
with which global typicality holds: the maximal relative entropy of a measure on G with
respect to g is log| G [; thus, naively at least, to condition on global typicality we desire it
to hold with probability 1 — o(1/log|G|) — for L, we had 1 — o(1/|G|). Also, one should
modify local typicality as previously. This gives conditions on k and d(G). Under such
conditions, the RE and TV cutoff times should then be the same.

We believe that with more effort these conditions can be improved via obtaining some
estimates on the relative entropy given that global typicality fails.

7.4. Open questions and conjectures
We close the paper with some questions which are left open.

(1) Does the product condition imply cutoff? The problem of singling out abstract con-
ditions under which the cutoff phenomenon occurs has drawn considerable attention. For
a reversible Markov chain X, write #ix(X) for its mixing time and yg,,(X) for its spec-
tral gap. In 2004, Peres proposed a simple spectral criterion’ for a sequence (X ) yen of
reversible Markov chains, known as the product condition:

cutoff is equivalent to fm;ix (X N )Veoap(X N ) >ocas N — oo.

It is well known that the product condition is a necessary condition for cutoff; see,
e.g., [35, Proposition 18.4]. It is relatively easy to artificially create counterexamples, but
these are not ‘natural’; see, e.g., [35, §18], where constructions due to Aldous and due
to Pak are described. The product condition is widely believed to be sufficient for most
‘natural’ chains.

We conjecture that the product condition implies cutoff for random Cayley graph of
Abelian groups. In fact, we conjecture this whenever G is nilpotent of bounded step
(denoted step G), i.e., has lower central series terminating at the trivial group and this
sequence is of bounded length.

Conjecture 1. Let (Gny)neN be a sequence of finite, nilpotent group and (Z(n)) NeN
a sequence of subsets with Zyy € Gy for all N € N. For each N € N, write trﬁ]ix
(resp. ygp ) for the mixing time (resp. spectral gap) of the SRW on Gy (Zn)). Suppose
that limsup y_, o, step Gy < 0o and that the product condition holds, i.e., IHIXX ygp — 00
as N — oo. Then, the sequence of SRWs exhibits cutoff.

An equivalence between the product condition and cutoff has been established for
birth-and-death chains by Ding, Lubetzky and Peres [17] and, more generally, for RWs
on trees by Dasu, Hermon and Peres [4]. It is believed to imply cutoff for the SRW on
transitive expanders of bounded degree, but this is known only in the case of Ramanujan
graphs, due to Lubetzky and Peres [37].

ISee https://aimath.org/WWN/mixingtimes/mixingtimes.pdf, visited on 1 February 2026.
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(2) An explicit choice of generators? We have shown that choosing the generators Z
uniformly gives cutoff w.h.p. at a time which does not depend on Z, in many regimes.
In particular, this means that there is cutoff for almost all choices of generators at a time
independent of the choice of generators. This ‘almost universal’ mixing time is given by
7« (k, G) from Definition 3.1. A question raised to us by Diaconis (2019, private com-
munication) is to find explicit sets of generators for which cutoff occurs; see also [13,
Chapter 4G, Question 2].

Open Problem 1. Let G be an Abelian group and 1 < k < log|G|. Find an explicit
choice of generators Z (implicitly a sequence) so that the RW on G(Z) exhibits cutoff.
Further, find generators so that the cutoff time is 7« (k, G) asymptotically.

Hildebrand [33, Theorem 1.11] shows for the cyclic group Z, with p prime that the
choice Z :=[0,+1,£2,..., 42 flogs p1-1 ], which he describes as ‘an approximate embed-
ding of the classical hypercube walk into the cycle’, gives rise to a random walk on Z,,
which has cutoff. The cutoff time is not the entropic time, however. Although the entropic
time is the mixing time for ‘most’ choice of generators, finding an explicit choice of gen-
erators which gives rise to cutoff at the entropic time is still open — even for the cyclic
group of prime order.
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