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BENFORD’S LAW FOR THE 3z + 1 FUNCTION

JEFFREY C. LAGARIAS AnD K. SOUNDARARAJAN

ABSTRACT

Benford’s law (to base B) for an infinite sequence {zy : k > 1} of positive quantities zj is the
assertion that {logg zx : k > 1} is uniformly distributed (mod 1). The 3z + 1 function T'(n) is
given by T'(n) = SBn +1)/2 if n is odd, and T'(n) = n/2 if n is even. This paper studies the initial
iterates xp = Tk (zo0) for 1 < k < N of the 3z + 1 function, where N is fixed. It shows that for
most initial values xg, such sequences approximately satisfy Benford’s law, in the sense that the
discrepancy of the finite sequence {logg zx : 1 < k < N} is small.

1. Introduction

The 3z 4+ 1 problem concerns the behavior under iteration of the map 7' : Z — Z
given by T'(n) = n/2 or T'(n) = (3n + 1)/2 according to whether n is even or odd.
That is, T'(2m) = m and T'(2m + 1) = 3m + 2. The notorious 3z + 1 conjecture
asserts that when started from any positive integer n, some iterate T (n) = 1;
it remains unsolved. Surveys of work on this problem have been carried out by
Lagarias [14] and Wirsching [25].

It is well known that the initial iterates of this map exhibit a ‘random’ character.
This holds in the sense that the initial iterates of a randomly selected integer appear
to be even or odd with equal probability. Such a result can be rigorously justified
if one takes the interval 1 < n < X = 2* and considers only the first k = log, X
iterations (see [14, Theorem A]). This leads to the rapid decay of most trajectories
of the iteration under 7', at an exponential rate, with an expected decrease by
a multiplicative factor \/3/_4 ~ 0.86602 at each step. These facts support the
conjecture that all orbits of the 3z + 1 iteration enter a bounded set, and hence
fall into a finite number of periodic orbits. Heuristic stochastic models (such as
those of Lagarias and Weiss [15] and Borovkov and Pfeifer [4]) predict that for an
integer of size about X the ‘random’ character above persists for about the first
alog X iterates, with a = (%log%)’l ~ 6.95212; the model predicts that most
integers of size near X will arrive at the periodic orbit {1,2} near this number of
iterations. The stochastic model in [15] also predicts that for large n the number
of steps to enter a periodic orbit should never exceed 42logn. Experimentally,
E. Roosendaal (private communication) has found a number n of size 7.2 x 10!
(he found n = 72,19136,41637,72362,71195 ~ 7.2 x 10?!) which requires about
36.7logn iterations before entering the periodic orbit {1, 2}.

The present paper concerns the base B expansion of the initial sequence of the
first N iterates of the 3x + 1 map on a random starting value n, drawn from
1<n <X where X > 2V, This is in the region of the dynamics where most
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trajectories are decreasing at an exponential rate, before they enter a periodic orbit.
It shows that, in a certain sense, the leading digits of the base B expansion of most
such sequences approximately satisfy a strong form of Benford’s law. Here Benford’s
law concerns the distribution of the initial digits in the base B expansion of an infi-
nite sequence X = {x1,x2,%3,...} of positive real numbers. The original
version of Benford [1] in 1938 concerned the first few leading digits in the decimal
expansion of real numbers in tables; the distribution had already been formulated by
Newcomb [20] in 1881. An infinite sequence X is said to satisfy the strong Benford’s
law (to base B) if for each fixed k > 1, the first &k digits in the B-ary expansion of
{x1,x2, 3, ...} approach limiting probabilities given by the ‘B-ary Benford distri-
bution’, which we specify below. This is known to be equivalent to the condition that
the associated infinite sequence y; := logg x; is uniformly distributed modulo one
(Diaconis [6, Theorem 1]). In the following we adopt this criterion as our definition
of Benford’s law.

This paper is motivated by work of Kontorovich and Miller [11], who showed
that certain statistics drawn from 3x + 1 iterates approximately obey Benford’s
law. They treated a version of the 3x + 1 iteration in which the initial starting
point wg is an odd integer, and they studied the subset of the successive odd
integers {wy,ws, ...} appearing in the 3z + 1 iteration of wo. Here w; = T4 (wy)
where k = k; is the ith value where T®) (wyg) is odd. They showed that for a suitable
natural initial distribution on the odd integers drawn from 1 < wg < X, and for a
suitable number k of iterates (growing slowly with X), as X — oo the distribution
of the B-ary digits of the ratios wy/wo approached the B-ary Benford distribution,
provided that B was not a power of 2. More precisely, they obtained the Benford
distribution in a double limit, in which X — oo with & held fixed, and after this
taking k — oo. They also gave results of numerical simulations indicating that the
distribution of the odd 3z + 1 iterates {wy, wo,...,w,} starting from an odd wy
themselves should approximately satisfy Benford’s law, for all integer bases B not a
power of 2. In the case where B is a power of 2, they showed that a double limiting
distribution exists, but is not the B-ary Benford distribution.

The main result of this paper, Theorem 2.1 in §2, establishes in a quantita-
tive form the assertion that most initial sequences of the first IV iterates of the
3z + 1 function approximately satisfy the strong Benford law. It applies to a finite
sequences of initial 3z + 1 iterates {x1,x2,..., 2N}, and obtains an upper bound
on the discrepancy D({y1,y2,...,yn}) of the sequence of numbers y; = logg x; for
most such sequences. The discrepancy is a well-known statistic which is a measure of
distance to the uniform distribution. It is defined in §2, and relevant properties
of discrepancy are treated in § 3. We obtain an explicit upper bound on the number
of ‘exceptional’ sequences for which the discrepancy is large. We treat 3x+1 iterates
including both even and odd iterates, and our main result implies convergence to
a generalized Benford’s law for all bases B > 2, including B being a power of 2.
The anomalous behavior of powers of 2 in the results of Kontorovich and Miller [11]
is associated to their restriction to the subset of iterates that are odd integers.

The basic approach is as follows. We use the fact that the initial iterates of a
large randomly chosen integer n are well approximated by a stochastic process that
takes T'(n) = n/2 or 3n/2 with equal probability. Taking logarithms to the base B,
we are reduced to studying the stochastic process which sets either

Yn+1 = Yn + 91;
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or
Ynt1 = Yn + 02
with equal probability, where
0, =logp % and 6y =logp %

In §4 we consider this process in its own right, for arbitrary (61, 62). We first show
that the realizations

w={yp,:n=1,2,3,...}

of such a stochastic process for general (61, 63) are uniformly distributed modulo
one with probability one, if and only if at least one of 81 or 05 is irrational. The main
result of §4 shows that if the numbers 6; and 6> are not simultaneously well
approximable by rational numbers, as specified by a two-dimensional ‘Diophantine
property’; then for any fixed IV most initial segments of length N are close to the
uniform distribution, quantitatively given by an upper bound on their discrepancy.

In §5 we apply the results of §4 to the 3z + 1 iteration. We show, using a result
of Rhin [22], that §; = logg 3 and 6, = logg 3 have suitable two-dimensional
Diophantine properties for the results in §4 to apply. Then we establish that the
3z +1 iterates are sufficiently close to realizations of the stochastic process to obtain
upper bounds on the discrepancy of sequences for most initial inputs, provided that
we average over 1 < n < X, and for N iterates we require X > 2V. Putting all of
these results together yields the main result, Theorem 2.1.

The main result is established here for the 3X + 1 function, but the methods
used apply equally well to number-theoretic maps of a similar nature, such as the
Qz + 1 function, for odd @, with Tg(n) = n/2 or (@Qn + 1)/2 according to whether
n is even or odd. Results analogous to Theorem 2.1 should hold for the distribution
of the first N iterates of such functions. For @) > 5 it is expected that most initial
values of the Qx + 1 iteration never enter a periodic orbit, but diverge to 4oc.
It seems possible that the infinite sequence {x, : n > 0} of a divergent orbit
might actually satisfy a strong Benford’s law. However, at present there seems no
approach to address this question; even the existence of a divergent orbit for the
Qz + 1 function, for any () > 5, remains an open problem.

There has been other work showing that the iterates of certain dynamical systems
satisfy Benford’s law, see Berger, Bunimovich and Hill [3] and Berger [2]. For various
properties of Benford’s law, see Hill [9, 10]. Finally we observe that the approach of
Kontorovich and Miller [11] to Benford’s law for 3z + 1 iterates introduced several
ideas to this problem, including approximation to a stochastic process (not the one
studied here), as well as a relation to Diophantine properties of certain constants.
Their approach starts from a structure formula for odd iterates of the 3x+1 function
given by Sinai [24] and extended in Kontorovich and Sinai [12] to a wider class of
maps. Their main result (see [11, Theorem 5.3]) for the 3z + 1 function establishes
the uniform distribution in a double limit of y; := log 5 (w; /wg) for any real base B
such that logp 2 satisfies a one-dimensional Diophantine property, as defined in § 4.

NOTATION. We let |z] denote the largest integer that does not exceed z, and we
let {{z}} := x — | =] denote the fractional part of z, with 0 < {{z}} < 1. Finally,
lz]| = minpez |n — | denotes the distance of = from its nearest integer.
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2. Main result

Benford’s law concerns the distribution of the initial digits in the base B expan-
sion of an infinite sequence X = {x1, o, z3, ... } of positive real numbers. An infinite
sequence is said to satisfy the strong Benford’s law (to base B) if the associated
infinite sequence Y = {y1,y2, 3, .. } given by the base B logarithms y; := logp x;
is uniformly distributed modulo one. Suppose that the numbers x,, have B-ary

expansion
v = 8 (Y )
k=0

with 1 < d((]n) < B-—1and 0 < d,(cn) < B —1 for k£ > 1. Benford’s law is the
statement that

Probldy") = d] = logp(d + 1) — logp d

for 1 < d < B—1, in which the ‘probability’ is interpreted as a limiting frequency in
the first IV values of x,, as N — oco. More generally the strong Benford probability
of observing a given block of K digits [dody - - - dx—1], with dy # 0, is given by

Prob[dd™ .. d | = dody - dg_1] =log(r + B~ 5T1) —log

where
K—1 ‘
r=> d;B7. (2.1)
=0

The departure from uniform distribution modulo one of a finite set ) can be
measured using the discrepancy.

DEFINITION 2.1.  The discrepancy D(Y) of a finite set Y = {y1,y2,...,yn} of
real numbers is defined as follows. For 0 < o < 8 < 1 set

1 .
2V 8) = i o < )} < ) (2:2)
in which {{y}} =y — |y] is the fractional part of y, and then let
D(Y;a, B) = Z(V;r, ) = (B = ). (2:3)
The (normalized) discrepancy D(}) is then
D(Y):= sup [D(;a,pB)l. (2.4)
0<a<B<1
It is also given by
D(Y) :éile(y;o,a) —Ogigfng(y;O,a). (2.5)

One has 0 < D(Y) < 1; smaller values of D()) correspond to more uniformly
spaced sets ) modulo one. No finite distribution can be perfectly uniform, so there is
a nonzero lower bound on the discrepancy of all sequences of length N. This minimal
value of the discrepancy is attained by equally spaced elements y; = i/N for 0 <
i < N — 1, with D(Y) = 1/N. This notion of discrepancy is translation-invariant;
that is, for any real yo, one has

DY+ yo) = DY) (2.6)
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Some authors treat instead a (normalized) non-translation invariant discrepancy

D*(Y) := sup |Z();0,a) — al.
0<axl
This is related to D()) by the inequalities D*(Y) < D()) < 2D*(Y).

Our definition of discrepancy follows Kuipers and Niederreiter [13] and Drmota
and Tichy [7]. A few authors (Montgomery [19]) study an unnormalized discrepancy
that does not divide by N; this version of the discrepancy takes values between 0
and N.

The main result of this paper is an upper bound on discrepancy of the base B
logarithms of most initial 3z + 1 sequences.

THEOREM 2.1. Let B > 2 be a fixed integer base. For each N > 1 and each
X > 2V most initial seeds zo in 1 < z9 < X have first N initial 3z + 1 iterates
{z}, : 1 < k < N} that satisfy the discrepancy bound

D({loggzy: 1<k <N}) <2N71/36 (2.7)

The set £(X, B) of exceptional initial seeds ¢ in 1 < xg < X that do not satisfy
this bound has cardinality

|E(X,B)| < ¢«(B)N~Y/36X, (2.8)

where ¢(B) is a positive constant depending only on B.

This result implies approximation to base B Benford’s law, as follows. Let X =
{z1,...,zy} be a set of positive real numbers, and set y; = loggx; and ) =
{y1,...,yn}. Let 1 < r < B be a B-ary rational as in (2.1) with 1 < r < B.
Requiring that the first K digits of x,, match the digits of r is clearly equivalent to
having {{y,}} lie in the interval [logy r, logz(r + B~%+1)). From the definition of
discrepancy, we have that

1 K41 r+ B~K+1
N#{l i< N:loggr < {{loggz;}} <logg(r+B~ 1) }—logy —

is bounded above by D({y1,ya2,.-.,yn}), independent of K. Theorem 2.1 provides
an upper bound for this discrepancy for the initial iterates of most 3x+ 1 sequences.

3. Discrepancy and exponential sums

We will use standard criteria for uniform distribution of an infinite sequence
Y ={y1,y2,...} in terms of exponential sums and of the discrepancy of its initial
segments [19, Chapter 1].

For an infinite sequence Y = {y1,y2, ...} we let Y denote the first N elements
of ). For integers k, we associate to Yy the ‘Fourier coeflicients’

Un(k,Y) =U(k,In) Z e?mikyi (3.1)

PROPOSITION 3.1.  For an infinite sequence Y = {y1,ya, ...} of real numbers,
the following conditions on ) are equivalent.
(1) The sequence Y is uniformly distributed modulo one.
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(2) (Weyl’s criterion.) For each nonzero integer k we have
1, -
lim — k =0. 2
Jim_ < (O (k, )| =0 (32)

(3) For any properly Riemann integrable function F on [0, 1],

lim —ZF y;) J F(t)dt. (3.3)

N—oo N

(4) The discrepancy D(Yn) samsﬁes

Proof. Here conditions (1)—(3) are Weyl’s criterion in [19, p. 1], and the equiv-
alence of conditions (1) and (4) appears in [19, p. 2]. O

We will need a quantitative relation between exponential sums U ~(k,Y) and
discrepancy, given by the Erdés—Turan inequality.

PRrROPOSITION 3.2 (Erdds—Turan inequality). For any positive integer K > 1

1
D < —— e2mikyn | .
(o) < s + \NZ 35)

Proof. This is a weak form of the Erdés—Turan inequality. A short proof of it is
given by Montgomery [19, p. 8] (after normalizing the discrepancy). For a stronger
form, see Kuipers and Neiderreiter [13, Chapter 2, Theorem 2.5]. O

We will also need the following simple bound on the change in discrepancy under
perturbation.

PrROPOSITION 3.3. If|y; — 9i| < e for1 <i< N, then
|D({ylay27 s 7yN}) - D({glvg% N 7:&N})| < 2e. (36)

Proof. Let Y and )’ denote the sets in the Proposition. Suppose first that the
discrepancy D()) is attained on an interval J = [«, 3] with Z();J) — |J| > 0.
If a« > eand 8 < 1—¢, then with J' = [a—¢€, B+ €] we see that J(YV'; J') = Z(Y;J),
and it follows that

DY =25 JT) == Z(Y;J) —|J]| —2c = D(Y) — 2.

If « <eorff>1—ewe would still like to consider J’ C [0, 1] which is the image
(mod 1) of the interval [a — €, 3 + €]. The only issue is that J' now consists of two
intervals, one near 0 and the other near 1. However, the complement J'° is a genuine
interval and we have |J'¢| - Z(Y'; J°) = Z(YV'; J')—|J'| = D(Y) —2¢e. Thus we have
again D(Y’) > D(Y) — 2e.

In the remaining case where the discrepancy D(Y) is attained on an interval
J = o, B8] with |J| — Z(Y;J) > 0, we consider J' = [a+¢€,8— €] if §—a > 2¢, and
J’ to be the empty interval otherwise. We deduce in this case also that D()’) >
DY) — 2.

Since Y and )’ are interchangeable in the argument, we obtain D(Y) >
D()') — 2¢, completing the proof. O
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In the sequel we will obtain bounds on exponential sums and from this derive
bounds on the discrepancy using the Erdés—Turan inequality. We will approximate
the values y; = logg z; of the 3z + 1 iterates of a randomly drawn initial value zg
by the values of a stochastic process, of a type which we analyze in the next section.

4. Stochastic process

We study the following family of stochastic processes. We suppose that we are
given two real numbers (61603), and an initial value yo. The discrete stochastic
process P(601,02,yo) has realizations of the form

w:(ylay27y3a"') (4].)

in which the y; are generated from the initial value yy by choosing
Yn+1 = Yn+061 with probability % and  Yp41 = yn+02 with probability %, (4.2)

where each step is an independent Bernoulli trial. We think of the y; as given
modulo one, in which case this process is a Bernoulli mixture of two rotations of
the circle.

THEOREM 4.1. If at least one of 61 or 6 is irrational, then for any fixed
initial value yo the process P(61,02,y0) has a probability one subset of realizations
w = (y1,Y2,...) that are uniformly distributed modulo one. Equivalently, with
probability one,

Jim D({r,.. ) =0 (4.3)

Note that if #; and 65 are both rational numbers, then the values y; can only
take a finite number of distinct values modulo one and no realization w is uniformly
distributed modulo one. We also remark that Theorem 4.1 may be easily generalized
to cover Bernoulli mixtures of K rotations of the circle.

Theorem 4.1 will be derived using exponential sums. We first study finite initial
segments of length N of such a stochastic process P (61, 02, y0). We let

WN = (ylay%“'vyN)

denote such an initial segment, and write E, , [f(wx)] for the expected value of
a random variable over the process restricted to these initial segments. We begin
by calculating the second moment of the individual Fourier coeflicients Uy (k, w)
of WN -

LEMMA 4.1. Foreach N > 1 and each k € Z

Eop [|Un (K, w))?] = N+2Re(§:(N—r)(M>T>. (4.4)

r=1
If at least one of 61 or 69 is irrational, then for each non-zero integer k and each
N>1

~ 8 1
2
Eon [lUn (k,w)[7] < <1+ |2 — e2mikfs _627rik92|)N S <1+ K012 + ||k92|2)N7
4.5

where ||€|| = min,ez |§ — n| denotes the distance between £ and its nearest integer.
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Proof. Observe that
N

§ 627rikyj

Jj=1

2
Un (k,w)|* =

:N+2Re( > emk(wyﬂ).

1< <t<N
If we write » = £ — j, then y, — y; is a sum of r random variables each taking the
values 61 or 62 with equal probability. Thus,

2mik6; 2mikfs \ £—J
Ewy [e%ik(yz—yj)] - (e te ]
2

Since for 1 < r < N there are N —rpairs 1 < j < ¢ < N with £ —j =r, we
conclude that

~ N ezmkel + eQﬂkaQ r
B[O (k)] = N4 2Re( SV =) (S ) )

r=1

This proves (4.4).
For any z # 1 we note that

N
N -1 - N 2 N+1
SN -y = N NE o Ne b2 7
r=1 (1 _Z)
and so, if |z| < 1 and z # 1 we get that
N
Nz — 22| + |z — 2N+ 2N
(N —r)z"| < < : (4.6)
2 =22 T

If at least one of @1 or 65 is irrational, then for non-zero k we have that e>™*kf1 4
e2mik02 £ 9 and, of course |21 4 €27%2| < 2. Combining (4.4) and (4.6) with
z = (e2™k01 4 ¢2mik02) /9 we obtain that

. 8
EUJN HUN(ka w)|2] < (1 + |2 _ eQmikel _ eQ-rrikGQ | ) N.

For |¢| < 4 note that sin?(7€) > 4€2 and so

|2 — 27tk _ o2mik02) > 9 _ cos(2mkfy) — cos(27mkbs)
= 2(sin?(7k0;) + sin®(7k2)) = 8(||k61* + ||k62]),

which completes the proof of (4.5). ]

Proof of Theorem 4.1. We suppose that at least one of 6; or 65 is irrational.
We claim that for each nonzero k the following holds:

R G
Prob,, A}EnOONWN(k,wﬂ =0| =1. (4.7)

Thus, for each fixed non-zero integer k, there is a probability one set of w such
that imy_ oo N1 Un (k,w)| = 0. Since the set of non-zero integers k is countable,
it follows that the set of all w for which limy_ oo N~ Un(k,w)| = 0 holds simulta-
neously for all non-zero integers k still has probability one. (Its complement is
a countable union of sets of measure zero.) Now by Weyl’s criterion (Proposi-
tion 3.1(2)) all such w are uniformly distributed modulo one. Proposition 3.1(4)
then yields (4.3) with probability one.
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To prove (4.7) it suffices to show that for each 1 > 6 > 0,

1 -
Ps := Prob, {lim sup —|Un (k,w)| = 5} =0. (4.8)
N—oo N
Forj > 1set N; := [1/(1—8/2)7|.If N; < N < Nj4, is such that |Uy (k,w)| = 6N,
then we see that
N

E e?ﬂ’ikyg

é:N_7~+1

1-5
> N; — >
> N, (1_5/2)%/

Therefore, for any B > 1,

(O, (ky )| 2 (O (k,w)| = > 6N — (N — N;)

N;.

N 9

1 - - ~ N;
Ps < Prob,, [1imsup—|UN7(k,w)| > é] < Z Prob,, [|UN7(k,w)| > 5—J] (4.9)
N A, 2]~ & - 2
Now
ON;

6Nj] < ( : )QEWHUN,.(k,w)I?],

Prob,, [|UNJ, (k,w)| > -

and by Lemma 4.1 this gives

) SN;T 4 1 !
Prob,, (kw)l > =5 < (14 s
" ['UNA )| 2] 52( +|kel||2+|kezll2>Nj

We use this in (4.9), and obtain that for any B > 1,

4 1 =1
< =14 —F—— —.
’ 62< ||k91|2+||k92|2)j_ZBNj

Since the IV; grow exponentially, letting B — oo we may conclude that Ps = 0.
This establishes (4.8), and (4.7) and the theorem follow. O

For general non-rational pairs (61, 62) the convergence rate to zero in (4.3), or
equivalently (4.7), can be arbitrarily slow. To obtain explicit bounds on the conver-
gence rate in (4.3) one must impose restrictions on the Diophantine approximation
properties of the numbers 6; and 65. The following definition has been much used
in connection with ‘small divisors’ problems in dynamical systems (cf. Herman [8]
and Yoccoz [26, 27]) and in number theoretical dynamics (cf. Marklof [16]).

DEFINITION 4.1. A real number 6 is said to be Diophantine with exponent « if
there is a positive constant C(6) such that for all integers k > 1

[k6] = C(O)[k]~ (4.10)

Any real number that is Diophantine with some positive exponent « is irrational;
necessarily a > 1. For any « > 1, the set of real numbers that are Diophantine with
exponent « has full Lebesgue measure. In fact, the exceptional set of real numbers
that are not Diophantine with a given exponent o > 1 has Hausdorff dimension f(«)
with f(«) < 1. Liouville numbers are those real numbers that are not Diophantine
for any finite exponent, and they form an uncountable set of Hausdorff dimension
zero. The set of real numbers that are Diophantine with exponent o = 1 comprise
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the badly approximable numbers, and these form a set of Hausdorff dimension one
but Lebesgue measure zero.

In this paper we use the following generalization of this notion to simultaneous
approximation, which is the complement of the notion of d-dimensional very well
approximable vectors appearing in [23].

DEFINITION 4.2. The vector (61,62,...,64) of real numbers is said to be
d-dimensional Diophantine with exponent « if there is a positive constant C(61, 02,
.,04) such that for all integers k > 1,

max ||k ||, || k0=, - - ., |kbal]) = C(01,02,...,00)k™“. (4.11)

This notion has been used in the dynamical system context by Marklof [17, 18].
Here we use the case d = 2. The multidimensional notion is less restrictive than the
case d = 1 in the sense that if any 6; is one-dimensional Diophantine with exponent
«, then the vector (61, ...,604) will be d-dimensional Diophantine with the same or
smaller exponent.

The next result gives bounds on the expected size of the discrepancy of a finite
initial segment of this stochastic process, under suitable Diophantine conditions
on (601,62).

THEOREM 4.2. Suppose that the pair (01,0s) is two-dimensional Diophantine
with exponent «. Then there is a constant C2(601,02) such that for all N > 1,

Eon [D{y1, 52, yn })] < Co(f1, 05) N 2050 (4.12)

Proof. The Erdds—Turan inequality (Proposition 3.2) gives that for any K,

Eu [D({un.....un})] < K1+1+3ZW B On(kol)l  (113)

By the Cauchy—Schwarz inequality, (4.5), and the definition of the two-dimen-
sional Diophantine property, we have that

oy [[Un (k, )] < oy [Un (R, 0)P)V2 < (L4 C(01,62)2K**)V2VN. - (4.14)

Using this in (4.13) we obtain that for an appropriate constant Cy (61, 62),

1
Eon Dy, yn})] < K+l + C1(01,02)

K2
VN
Choosing K = N2+ ™" ye obtain the theorem. O

REMARK. The stochastic process studied in this section can be reformulated in
terms of the iterates of a skew-product dynamical system, as defined by Cornfeld,
Fomin and Sinai [5, Chapter 10] and Petersen [21]. Let ¥ = {0, 1}" denote the set
of all zero—one sequences s = (sg, $1, S2, ... ), with the product topology, which is
a compact space with natural invariant measure, and let S : ¥ — 3 be the shift
operator S(sg,s1,82,...) = (81, $2,83,...). The skew-product dynamical system
T:YxT — X x T over the base 3, with fibers T = R/Z, is defined by

T(s,z):= (S(s),z+ f(s0) (mod 1)),
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with f(0) = 6y, f(1) = 0, respectively. Here the initial condition is (s(©), zq), with
s € ¥ being a random starting point. The invariant measure on ¥ x T is the
product measure, using Lebesgue measure on T, and T is ergodic with respect to
this measure if at least one of #; and 05 is irrational. The initial result of this section
(Theorem 4.1) shows weak convergence of almost all orbits to Lebesgue measure on
T for the dynamical system. This result is true in great generality for ergodic skew
products. However, the detailed result on rate of convergence to Lebesgue measure
(Theorem 4.2) relies on specific properties of this dynamical system.

5. Application to the 3x + 1 map

We can describe the 3z +1 iteration applied to an integer m in terms of the parity
of its iterates. We set T(°)(m) = m and define the parity sequence {by(m) : k >0}
with each by(m) € {0,1} by

bi(m) = T™ (m) (mod 2). (5.1)

PROPOSITION 5.1.  We have the following.
(1) The kth iterate T®)(m) for k > 1 has the form

3bo(m)+...+bk—1(m)

T® (m) m + Ry(m) (5.2)

in which the remainder term

k-1 3bj+1(m)+...+bg—1(m)

Ryi(m) := Z b;(m) = (5.3)

Jj=

depends only on m (mod 2¥).
(2) Each by(m) depends only on m (mod 2¥+1). For each vector (bg, b1, ..,bn_1)
€ {0,1}" there is a unique residue class m (mod 2%V) such that

b(m) =0, for0<k<N-—1. (5.4)

Proof. (1) This is easily proved by induction on k, see Lagarias [14, (2.6)].
(2) This is also proved by induction on k, see Lagarias [14, Theorem B]. O

We define xx(m) = T™*) (m) and view

3bo(m)+...+bk—1(m)

Zp(m) = o m (5.5)
as an approximation to xzx(m). Viewing the base B > 2 as fixed, we set
yr(m) = logg xx(m) and the main result will concern the discrepancy of most
sets Yn(m) := {y1(m), ..., yn(m)}. We approximate the yi(m) by

k—1
gk (m) :=logg Tr(m) = loggm + (Z bj(m)> logp 3 — klogg 2. (5.6)
§=0
and we will study the sets Yy (m) := {g1(m), ..., Jn(m)} for variable m as realiza-

tions of a stochastic process of the kind treated in §4. R
The following lemma shows that the error of approximation of Yy (m) by Yy (m)
is exponentially small in N for most m.
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LEMMA 5.1. Let the integer B > 2 be fixed. There exists an exceptional subset
Ep(N) of integers 1 < m < 2% such that
|EB(N)| < 21+(99/100)N

and such that if 1 <m < 2% is not in Eg(N), then
lyr(n) — Ge(n)| < 2= A/10ON - for 1 <k < N, (5.7)

for every n = m (mod 2%).

Proof. We will prove more, and show that the set E5(/N) may be taken to be
the set of integers 1 < m < 2V such that either m < 2(99/100)N " bo(m) + ...+
by-1(m) < (2/5)N. Since all 2V possible choices for the parities by(m),...,
bn—1(m) occur exactly once, we see that the number of m satisfying the second
criterion above is less than or equal to Zj<(2/5)N (]JV) < 2HQ@/BN  9(99/100)N
where H(z) = —xlogyx — (1 — x)log,(1 — x) is the binary entropy function.
Thus, |Eg(N)| < 21TO9100N 45 desired. It remains now to show (5.7) holds
for m ¢ Eg(N).

Suppose now that m ¢ Eg(N) and that n = m(mod 2%). Proposition 5.1 gives
that by_1(n) = bp—1(m) and Ry(n) = Rg(m) for 1 < k < N. Observe that

we(r) _ oy Be(w) _ oy Be(m) ) Re(m) _ ai(m)
Zr(n) Zr(n) Zr(n) Tr(m)  Tr(m)
from which it follows that yx(n) — gx(n) < yr(m) — gr(m). Thus, it suffices to
verify (5.7) for n = m.
From (5.3) we see that -

3i-l /3\*
Ri(m) < 222’?7—1 < (§> .
i=

Applying this bound together with log(1 4 &) < £, we obtain that

1 1
yk(m)—ﬂk( ) 10g3<1+Rk( ))< k(m) 3k bo(m)—...=br_1(m)

<
k(m) log B &x(m)  log Bm
(5.8)
Since m ¢ EB( ) we have that m > 2(99/100N "anq in addition that
k—1 N-1 9 3
k— Zb => (1-b;(m ))<Z(1—bj(m))<N—gN:gN.
7=0 7=0
Thus, frorn (5.8) we deduce for m ¢ Ep(N) that
1
_ < — 2~ (99/100)N3(3/5)N  91-(1/100)N
ilm) = () < o 3
(since 3%/% < 298/100) which proves the lemma. ]

We wish to bound the discrepancy of most sets :)7N(m), viewed over a range
1<m< X, with X > 2N We will study the translated sets

j}(m) = )7N(m) —logg m, (5.9)

so that the initial element g (m) is zero. Since the discrepancy function is transla-
tion invariant we have that

DYy (m)) = D(Yn(m)). (5.10)
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Note also that Vi (m) = V& (m + 2V) and so it will suffice to consider the range
1<m <2,

LEMMA 5.2. Let B > 2 and N > 1 be fixed. Then the ensemble {)N)]*\,(m) 1<
m < 2V} of 2V sequences of length N is identical in distribution with the distri-
bution wy of the first N elements of the stochastic process P (61, 602,y = 0), with

parameters 6, = logg % and 0y = logp %

Proof. From the definitions we see easily that gy(m) = g;_,;(m) + 61 if
br—1(m) = 1, and that g;(m) = g;_,(m) + 62 if by_1(m) = 0. Proposition 5.1(2)
shows that for 1 < m < 2V all possible patterns (b, by,...,by_1) occur exactly
once. This corresponds exactly to independent draws in the stochastic process
P(61,02,50 = 0); the 2V possible sequences wx of length N of P(y,02,y0 = 0)
have equal probabilities and match the sequences above. O

LEMMA 5.3. For each real B > 1 the pair (61,02) = (logg 2,logp
dimensional Diophantine with exponent 7.616.

1) is two-

Proof. 'We invoke a result of Rhin [22] (see inequality (8) there) obtained using
Padé approximation methods. There exists a positive constant C' such that for
integers ug, u1 and us with max(|u|, |uz|) = 1 we have

lug + u1 log 2 + ug log 3| = C(max(|uyl, |uz|)) 7. (5.11)

Let k£ be a large positive integer and suppose that ¢; is the nearest integer to
kO, and that —¢5 is the nearest integer to kf2. Thus, |k6; — ¢1] = ||k6:1] and
|klogg 2 — la| = |kOs + £o| = ||kO2||. Note that both ¢; and ¢ are positive and
roughly of size k. On the one hand, we see that
log(3/2) 4 loklogp(3/2) — liklogp 2

log 2 ly kls 10gB 2
On the other hand, we see that by (5.11),

log(3/2) & lalog3 — (01 + £2)log?2

o LallkOi|| + G|k |
klslog 2 '

S C(gl + 62)77'616

log 2 ly lolog2 lylog 2
Since ¢; and {5 are roughly of size k, combining the above two statements immedi-
ately gives the lemma. O

Proof of Theorem 2.1. We view the integer B > 2 and N > 1 as fixed. Consider
the realizations wy of the stochastic process P (61,602, yo = 0) with 6; = logg % and
62 = logg 1. By Lemma 5.3 and Theorem 4.2 we obtain that (with v = 7.616)

Eon [DHy1,-- - yn P < CN~20+) ™" ¢ ON—1/18

for an appropriate positive constant C. Using Markov’s inequality that Prob[Y” > d]
< E[Y]/a for a nonnegative random variable Y, we deduce that

Prob[D({y1,...,yn}) = N71/36] < ON-1/36,

Invoking Lemma 5.2 we conclude that the exceptional set of m with 1 < m < N
such that D(Vn (m)) > N~1/% has cardinality at most CN~1/362 By Lemma 5.1,
we know that for most 1 < m < 2V the sets Y (m) and Yy (m) are very close
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term by term, and by Proposition 3.3 for such m the discrepancies D(Yy(m)) and
D(Yn(m)) are very nearly equal. Thus, we may deduce that the exceptional set of
m with 1 < m < 2% such that

has

This easily gives the conclusion of the theorem for X

D(yN(m)) > N71/36 + 227(1/100)N
cardinality at most
ON—1/369N | 91+(99/100)N

=2V,

It remains to treat the case X > 2/V. Suppose 2V < X < (£ + 1)2V, for some
¢ > 1. Since the discrepancies D(Yx(m)) are periodic(mod 2V) we see that the
exceptional set of m < X with large discrepancy contains no more than £+ 1 times
the number of exceptional m < 2V. This completes the proof. l
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