Benford Solutions of Linear Difference
Equations

Arno Berger and Gideon Eshun

Abstract Benford’s Law (BL), a notorious gem of mathematics folklore, asserts that
leading digits of numerical data are usually not equidistributed, as might be expected,
but rather follow one particular logarithmic distribution. Since first recorded by New-
combin 1881, this apparently counter-intuitive phenomenon has attracted much inter-
est from scientists and mathematicians alike. This article presents a comprehensive
overview of the theory of BL for autonomous linear difference equations. Necessary
and sufficient conditions are given for solutions of such equations to conform to BL
in its strongest form. The results extend and unify previous results in the literature.
Their scope and limitations are illustrated by numerous instructive examples.

1 Introduction

The study of digits generated by dynamical processes is a classical and rather wide
subject that continues to attract interest from disciplines as diverse as ergodic and
number theory [1, 14, 15, 27, 30], statistics [18, 21, 32], political science [16, 31,
40], and accounting [12, 13, 33, 37, 38]. Across these disciplines, one recurring
theme is the surprising ubiquity of a logarithmic distribution of digits often referred
to as Benford’s Law (BL). The most well-known special case of BL is the so-called
first-digit law which asserts that

P (leading digit = d) = log (1 + d—l) . Vd=1,2,...,9, 1)
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Fig. 1 Different interpretations of (1) for sequences, datasets, and random variables, respectively,
and scenarios that may lead to conformance to the first-digit law

where leading digit refers to the first significant (decimal) digit (see Sect.?2 for rig-
orous definitions) and log is the base-10 logarithm; for example, the leading digit
of e = 2.718 is 2, whereas the leading digit of —e® = —15.15 is 1. Note that (1) is
heavily skewed towards the smaller digits: For instance, the leading digit is almost
seven times as likely to equal 1 (probability log2 = 30.10%) as it is to equal 9
(probability log & = 4.57 %).

Ever since first recorded by Newcomb [36] in 1881 and re-discovered by Benford
[3] in 1938, examples of data and systems conforming to (1) in one form or another
have been discussed extensively, for instance in real-life data (e.g. [19, 41]), stochastic
processes (e.g. [44]), and in deterministic sequences (e.g. (n!) and the prime numbers
[17]). There now exists a large body of literature devoted to the mechanisms whereby
mathematical objects, such as e.g. sequences or random variables, do or do not satisfy
(1) or variants thereof, see also Fig. 1. Beyond mathematics, BL has found diverse
applications throughout the sciences. Given that the ubiquity of BL in these fields
is still somewhat of a mystery [8], some BL-based tools (e.g. for fraud detection in



Benford Solutions of Linear Difference Equations 25

20365011074 3416454622906707
32951280099 5527939700884757
53316291173

8944394323791464

86267571272 E 1
139583562 23416728348467685
225851433717 37889062373143906
365435296162 61305790721611591

3524578 591286729879
5702887 956722026041

99194853094755497

259695496911122585

420196140727489673

2504730781961
4052739537881
6557470319842

24157817
39088169

1 2880067194370816120 2

|| 27777890035288|  4660046610375530309 3 13 | 12.49
267914296]  44945570212853|  7540113804746346429 2 5 9.69
433494437| 7272346024811 |0 :
5 8 7.91
31940434634990099905 3 " 6.69

| 308061521170129|  51680708854858323072
2971215073  498454011879264|  83621143489848422977 7 5 5.79
28657 | 4807526976 746049 3 - 511

218922995834555169026
2111485077978050] 354224848179261915075 9 4 4.57

Fig. 2 Already the first one-hundred Fibonacci numbers conform to BL quite well

tax, census, election or image processing data) have proved remarkably successful
in practice. This in turn has triggered further research on the many unique features
of BL [22, 23, 45]. It still rings true that, as Raimi [39] observed almost 40 years
ago,
[t]his particular logarithmic distribution of the first digits, while not universal, is so common
and yet so surprising at first glance that it has given rise to a varied literature, among the

authors of which are mathematicians, statisticians, economists, engineers, physicists and
amateurs.

As of this writing, an online database [4] devoted exclusively to BL lists more than
750 references.

Due to their important role as elementary models throughout science, linear
difference and differential equations have, from very early on, been studied for
their conformance to (1). A simple early example [11, 20, 28, 48] is the sequence
(xp) = (F,) = (1,1,2,3,5,...) of Fibonacci numbers, i.e. F{ = F, = 1 and
F, = F,_1 + F,_, for all n > 3, which satisfies (1) in the sense that

#{1 <n < N : leading digit of x, = d}
N

=log(l+d~ Y, Vd=1,2,...,9,

(2)
see also Fig. 2. Another simple case in point is (x,) = (2") for which (2) also holds
[2, §24.4]. On the other hand, the sequence of primes (x,) = (2,3,5,7,11,...)
does not satisfy (2), as was in essence observed already by [47], yet may conform to
BL in some weaker sense [14, 42].

limy 00
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Both positive examples mentioned above, i.e. the sequences (F,) and (2"), are
obviously solutions of (very simple) autonomous linear difference equations. Build-
ing on earlier work, notably [5, 26, 35, 43], it is the purpose of this article to
provide a comprehensive overview of the theory of BL for such equations. Thus
the central question throughout is as follows: Given d € N and real numbers
ap,az,...,aq—1,aq with ag # 0, consider the (autonomous, dth order) linear dif-
ference equation

Xp =1 Xp—1 +a2Xp2+ -+ i 1Xn—dy1 +agxp—q, n>=d+1. (3

Under which conditions on a1, az, ..., a4—1, a4, and presumably also on the initial
values x1, x2, ..., x4, does the solution (x;) of (3) satisfy (2)? Early work in this
regard seems to have led merely to sufficient conditions that are either restrictive
or difficult to state. By contrast, two of the main results presented here (Corollary
3.7 and Theorem 4.11) provide easy-to-state, necessary and sufficient conditions for
every non-trivial solution of (3) to conform to (1) in a sense much stronger than (2).
The classical results in the literature are then but simple special cases.

The organisation of this article is as follows. Section 2 introduces the formal def-
initions and analytic tools required for the analysis. In Sect. 3, difference equations
(3), as well as the matrices associated with them are studied under the additional
assumption of positivity. Though restrictive, this assumption holds for some impor-
tant applications, and it yields a particularly simple answer to the central question
raised earlier. Dropping the positivity assumption, Sect. 4 studies the case of general
equations and matrices. The emergence of resonances, the key problem in the gen-
eral case, is dealt with by means of a tailor-made definition (Definition 4.2). While
the main results (Theorems 4.5 and 4.11) are stated in full generality, proofs are
given here only under an additional non-degeneracy condition (and the interested
reader is referred to the authors’ forthcoming work [6] for complete proofs). Finally,
Sect.5 demonstrates how the presented results can be used to explain the “cancella-
tion of resonance” phenomenon first observed in the context of finite-state Markov
chains [10].

2 Basic Definitions and Tools

Throughout, the following, mostly standard notation is adhered to. The sets of natural,
non-negative integer, integer, rational, positive real, real, and complex numbers are
symbolised by N, Ny, Z, Q, RT, R, and C, respectively. The cardinality of any
finite set Z C C is #Z. The real part, imaginary part, complex conjugate, and
absolute value (modulus) of z € C is denoted by Nz, Jz, 7, and |z|, respectively. Let
S :={z € C: |z| = 1}. The argument arg z of z # 0 is understood to be the unique
number in (—, 7] for which z = |z|e' #8%; for convenience, let arg O := 0. For any
set Z C C and number w € C, define wZ := {wz : z € Z}. Thus for instance
wS = {z € C: |z| = |w|} for every w € C. Given Z C C, denote by spangZ the



Benford Solutions of Linear Difference Equations 27

smallest subspace of C (over Q) containing Z; equivalently, if Z # & then spang Z
is the set of all finite rational linear combinations of elements of Z, i.e.

spangZ = {p1z1 +p2z2 + -+ pnzn :n €N, p1, 2, ..., on€Q,z1,20, ..., n € Z};

note that spangp@ = {0}. Forevery x € R, log x and In x are, respectively, the base-
10 and the natural (base-¢) logarithm of x; for convenience, setlog 0 := In 0 := 0. For
every x € R, denote by | x| the largest integer not larger than x, hence (x) := x — | x|
is the non-integer (or fractional) part of x.

Given x € R\{0}, there exists aunique S(x) € [1, 10) such that |x| = S(x)10* for
some (necessarily unique) integer k. The number S(x) is the (decimal) significand
of x. Note that

S(x) = 100D vy e R\{0};

for convenience let S(0) := 0. For x # 0, the integer | S(x)| € {1,2,...,9} is the
first significant (decimal) digit of x. More generally, for every m € N, the integer
1107718 (x) | — 1011028 (x) | € {0, 1, ..., 9} is the mth significant (decimal) digit
of x, see e.g. [7, Prop.2.5].

Throughout this article, conformance to (1) for solutions of difference equations
is studied using the following terminology.

Definition 2.1 A sequence (x,) of real numbers is a Benford sequence, or simply
Benford, if

#{l<n<N:S <t
fimy o TL =R = < ) S8 _ g Vi e[1.10). (4)

Note that every Benford sequence (x,,) satisfies (2). For the purpose of this work, the
following well-known characterization of the Benford property is indispensable.

Proposition 2.2 [17, Thm. 1] A sequence (x,,) is Benford if and only if the sequence
(log |x,|) is uniformly distributed modulo one.

The term uniformly distributed modulo one is henceforth abbreviated u.d. mod 1. In
view of Proposition 2.2, a few basic facts regarding uniform distribution of sequences
are used throughout; for an authoritative overall account on the subject, the reader is
referred to [29].

Proposition 2.3 [29, Sect. 1.2] The following statements are equivalent for any
sequence (y,) in R:

(i) (yp)isu.d. mod 1;
(i) For every ¢ > O there exists a sequence (z,) that is u.d. mod 1, and

. #{1<n<N:|y, — 2z > ¢}
lim supy_, o I <ée,

(iii)) Whenever (z,,) is convergent then (y, + z) is u.d. mod 1;
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@(iv) (pyn) is u.d. mod 1 for every non-zero integer p;
(v) (yn +alogn) is u.d. mod 1 for every o € R.

One of the simplest yet also most fundamental examples of a sequence u.d. mod 1
is (n®) with ¥ € R\Q. The following, therefore, is an immediate consequence of
Propositions 2.2 and 2.3.

Proposition 2.4 Let (x,) be a sequence in R, and o € R\{0}. If lim,— o0 X /0"
exists (in R) and is non-zero, then (x,)) is Benford if and only if log |«| is irrational.

Example 2.5 Since log?2 is irrational (even transcendental), (2") is Benford, and
so is the sequence (F,) of Fibonacci numbers because, with ¢ = %(1 +/5),

lim,_, o0 Fy/¢" = 1/4/5 # 0, and log ¢ is irrational as well. <

Remark The Benford property can be studied w.r.t. any integer base b > 2, simply
by replacing the decimal significand S(x) in (4) with the base-b significand Sp,(x) =
b2 X} where log, denotes the base-b logarithm. With the obvious modifications,
the results in this work carry over to arbitrary base b € N\ {1}, cf. [5-7]. For the sake
of clarity, however, only the familiar case b = 10 is considered from now on.

When studying solutions of linear difference equations, sequences of a particular
form are often encountered, and the following lemma clarifies their properties.

Lemma 2.6 Leta € R, z € C\{0}, and (z,,) a sequence in C with lim,_, ~ z,, = O.
If 91, 92 € R are irrational then the following statements are equivalent:

(i) 01 & spang (1, 92}
(ii) The sequence (y,) with

yn = nd +alogn +log|R(ze'™2 + z,)|, neN,

is u.d. mod 1.

Proof If ¥ ¢ spanQ{l, ¥} then 1,9, v, are rationally independent, and
[5, Lem.2.9] shows that (y,) is u.d. mod 1. On the other hand, if #; € spanQ{l, D7}
then k191 = ko + k20>, where ko, k1, kp are appropriate integers with k1ky # 0;
assume w.l.o.g. that k1 > 0. Consider now the sequence (7,) with

nn = ni + log [R(ze'™2)| + ’;—j (3 +%85) —loglzl, neN.

T

If (y,) was u.d. mod 1, then so would be (1,,), and hence also (k17,), by Proposition
2.3. Moreover, for every n € N,

(ki) = <k2(nz92 + 3+ 2E5) + kg log ‘ sin (7 (n92 + 3 + *£9)) ‘>

= <f(m3‘2 +14 ar,,ﬁ)>,
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Fig. 3 The map 7 does not T(#) = {t + log (sin(mt
preserve A, 1, see the proof of ( ) < g( ( ))>
Lemma 2.6

with the measurable function f : R — R given by f(¢) = kot + k log|sin(t)].
Note that f(t +1) — f(¢) € Zforallt € R, and so f induces the measurable map

T := (f) on [0, 1). Recall now that the sequence (n1, —+ % + #£%) is u.d. mod

1 because ¥ is irrational. For every continuous, 1-periodic function g : R — R,
therefore,

N N
1 —oo (1
> ek =y 2go f(mna+ 1+ 25 = [Lgo rora
n=1 h

n=1
=/ goTdx =/ gd(AQJ oT_l),
[0.1] [0,1]

because g o f is Riemann integrable on [0, 1]. On the other hand, if (k1n,) was u.d.
mod 1 then limy_y oo N ! Z,ILVZ] gUkin,)) = f[o 118 dAo,1 for every g, and hence

1
N

Ap.10 7! = Ao,1. However, it is intuitively clear that the latter equality of measures
does not hold. To see this formally, note that f is smooth on (0, 1) and has a (unique)
non-degenerate maximum at some 0 < 7o < 1. Thusif Ao j o T-! = Ao,1 then, for
all ¢ > O sufficiently small,

flto—e) = flig—2¢) _ ko ([Tt —2e), Tt — ©)])

& &
o1 o T[T — 26), T (1o — ¢)))
- &
. ro1(to —2¢, 10 — ) _ 1,
&

which is impossible since f”(tp) = 0, see also Fig.3 which depicts the special case
k1 = ko = 1. Hence (k1n,) is not u.d. mod 1, and neither are (1,) and (y,). |

Although it would be possible to study the Benford property of solutions of (3)
directly, the analysis in subsequent sections becomes more transparent by means of
a standard matrix-vector approach. To this end, associate with (3) the matrix
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ap ax --- daq—1 aq
1 0--- 0 O

A=10 10 - 0 | cpdxd 5)
0O---0 1 0

which is invertible as ag # 0, and recall that, given initial values x1, x2, ..., x4 € R,

the solution of (3) can be expressed neatly in the form

Xd
X, = e;A”y, where y=A"'| * | e RY; (6)
X2
X1
here ey, e3, . . ., eq represent the standard basis of R4, and x T denotes the transpose

of x € RY, with x "y being understood simply as the real number Z‘;Zl x;jyj.In
what follows, therefore, the following, more general question suggested by (6) will
be addressed: Under which conditions is (xTA" y) Benford, where A is any fixed
real d x d-matrix and x, y € RY are given vectors? Note that specifically choosing
x =ejand y = ¢, with j, k € {1,2,...,d}, simply yields e;!—A”ek = [A"]j,
i.e. the entry of A” at the position (j, k). Also, if A € R?*¢ is given by (5) then
every sequence (xTA” y) solves (3), and (6) establishes a one-to-one correspondence
between all sequences of the form (e;,rA"y) and all solutions of (3).

In the analysis of powers of matrices in the subsequent sections, d always is
a fixed but usually unspecified positive integer. For every x € R?, the number

x| > 0 is the Euclidean norm of x, ie. |x| = v/x'x = 4_ x2. A vector
J=17]

x € R? is a unit vector if |x| = 1. The d x d-identity matrix is I;. For every matrix
A € RI%d g spectrum, i.e. the set of its eigenvalues, is denoted by o (A). Thus
o(A) C C is non-empty, contains at most d numbers and is symmetric w.r.t. the
real axis, i.e. all non-real elements of o (A) come in complex-conjugate pairs. The
number 7, (A) := max{|A| : A € 0(A)} > 0 is the spectral radius of A. Note that
re (A) > 0 unless A is nilpotent, i.e. unless AN = 0 for some N € N. For every
A € R4 the number |A| is the (spectral) norm of A, as induced by | - |, i.e.
|A| = max{|Ax| : |x| = 1}. Itis well-known that |A| = \/rs (AT A) > rs(A).

3 A Simple Special Case: Positive Matrices

The analysis of sequences (x | A”y) is especially simple if the matrix A or one of its
powers happens to be positive. Recall that A € RY*? is positive, in symbols A > 0,
if [A]ljx > Oforevery j, k € {1,2,...,d}. The following classical result, due to O
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Perron, lists some of the remarkable properties of positive matrices, as they pertain to
the present section. For a concise formulation, call x € R? positive (non-negative),
in symbols x > 0 (x > 0),if x; > 0 (x; > 0) forevery j € {1,2,...,d}.

Proposition 3.1 [25, Sect. 8.2] Assume that A € R*4 jg positive. Then:

(1) The numberry(A) > 0isan (algebraically) simple eigenvalue of A, i.e. a simple
root of the characteristic polynomial of A;

(ii) |A| < rs(A) for every eigenvalue A # ry(A) of A;

(iii) There exists a positive eigenvector q, unique up to multiplication by a positive
number, corresponding to the eigenvalue rys (A);

(iv) The limit Q = lim,_ o0 A" /rs (A" exists, and Q > 0 satisfies Q* = Q
as well as AQ = QA = ry(A)Q. (In fact, Q is a rank-one projection with
Qg9 =q.)

Recall that (o) with @ > 01is Benford if and only if log « is irrational. The following
is a generalization of this simple fact to arbitrary dimension. Informally put, it asserts
that as far as the Benford property is concerned, matrices with some positive power
behave just like the one-dimensional sequence (r(, (A)").

Theorem 3.2 Let A be a real d x d-matrix, and assume that AN > 0 for some
N € N. Then the following four statements are equivalent:

(1) The number logrs(A) is irrational;

(ii) The sequence (x " A"y) is Benford for every x, y # 0 withx > 0 and y > 0;
(iii) The sequence (|A"x|) is Benford for every x # 0 with x > 0;

(iv) The sequence (|A"|) is Benford.

Proof Since AN > 0, the number r,(AN) = r, (A)N > 0 is an algebraically
simple eigenvalue of A", by Proposition 3.1. It follows that exactly one of the two
numbers 74 (A) > 0 and —r,(A) < 0 is an algebraically simple eigenvalue of A.
Denote this eigenvalue by g, and let P be the spectral projection associated with
it, that is, P = bc " / bTc where b, ¢ are eigenvectors of, respectively, A and AT
corresponding to the eigenvalue Ag, i.e. Ab = Aob and A'¢ = Agc. Thus P2 = P
and AP = PA = X;oP. Moreover, the matrix R := A — AoP clearly satisfies
AR = RA and PR = RP =0, and hence

A" =P+ R", VneN. 7

Since |A| < |Ag| = ry (A) for every eigenvalue A of R, lim, . R"/rs(A)" = 0,
and an evaluation of (7) along even multiples of N yields

(AN A R2
lim;— 00 ra— = lim,, ro (A)2nN P+ ro (A)2nN =P

This shows that P = Q > 0, with Q according to Proposition 3.1(iv) applied to A" .
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With these preparations, the asserted equivalences are now easily established.
Indeed, given any x, y # 0 with x > 0 and y > 0, the vector Qy is positive, and
xRy

i

i TATy  AgxTOy +x TRy
ro (A)" ro (A"

n—

xTQy + = xTQy >0, (8)

together with Proposition 2.4, shows that (x T A” y) is Benford if and only if log 7o (A)
is irrational. A similar argument applies to (JA"x|), as

|A" x| Mng + R"x| ’ R'Xx| n—>oo
= = |0x + — |0x| >0,
ro (A" ro (A" Ao
whenever x > 0, x # 0, and also to (|A"]), as
Y PRQHR | R s .
re (A re(A" Ao '

Remark The proof of Theorem 3.2 shows that if log r, (A) is rational then (x " A"y)
and (]A"x|) are not Benford for any x, y > 0, and neither is (|A"|) Benford. Also, in
(iii) and (iv), the Euclidean norm | - | can be replaced by any norm on, respectively,
R? and R4*4

Corollary 3.3 Let A € RY*?, and assume that AN > 0 for some N € N. Then, for
every j,k € {1,2,...,d}, the sequence ([A"]x) is Benford if and only iflogrs (A)
is irrational.

Example 3.4 The matrix associated with the Fibonacci recursion

Xp = Xp—1 +Xp—2, n =3, 9

is A = |:} (1)], with 7, (A) = ¢ = %(1 + +/5). While A is non-negative, i.e.

[A];x > Oforall j, k, but fails to be positive, the matrix A?is positive, and so is A”
for every n > 2. Since logr, (A) is irrational (even transcendental), every entry of
(A") is Benford. This is consistent with the fact that

F, F,
n __ n+1 n
A _[Fn Fn—lil’ 1’122,

and the sequence (F}) is Benford.

Consider now the sequence (x,) with x,, = eIrA" (3ep — e1). Recall that (x;,) thus
defined also solves (9). However, since 3e»> — ej is not non-negative, Theorem 3.2
does not allow to decide whether (x,) = (2, 1, 3,4, 7, ...), traditionally referred to
as the sequence of Lucas numbers and denoted (L,,), is Benford. Corollary 3.7 below
shows very easily that this is indeed the case. <
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Example 3.5 Consider the (symmetric) matrix

=310
B=] 101/{,
016

the characteristic polynomial of which is
pe(h) =det(B — A1) = —A3 + 317 + 201 — 3.

Itis readily confirmed that pp has three different real roots. If . = £10"/" was a root
of pp with any relatively primem € Z andn € N, thenn < 3, and 10” would divide
| det B"| = |det B|" = 3", hence m = 0, thatis, A = £1. But pp(£1) = £19 # 0.
It follows that r (B), albeit algebraic, is not a rational power of 10, and so log r, (B)
is irrational (even transcendental). Moreover, B” contains both positive and negative
entries forn =1,2,...,7, yet

13841 1929 37034
B =| 1929 56662 335235 | >0,
37034 335235 2031038

hence Theorem 3.2 and Corollary 3.3 apply. In particular, every entry of (B") is
Benford. Note that the actual value of r, (B),

re(B) =1+ %@ cos (% arccos 517@) = 6.165,

is not needed at all to draw this conclusion. <

Example 3.6 When A > 0 and logr, (A) is irrational, the sequence (xTA"y) may
nevertheless not be Benford for some non-zero x, y € R?. By Theorem 3.2, such
x, y cannot both be non-negative. For instance, the matrix A = |: 155 155:| is positive,
and logr, (A) = 1 + log?2 is irrational, yet (e] A"(e; — e2)) = ((—10)") is not

Benford. On the other hand, even if r, (B) is rational, (x| B" y) may be Benford for
some x,y € R%. Again, x, y cannot both be non-negative, by virtue of Theorem 3.2.

Concretely, B = |:2 2i| > Ohaslogr, (B) = Irational, yet (] B"(e; —e2)) = (2")

is Benford. <

Corollary 3.7 Let (x,,) be a solution of the linear difference equation
Xy = @1 Xp—| + @Xp—2+ -+ ad1Xn—d+1 + AdXpn—q, N >d+1,

with a1, as, ...,aq—1,aq > 0. Assume that the numbers x1, x3, ..., Xq are non-
negative, and at least one is positive. Then (xp) is Benford if and only if log¢ is
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irrational, where z = ¢ is the right-most root of 4 =aq7 Va4
aq—1z + aq.

Proof The associated matrix A according to (5) is non-negative, and A" > 0 for
n > d. Moreover, A has the characteristic polynomial

pa) = (DA0d —ap® T —and - gy h—ay).

Since x, = x A" ly withx = ¢4 > Oand y = Z‘;zl Xdt+1—je;j > 0, the claim
follows directly from Theorem 3.2. O

Example 3.8 Every solution of (9) with xjx2 > 0 is Benford. (For the case x| < 0
simply note that (—x,) is a solution of (9) as well.) Evidently, this includes the
Fibonacci sequence, where x; = x; = 1, but also the Lucas numbers, where x| = 2,
x2 = 1. As they stand, however, Theorem 3.2 and Corollary 3.7 do not allow to
decide whether the solution of (9) with, say, x; = 2, x = —3 is Benford.

More generally, every solution (x,) with xjx2 > 0 of

Xp = a1Xp—1 + azxxp—3, n >3, (10)

where a1, a; are positive integers, is Benford if and only if 102" — g, # ap - 10™ for
everym =0, 1, ..., [log(a; + a2)]. Again, this leaves open the question regarding
the Benford property of solutions of (10) with xjx2 < 0. The results of the next
section allow to settle this question without any further calculation: Except for the
trivial case x; = xp = 0, every solution of (10) is Benford if and only if

110" —ap| #ap - 10", Ym =0,1,..., [log(a; +a2)] . (11)

For the Fibonacci recursion (9), for instance, (11) reduces to |1 — 1| # 1, which is
obviously true. Thus, apart from x,, = 0, every solution of (9) is Benford. <

The following examples aim at illustrating the scope and limitations of Theorem
3.2. Although the latter is easy to state and prove, and quite useful in a variety of
situations, its overall applicability is somewhat limited because

e it does not apply in general if the matrix in question fails to have a positive power,
see Example 3.9;

e even ifitapplies, the Benford property of individual solutions of a linear difference
equation (3), or equivalently of sequences (x " A”y) with A according to (5) and
arbitrary x, y € R?, is generally unrelated to the Benford property of (x T A”y)
with non-negative x, y, see Example 3.10;

e it does not apply to various sequences that are closely related to (A”) and often of
interest in their own right, for instance (A"H — r (A)AM), see Example 3.11.

In view of these limitations, in the next section the Benford property is studied more
generally for sequences (x | A”y) with arbitrary A € R?“ and x, y € R?.
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Example 3.9 Theorem 3.2 may fail if A € R?*¢ does not have a positive power.
20
01
log?2 is irrational, yet ([A"];x) is constant and hence not Benford except for
j = k = 1. Neither is (|A"e;|) Benford. Thus the implications (i) = (ii) and
(i) = (iii) in Theorem 3.2 do not even hold for non-negative matrices. As will be
seen in the next section, however, (ii)) = (i) and (iii) = (i) remain true for arbitrary
(non-nilpotent) matrices in that if (x T A”y) or (|A"x|) is, for every x, y € R, either
Benford or vanishes for all n > d then logr, (A) is irrational. Similarly, if A does
not have a positive power then (]A”|) may not be Benford even when logr, (A) is
irrational, see Example 4.10.

Note also that even if B does not have any positive power, all entries of (B"),
or in fact all non-trivial sequences (x ' B"y), may nevertheless be Benford, as the

Simply consider the (non-negative) matrix A = |: :|, for which logr,(A) =

example B = |:_} _ii| shows, for which
B":Z”_l[_}_i], neN. ;|

Example 3.10 Consider the difference equation

Xn = %(xn—l +xp-2), n =3, (12)

(1]

Similarly to Example 3.4, A > 0 and A2 > 0. In addition, A evidently has the
property that the entries in each of its rows add up to 1. Thus A is a (row-) stochastic
matrix. It is well known (and easy to see) that 7, (A) = 1 for every (row- or column-)
stochastic matrix. According to Theorem 3.2, none of the sequences (x ' A”y) with
x,y > 0 is Benford. In fact, a short calculation yields

17217 =H"1 1-1
n_ 1 3
A _3[21]+ 3 [_2 2], neNp, (14)

showing that each sequence (x ' A"y) converges to a finite limit (which is positive
unless x = 0 or y = 0) and hence cannot be Benford. Recall that each such sequence
is a solution of (12). On the other hand, the solution of (12) with x; = =2, xp = 1
is (x,) = ((—%)”’2) and clearly Benford. Thus a solution of a linear difference
equation may be Benford even if the associated matrix A has a positive power but
does not satisfy (i)—(iv) in Theorem 3.2.

To see that the reverse situation—some solution of a difference equation is not
Benford despite the associated matrix having a positive power and satisfying (i)—(iv)
in Theorem 3.2—can also occur, consider

and the associated matrix

o
Ol—=
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X, = 19x,_1 4+ 20x,_>, n > 3. (15)

The solution of (15) with x; = —1,xp = 1 is ((—1)”) and hence not Benford. On
19 20
10
and logr, (B) = 1 + log2 is irrational. <

the other hand, the associated matrix B = |: j| has a positive power as B2 >0,

Example 3.11 1f AN > 0forsome N € N then exactly one of the two numbers Ao =
re(A) > 0or Ay = —r;(A) < Ois an eigenvalue of A, and Q := lim,, .o A" /1§
exists and is a positive matrix. This fact, which has been instrumental in the proof
of Theorem 3.2, is of particular interest in the case of A being a stochastic matrix,
ie. for A > 0 and each row (or column) of A summing up to 1. In this case,
Ao = ros(A) = 1, and hence Q = lim,_. o A". Often, one is interested in the
(Benford) properties of (A" — Q) and (A"*! — A"). Entries of these sequences
may well be Benford, notwithstanding the fact that Theorem 3.2 does not apply and
log rs (A) = 0 is rational. For instance, with A from (13), it follows from (14) that

A"— Q=

=H"r 1=

but also
1 -1
+1 _ 1yn+1
Al’l _ An — (_E)n [_2 2} , ne N(L

and hence every entry of both (A” — Q) and (A"*! — A") is Benford. In general,
note that AQ = QA = A9Q, and consequently the sequences

(IA" = 25Q1jx) = (e (A" =5 Q)ex) = (e] A"(la — Q)ex)

as well as
(LA™ = 304" ]jx) = (e] A"(A = Aolo)ex)

are all of the form (x T A" y) withx = e ;j and the appropriate y € R¢ where, however,
y > 0 may not hold and consequently Theorem 3.2 may not apply. <

With a view towards Theorem 3.2, how does one decide in practice whether a
given d x d-matrix A has a positive power? Comprehensive answers to this question
appear to be documented in the literature only for A > 0, that is, for non-negative
matrices. In this case, Wielandt’s Theorem [25, Cor. 8.5.9] asserts that AN > 0 for
some N € N (if and) only if A4*=2d42 - () The number d? — 2d + 2 is smallest
possible in general, but can be reduced in many special cases, see [25, Sect. 8.5]. An
equivalent condition is that A be irreducible and aperiodic, i.e. for any two indices
J.k €{1,2,...,d} there exists a positive integer N (j, k) such that [A"];;x > 0 for
every n > N(j, k); see e.g. [25, Sect.8.4]. Note that if A > 0 but the matrix A" is
not positive for any n € N then there exists j, k € {1, 2, ..., d} such that eventually
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the sequence ([A"] ;) vanishes periodically and hence cannot be Benford. Overall,
by combining these known facts, Theorem 3.2 can be re-stated specifically for non-
negative matrices.

Theorem 3.12 Let A € R?*“ be non-negative. Then the following three statements
are equivalent:

(1) A isirreducible and aperiodic, and log r, (A) is irrational;
(i) AL~20+2 = 0 and log r, (A) is irrational;
(iii) The sequence (x " A™y) is Benford for every x,y # 0 withx > 0 and y > 0.

Moreover, if (i)—(iii) hold then, for every x % O with x > 0, the sequence (|A"x|) is
Benford, and so is (|A")).

Proof If A€’ 2442 g ot positive then neither is A” for any n, by Wielandt’s The-
orem, and hence A cannot be irreducible and aperiodic. Thus (i) = (ii). According
to Theorem 3.2, (iii) follows from (ii). Assume in turn that (i) does not hold. Then
either A is not irreducible and aperiodic, or log 75 (A) is rational. In the former case,
([A"] 1) = (ejTA"ek) vanishes periodically for some j,k € {1,2,...,d}, hence
(iii) fails with x = e¢; > O and y = ¢, > 0. In the latter case, assume w.l.o.g.
that A is irreducible and aperiodic. Then (iii) fails again, by virtue of Theorem 3.2.
Overall, (iii) = (i). Finally, the assertions regarding (|A"x|) and (]A"|) are obvious
from Theorem 3.2. O

Remark The non-negative matrix A = 2:| has neither of the properties (i)—(iii)

0
20
in Theorem 3.12, and yet (|A"x|) is Benford for every x # 0, and so is (|A"|).

In general, i.e. without the assumption that A be non-negative, the clear-cut situ-
ation of the non-negative case persists only for the special cases d = 1 (trivial) and
d = 2 (a simple exercise), where AN > 0 for some N € N (if and) only if A% > 0.
In stark contrast, if d > 3 then the minimal positive integer N with AN > 0 can be
arbitrarily large. For example, for every o € R the (symmetric) 3 x 3-matrix

10 — 10% 10+t1/2(10%-1 4 1) 9.10%
Ay = | 10°T1/2(10%71 4 1) 18 - 10% 10%/2(10%F1 4 1)
9.10% 10%/2(10%F1 4 1) 10%+1

is positive precisely if || < 4—1‘, and for |«| > }‘ a short calculation shows that
min{n eN: Al > O} =2||a|] +2 > 2|«|.

Note that, for every o € R, the matrix A, has at most one negative entry (and is, in
the terminology of [25, Exc. 8.3.9], essentially non-negative).

The example of A, demonstrates that unlike in the non-negative case, for d > 3
the minmal exponent N with AV > 0 does not admit an upper bound independent
of A. Still, the property that AY > 0 for some N € N can be characterized rather
neatly.
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Proposition 3.13 The following properties are equivalent for every A € R4

(i) AN > 0 for some N € N;
(i) A?" > 0 for all sufficiently large n € N;
(iii) Either Ay = 15(A) > 0 or A9 = —ry(A) < 0 is an algebraically simple
eigenvalue of A with |L| < ry(A) for every A € o (A)\{ o}, and the spectral
projection Q associated with L is positive, i.e.

beT
0= m >0, (16)

where b and c are eigenvectors of, respectively, A and A" corresponding to the
eigenvalue Lo, that is, Ab = hob and ATe = e

Applying this result for instance to the 3 x 3-matrix B of Example 3.5 yields, with
Ao = 1o (B) = 6.165,

3.158 28.95 175.3
0 =10"*]| 28.95265.3 1606 | > 0,
175.3 1606 9731

and hence immediately shows that BY > 0 for some N € N. (In Example 3.5,
the minimal such N was seen to be N = 8.) On the other hand, for the matrix B
considered in Example 3.9, the spectral projection associated with Ao = r4(B) = 2,

1 1 -1
Q=§|:_1 1:|,

is not positive, and neither is B" = 2"~! B = 2" Q positive for any n € N.

Example 3.14 Theorems 3.2 and 3.12 are especially easy to apply if A is an integer
matrix, i.e. if [A]jx € Z for every j, k. In this case, an explicit calculation of 7, (A)
is not required. In fact, if A € 74*d with d > 2 and AY > 0 for some N € N then
log ry (A) is irrational (even transcendental) provided that

none of the numbers + 10", withm = 1,2, ..., |d log| Allco]

d
and ||A| oo := max; Zk—l |[A]jk , 1s an eigenvalue of any of 17
the d matrices A, Az, A A4,
Even simpler to check is the condition that
det A is not divisible by 10, (18)

which implies (17) and hence also guarantees the irrationality of log r, (A).
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For example, the matrix A associated with (9) is an integer matrix with A >0,
and det A = —1 obviously satisfies (18). Hence, as already seen in Example 3.4,
Theorem 3.2 applies, and (x " A”y) is Benford forall x, y > O withx # Oand y # 0.
Similarly, for the matrix B discussed in Example 3.5, B8 > 0,and det B = —3is not
divisible by 10, hence log r (B) is irrational, and again Theorem 3.2 can be applied
without determining the actual value of 7 (B).

For another example, consider the matrix

—3-1-1
cC=|-21 =3/{,
1 -3 -1

for which ||C|lsc = 6. As before, C® > 0, hence Theorem 3.2 applies. Note that
det C = 30, and so (18) fails. However, (17) holds, as [31og ||C|ls] = 2 and none
of the four integers 410, 4107 is an eigenvalue of any of the three matrices

10 5 7 —33 —26 —32
c, C’=|1122|, c3=|-25 5 -39,
2 —19 5 —30 -8

as can easily be checked e.g. by means of row-reductions. Again, therefore, log r, (C)
is irrational. <

4 The Case of Arbitrary Matrices

Given an arbitrary real d x d-matrix A, this section presents a necessary and suffi-
cient condition for the sequence (xTA"y) to be, for any vectors x,y € R4, either
Benford or identically zero for n > d. As explained earlier, the result also allows
to characterize the Benford property for solutions of any linear difference equation.
To provide the reader with some intuition as to which properties of such equations,
or the matrices associated with them, may affect the Benford property, first a few
simple examples are discussed.

Example 4.1 (i) Let the sequence (x,) be defined recursively as
Xp = Xp—1 — Xp—2, N =3, (19)
with given x1, xo € R. From the explicit representation for (x;,),
Xn = (X1 — x2) cos (%nn) + %(xl + x7) sin (%nn) , neN,

itis clear that x, ¢ = x, forall n,i.e. (x,) is 6-periodic. This oscillatory behaviour of
(x,,) corresponds to the fact that the eigenvalues of (19), i.e. of the matrix associated
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with it, are A = e*7/3 and hence lie on the unit circle S. For no choice of x1, x2,

therefore, is (x,) Benford.
(ii) Consider the linear 3-step recursion

Xp = 2xp—1 + 10x,,_p — 20x,,_3, n > 4. (20)
For any x1, x2, x3 € R, the value of x,, is given explicitly by
xn = 12" + a2 10"? 4 a3 (—1)"10"2,
with the constants o1, a2, @3 according to
ap = 35(10x; —x3), @23 = g5(x3 +3x2 — 10x)) & lzlw(xg — 4x1).

Clearly, limsup,,_, , |x,| = 400 unless x; = x2 = x3 = 0, so unlike in (i) the
sequence (x;) is not bounded. However, if |a2| # |o3| then

n 1 n
log [x,| = 5 +log [a1 107372 -y 4+ (—1)"as| ~ 5 + log oz + (=)',

showing that (S (xn)) is asymptotically 2-periodic and hence (x,) is not Benford.
Similarly, if || = || # O then (S(xn)) is convergent along even (if ax = «3) or
odd (if wp = —w3) indices n, and again (x,) is not Benford. Only if ap = a3 = 0
yet a1 # 0, or equivalently if x3 = 2xo = 4x7 # 0 is (x,) Benford. Obviously, the
oscillatory behaviour of (S (xn)) in this example is due to the characteristic equation
13 =212 4+ 102 — 20 associated with (20) having two roots with the same modulus
but opposite signs, namely A = ++/10.

(iii) Let y = cos(m log?2) = 0.5851 and define (x;) recursively as

Xp =4yxp—1 —4xp—2, n >3, 21
with given x1, xo € R. As before, an explicit formula for x,, is easily derived as

—2x(2y% = 1)

i

Xp = 2”’2(4yx1 — xp) cos(rnlog?2) + 22 re sin(zrn log2)
=2"Bcos(wrnlog2 + &),

with the appropriate § > 0 and & € R. Although somewhat oscillatory, the sequence
(xp) is clearly unbounded. However, if (x1, x2) 7 (0, 0) then 8 > 0, and

log |x,| = nlog2+log B + log|cos(mnlog2 +&)|, neN,

together with Lemma 2.6, where ¥y = ¢ = log2, @ =0, z = e and z, = 0,
shows that (x,,) is not Benford. The reason for this can be seen in the fact that, while
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log |A| = log 2 is irrational for the roots A = 2¢®*7 1°22 of the characteristic equation
associated with (21), there clearly is a rational dependence between the two real
numbers log |A| and % arg A, namely log |A| — 2(% argi) = 0. <

The above examples indicate that, under the perspective of BL, the main difficulty
when dealing with multi-dimensional systems is their potential for more or less cyclic
behaviour, either of the orbits themselves or of their significands. (In the case of
positive matrices, as seen in the previous section, cyclicality does not occur or, more
correctly, remains hidden.) To precisely denominate this difficulty, the following
terminology will prove useful. Recall that, given any set Z C C, spangZ denotes
the smallest linear subspace of C (over Q) containing Z.

Definition 4.2 A non-empty set Z C C with |z| = r forsomer > Oand all z € Z,
i.e. Z C rS,is non-resonant if its associated set Ay C R, defined as

argz — argw

Az =11
z[~|— .

:z,weZ]

satisfies the following two conditions:

1 AzNQ={1}

(ii) logr ¢ spangAz.

An arbitrary set Z C C is non-resonant if, for every r > 0, the set Z N rS is either
non-resonant or empty; otherwise Z is resonant.

Note that by its very definition the set Az always satisfies | € Az C (0, 2) and is
symmetric w.r.t. the point 1. The empty set & and the singleton {0} are non-resonant.
On the other hand, Z C Cis certainly resonant if either {—r, r} C Z for some r > 0,
in which case (i) is violated, or Z N'S # &, which causes (ii) to fail.

Example 4.3 The singleton {z} with z € C is non-resonant if and only if either z = 0
or log|z| ¢ Q. Similarly, the set {z, z} with z € C\R is non-resonant if and only
if the three numbers 1, log |z| and % arg z are rationally independent, i.e. linearly
independent over Q. <

Remark 1f Z C rS then, for every z € Z,

spangAz = spang ({1} U [W Tw e Z]) ,

which shows that the dimension of spanQA 7, as alinear space over Q, is at most#Z.
Also, if Z C rSis symmetric w.r.t. the real axis, then the condition (ii) in Definition
4.2 is equivalent to log r & spangy({1} U (5= argz : z € Z}), cf. [5, Def.3.1].

Recall that the behaviour of (A") is completely determined by the eigenvalues
of A, together with the corresponding (generalized) eigenvectors. As far as BL is
concerned, the key question turns out to be whether or not o (A) is non-resonant.
Clearly log ry (A) isirrational whenever o (A) is non-resonant (and A is not nilpotent),
but the converse is not true in general.
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Example 4.4 The spectrum of the matrix A associated with the Fibonacci recursion
9), 0(A) = {—¢~!, ¢}, is non-resonant. On the other hand, the matrices

210 -20

B:[i_ol] c=|10 0 |, D:[“l”_ﬂ,
01 0

associated with the difference equations (19), (20), and (21), respectively, all have a
resonant spectrum. Indeed, o (B) = {e*'7/3}, and hence As(B) = {%, 1, %} con-
tains rational numbers other than 1, which violates (i) in Definition 4.2. Also,
log |[e*7/3| = 0, and so (ii) is violated, too. Similarly, o(C) = {2, £+4/10}, and
with Z = o(C) N +/10S = {£+/10} again both (i) and (ii) in Definition 4.2 fail.
Finally, o (D) = {27 1°¢2} ‘and so Ay(py = {1, | & log2} satisfies (i), yet (ii) is
violated as log 2 € spangAq(p) = spang{l, log2}. <

The following theorem is the main result of the present section. Like Theorems
3.2 and 3.12, but without any assumptions on A, it extends to arbitrary dimensions
the simple fact that for the sequence (xa"y) with o € R\{0} to be either Benford (if
xy # 0) or trivial (if xy = 0) it is necessary and sufficient that log |«| be irrational.
To concisely formulate the result, call (xTA" y) and (JA"x|) with A € R4*%d and
x,y € RY terminating if, respectively, x ' Ay = 0 or A"x = 0 for all n > d;
similarly, (JA"|) is terminating if A” = 0 foralln > d.

Theorem 4.5 Let A be a real d x d-matrix. Then the following statements are
equivalent:

(i) The set o (A) is non-resonant;
(ii) Forevery x,y € R?, the sequence (x T A™y) is Benford or terminating.

Moreover, if (i) and (ii) hold then, for every x € R4, the sequence (|A"x|) is Benford
or terminating, and so is (|A™]).

For a full proof of Theorem 4.5, the reader is referred to [6]. A simplified variant
that applies to most matrices is given at the end of this section. From the argument,
it will transpire that “terminating” can be replaced by “zero” (meaning “identically
zero”’) whenever A is invertible, i.e. whenever 0 ¢ o (A). Before that, however, a
few examples, corollaries, and remarks are presented.

Example 4.6 (i) As seen in Example 4.4, the (invertible) matrix A = |: } (1):| associ-

ated with (9) has non-resonant spectrum. For every x, y € R2, therefore, (x| A” y)
is either Benford or zero. The latter happens precisely if x and y are proportional
to, respectively, the eigenvector ge; + e», corresponding to the eigenvalue ¢ of A,
and to the eigenvector e, — ey, corresponding to —g ™!, or vice versa. In particular,
the sequences (F,,) = (e{ A"e;) and (L,) = (e] A"(3e; — e1)) are Benford, as has
already been observed in Examples 3.4 and 3.8.

Note that (Fnz), for instance, is also Benford. This follows from Proposition 2.3
but can be seen directly as well by noticing that (Fn2 + %(— 1)") is a solution of
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Xp =3Xp-1 — Xp—2, n >3,

. .3
and the associated matrix |: 1 Oi| has non-resonant spectrum {2, ¢ ~2}.

(ii) The 3 x 3-matrix B considered in Example 3.5 has non-resonant spectrum, as
it has three real eigenvalues of different absolute value, none of which is of the
form £10"/" with m € Z and n € N. As in (i), every sequence (x ' B"y) is either
Benford or zero, with the latter being the case precisely if x and y are proportional to
eigenvectors of B corresponding to two different eigenvalues. Note that even for this
conclusion, which is stronger than the one reached in Example 3.5, it is not necessary
to know o (B) explicitly. In fact, unlike in Example 3.5 it is not even necessary to
know that BN > 0 for some N. <
i _” one finds o (A) = {+/2¢*7/*} which is
resonant, as Ay (4) = {%, 1, %}. By Theorem 4.5, there mustbe x, y € R? for which
(x T A™y) is neither Benford nor zero. Indeed, observe for instance that

Example 4.7 For the matrix A = |:

1 .1

cos(zmn) —sin(gzmn

ef Aley = el 22| (f ) (14 ) el =2”/2cos(}‘mz), n € Ny,
sin(z7n) cos(zmn)

and hence (ei'—A”e 1) is neither Benford (because eIrA4"_ze 1 = 0 for all n) nor zero
(because e]—AS”el = n # 0 for all n). Note, however, that this of course does
not rule out the possibility that some sequences derived from (A”) may be Benford
nevertheless. Forinstance, (|A"|) = (2"/2) is Benford. For another concrete example,
fix any x # 0 and, for each n € N, denote by E,, the area of the triangle with vertices
at A"x, A" lx, and the origin. Then

E, = 1 |det(A"x, A" 'x)| =2"2|x|>, neN,

L
2

so (E,) is Benford, see Fig. 4. Note also that while o (A) is resonant, the set (AY =
{—4} is not. (The reverse implication is easily seen to hold for alld € N and A €

R?*4: If o (A) is non-resonant then so is o (A”) for every n € N.) <
. 19 20 .
Example 4.8 For the matrix B = 1ol first encountered in Example 3.10,

o(B) = {—1,20} is resonant. Consequently, there must be x, y € R? for which
(xTB" y) is neither Benford nor zero. In essence, this has already been observed in
Example 3.10, with x = ej and y = ¢] — e», for which (x " B"y) = ((—1)"). Note
that failure of (x T B"y) to be Benford can occur only if (20x; + x2)(y1 + y2) = 0.
For most x, y € R2, therefore, (xTB” y) is either Benford or zero. <

Example 4.9 This example briefly reviews matrices and difference equations from
earlier examples in the light of Theorem 4.5
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Fig. 4 Two Benford sequences, (Fnz) and (E,), derived from linear 2-dimensional systems, see
Examples 4.6 and 4.7; note that o (A) is resonant for the matrix A associated with (E,)

(i) The matrices A = [155 155} and B = |:2 2j| both have resonant spectrum,
o(A) = {—10, 20} and o (B) = {2, 10}, which corroborates the observation, made
in Example 3.6, that for some x, y € R2, (xT A" y) is neither Benford nor zero, and
similarly for B. Note, however, that (xTA"y) is Benford whenever x, y € R2? are
not multiples of e; — e3, and hence for most x, y € R2, whereas (xTB” y) can be

Benford only if x or y is a multiple of e — e3.
(i) While Theorem 3.2 did not apply to B = |:_i _}] in Example 3.9, every

sequence (x| B"y) was seen to be Benford or terminating. This observation is con-

sistent with o (B) = {0, 2} being non-resonant.

11
(iii) As is the case for every stochastic matrix, the matrix A = |: % (2) ] in Examples
3.10 and 3.11, has resonant spectrum o (A) = {—%, 1}, and for most x,y € R2,
(xTA"y) is not Benford. The question, already raised in Example 3.11, whether,
say, entries of (A”T! — A") can be Benford nevertheless is addressed in Sect.5. <

Example 4.10 Unlike in Theorem 3.2, within the wider scope of Theorem 4.5 the
sequence (| A" x|) may, for every x € R?, be Benford or terminating even if (i) and
(i1) do not hold. Similarly, (JA"]) may be Benford. For an example, consider the
3 x 3-matrix
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, cos(2r ) —sin(2r ) 0
A =107 | sinRmrg) cosme) 0 |,
0 0 1

where ¢ = %(1 + +/5), as usual, and hence ¢*> = ¢ + 1. The spectrum o (4) =

{10‘”2, IOWZeiQ’W} is resonant because
%(3 + \/g) = g02 = log 109 € spangAq(4) = spangf{l, «/g}.
Nevertheless, for every x € R3,

e cos(2mng) — xp sin(2mwng) .
|A"x| = 10" || x1sinQQrng) + xp cosQRung) || = 10" |x|,
x3

and since 2 is irrational, (|A"x|) is Benford whenever x # 0. Similarly, note that
10~"¢" A is an isometry for every n, and (|A"|) = (10"‘/’2) is Benford. However, by
Theorem 4.5, not every sequence (xT A" y) can be Benford or zero. That (e;r Aey) =

2 . . . . . .
(10”‘/’ sm(2nn¢)), for instance, is neither can be seen easily using Lemma 2.6.
Consider now also the matrix

, cos(2r @) —sin(2w¢) sin(mwp) cos(wg)
B =10% | sin(Qwp) cosme) sin(r)?
0 0 1

Clearly, o (B) = o (A), so the spectrum of B is resonant as well. A short calculation
confirms that

cos(2rng) —sin(2rng) sin(wne) cos(rne)

B" = 10" sinmng) cos2mrng) sin(rng)? , n €Ny,
0 0 1

from which it follows for instance that

|B"/2e3] = 10"° /3 — cos(2nng), n € No,

and consequently, using ¢ = ¢ + 1,
(log|B"v2es]) = (ng + 3 log(3 — cos(2mng))) = (f (ng)),

with the smooth function f : R — R given by f(s) = s + 5 log(3 — cos(27s)).
Recall that (n¢) is u.d. mod 1. As in the proof of Lemma 2.6, consider the piecewise
smooth map 7 = (f) on [0, 1) induced by f. Since T is a bijection of [0, 1) with
non-constant slope, Ao 1 o 7! # Ap,1. This in turn means that (| B"e3]), and in fact
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(|B"x|) for most x € R3, is neither Benford nor zero. Similarly,

|B"| = 10"“’2\/1 + %sin(ymgo)2 + %| sin(mne)|v4 + sin(mne)?, n e Ny,

and a completely analogous argument shows that (| B"|) is not Benford either.

As evidenced by this example, the property of a matrix A € R?*¢ that (|A"x|)
is, for every x € R, either Benford or terminating is nor a spectral property, i.e. it
cannot be decided upon, at least for d > 3, by using o (A) alone. Similarly, (JA"|)
being Benford is not a spectral property of A. <

Remark According to Theorem 4.5, non-resonance of o (A) is, for any invertible
A € R¥¥4_ equivalent to the widespread generation of Benford sequences of the
form (x T A"y). Most d x d-matrices are invertible with non-resonant spectrum,
under a topological as well as a measure-theoretic perspective. To put this more
formally, let

4, ={A € R4 . A is invertible and o (A) is non-resonant }.

Thus for example ¥ = {[«] : « € R\{0}, |@| # 10” for every p € Q}. While the
complement of ¥, is dense in RY*?_ it is a topologically small set: R?*9\¥; is of
first category, i.e. a countable union of nowhere dense sets. A (topologically) typical
(“generic”) d x d-matrix therefore belongs to ¢;. Similarly, if A is an R?*?-valued
random variable, that is, a random matrix, whose distribution is a.c. with respect
to the d?-dimensional Lebesgue measure on R?*4  then P(A € ¢) = 1, i.e. with
probability one A is invertible and o (A) non-resonant.

The next result is a corollary of Theorem 4.5 for difference equations and analo-
gous to Corollary 3.7 but without any positivity assumptions on coefficients or initial
values.

Theorem 4.11 The following statements are equivalent for the difference equation
Xp = a1Xp—1 +@Xp—2+ -+ ad1Xn—d+1 + dgXn—q, N >d+1, (22)

where a1, az, ...,a4—1,a4 € Rwithag # 0:

(i) The set{z € C: A=a1 Va4 tagz+ aq} is non-resonant;
(ii) Every solution (x,) of (22) is Benford, unless x, = 0.

While the reader is again referred to [6] for a full proof of Theorem 4.11, a simplified
argument applicable to most a1, az, ..., a4—1, aq is given at the end of the present
section, following the very similar proof of Theorem 4.5.

Example 4.12 Since {z € C : 2> = z + 1} = {—¢~!, ¢} is non-resonant, every
solution of (9) except for x, = 0 is Benford, as was already seen in Example 4.6.
More generally, consider the second-order difference equation
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Xy = a1Xp—1 + azxp—3, n >3, (23)

where ayp, a are non-zero integers, and a, > 0. The set {z € C : 2 = aiz + ar}
consists of two real numbers with different absolute value, and is resonant if and only
if one of them is of the form 10" for some N € Ny. It follows that every solution
(x,) of (23), except for the trivial x,, = 0, is Benford if and only if

110¥" — ap] # |a1|10™, VYm =0,1,..., [log(la1] + a2)]. 24)

For example, for a; = 2, a, = 5, condition (24) reduces to |1 — 5| # 2. As the latter
is obviously correct, every solution of

Xy = 2Xp—1 + 5xp—2, n >3,
is Benford unless x; = x = 0. On the other hand, for
Xp = 19x,_1 + 20x,_>, n >3,

(24) reads |10%" — 20| # 19 - 10" for m = 0, 1, which is violated for m = 0.
This corroborates the observation, already made in Example 3.10, that ((—1)") isa
solution that is neither Benford nor zero. <

Remark Earlier, weaker forms and variants of the implication (i) = (ii) in Theorems
4.5 and 4.11, or special cases thereof, can be traced back at least to [42] and may also
be found in [5, 7, 9, 26, 35, 43]. The reverse implication (ii) = (i) seems to have
been addressed only for d < 4, see [7, Thm. 5.37]. A case in point is the 4 x 4-matrix

cos(2+/3) — sin(27+/3) 0 0
A—10V2 sin(27+/3)  cos(2+/3) 0 0
0 0 cos(4+/3) — sin(4m~/3)
0 0 sin(4w \/§) cos(4m ﬁ)

In [7, Ex.5.36], it was observed that (xTA"y) is Benford or zero for every x,y €
R*—despite the fact that A fails to be Benford regular, a property introduced there
that is more restrictive than the non-resonance of o (A). This mismatch is resolved
by Theorem 4.5, simply by noticing that o (A) = {1Oﬁei’2”‘/§, 1Oﬁei’4”‘/§} is
indeed non-resonant.

Example 4.13 While satisfying theoretically, Theorems 4.5 and 4.11 may be difficult
to use in practice, even if A is an integer 2 x 2-matrix (in Theorem 4.5), or d = 2
and ay, ap are integers (in Theorem 4.11). To illustrate the basic difficulty, consider
the innocent-looking difference equation

Xp = 2Xp—1 — S5x,,_2, n>3. 25)
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1 2 3 4 S 6 7 8 9
N=10 50.00 | 10.00 | 10.00 | 10.00 | 10.00| 0.00 [ 10.00| 0.00| 0.00
N=100 |20.00]|11.00|13.00( 7.00(10.00(12.00]12.00| 9.00| 6.00

N=1000 |29.80|17.20|13.80| 8.90| 7.80| 6.80| 6.50( 5.20| 4.00

N=10000 [29.99(17.23|12.78| 9.51| 7.92| 6.61| 6.01| 5.19| 4.76

exact BL |30.10(17.60|12.49| 9.69| 7.91| 6.69| 579 5.11| 4.57

0 1 2 3 4 o) 6 ) 8 9
N=10 40.00{40.00 | 10.00| 0.00| 0.00| 0.00| 0.00| 0.00( 0.00|10.00
N=100 |15.00|11.00| 8.00|10.00|15.00| 7.00|10.00| 9.00( 7.00| 8.00

N =1000 |10.80|10.70|11.10| 9.50|11.60| 10.10|10.70| 9.30( 8.40| 7.80

N=10000 |11.44|11.48(11.18| 9.98(10.22|10.03| 9.27| 9.04( 8.85| 8.51

exact BL | 11.96]11.38|10.88]10.43]10.03| 9.66] 9.33] 9.03] 8.75] 8.49]

Fig. 5 Relative frequencies of the first (top) and second significant digits for the first N terms of
the solution (x,) of (25) with x; = x> = 1, see Example 4.13; the data suggests that (x,,) is Benford

Fortheset Z = {z € C : 22 = 2z — 5} = {1 + 21} = {+/5¢* @2} it 5 not hard
to see that Ay = {I,1 + %arctan 2} satisfies (i) in Definition 4.2. Thus the non-
resonance of Z is equivalent to log5 ¢ spangAz = spang{l, %arctan 2}. While
log 5 and % arctan 2 can both be shown to be transcendental, it seems to be unknown
whether or not 1, log 5, % arctan 2 are rationally independent [46]. In other words,
it is not known whether the set Z is non-resonant. In the likely case that it is, every
solution of (25), except for x, = 0, would be Benford; otherwise, none would.
Experimental evidence strongly supports the former alternative, see Fig. 5. <

The practical difficulty alluded to in Example 4.13 can be avoided altogether only
if all eigenvalues of A, or all roots of d=a? a4+ aq—1z2 +ag are
real. In this situation, the following simple observation may be helpful.

Proposition 4.14 A set Z C R is non-resonant if and only if every z € Z\{0}
satisfies
log|z| € Q and |w| # |z|] forevery w € Z\{z}.

The remainder of this section is devoted to presenting proofs of Theorems 4.5 and
4.11. Both proofs are given here only under the additional assumption that,

for every r > 0, the set 0 (A) N rS contains at most two elements, (26)

i.e. the matrix A has at most two eigenvalues of modulus r, which may take the form
of the real pair —r, r, or a non-real pair A, A with |A| = r. (For complete proofs
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without this assumption, the reader is referred to [6]. Note that the matrices not
satisfying (26) form a nowhere dense nullset in RdXd.) For convenience, let

ot (A) := {1 € o(A) : Ix = 0}\{0}.

Proof of Theorem 4.5 If 67 (A) = @, then A is nilpotent, 0 (A) = {0} is non-

resonant, every sequence (x ' A”y) is identically zero for n > d, and the claimed

equivalence trivially holds. Thus, from now on assume that o7 (A) is not empty.
Recall that, given any x, y € R4, the value of x " A" y can be written in the form

xTA"y =9 (ZAEJJr(A) pA(n))»n) , n>d, 7)

where py is, for every A € 07 (A), a (possibly non-real) polynomial of degree at
most d — 1; moreover, p, is real whenever A € R. The representation (27) follows
for instance from the Jordan Normal Form Theorem. Note that p; also depends on
x, y, but for the sake of notational clarity this dependence is not displayed explicitly.

To establish the asserted equivalence, assume first that o (A) is non-resonant and,
given any x, y € RY, that p; # 0 for some A € o7 (A). (Otherwise x " A”y = 0 for
alln > d.) Let

r=max{|A| : 1 € 6T (A), pp #0} > 0.

Recall that o (A) NrS contains at most two elements. Note also that » and —r cannot
both be eigenvalues of A, as otherwise o (A) would be resonant. Hence either exactly
one of the two numbers r, —r is an eigenvalue of A, and logr is irrational, or else
o (A) NrS = {re®"?} with the appropriate irrational 0 < ¥ < 1, and

logr ¢ spangfl, 1+ 0} = spang{l, J}.

In the former case, assume w.l.0.g. that r is an eigenvalue. (The case of —r being an
eigenvalue is completely analogous.) Recall that |A| < r for every other eigenvalue
A of A with p;, # 0. Denote by k € {0, 1, ...,d — 1} the degree of the polynomial
pr.and let y = lim,_ o0 pr(n)/ nk. Note that y is non-zero and real. From (27), it
follows that

IxTA"y| = =r"nfly +z4l, n>d,

n n
primr-+ ZAEU+(A):|)\|<r P ()%

with the (real) sequence (z,,) given by

Pr(”) 1 "
ak Y + rink ZAEo+(A):|M<r prmAT, n=d.

in =
Clearly, lim;,— 0 z, = 0. Since log r is irrational and

log|x"A"y| = nlogr +klogn +1logly +zal, n=>d,



50 A. Berger and G. Eshun

Proposition 2.3 implies that (x " A”y) is Benford.

In the other case, the matrix A has A9 = re!™ and its conjugate Ao = re”
as eigenvalues, and |A| < r for every other eigenvalue A of A with p; # 0. With &
denoting the degree of p,,, let again y := lim,— o0 pa,(n)/ n*, and note that y may
now be non-real, yet is non-zero as before. Deduce from (27) that

1547

T Ay =

n (m0 e ™ 3 o Al Px(n)/\")‘ = ke ™ 4 2,)),

with the (possibly non-real) sequence (z,), given by

_ p)LO(n) . Ty 1 n
" ( nk y) T Tk Zkea+<A):|x|<r Pi(A

again satisfying lim,_, o, z, = 0. Since ¢ is irrational due to the non-resonance
of 6(A), the set I := {n € N : R(ye™ + z,) = 0} has density zero, that is,
limy o 1#(I N {1,2,...,n}) =0, and

log|x"A"y| = nlogr + klogn +log |R(ye™” +z,)|, VneN\I. (28)

(The reader familiar with the Skolem—Mahler—Lech Theorem [34, Thm. A] will
notice that 7 is actually finite, though this much stronger property is not needed
here.) Lemma 2.6 with ¢ = logr, ¥ = ¥, « = k, z = y shows that the sequence
on the right in (28) is u.d. mod 1, and so is (log IxTA™y)), by Proposition 2.3. Thus
(xTA"y) is Benford, and the proof of (i) = (ii) is complete.

To establish the reverse implication, assume that o (A) is resonant. Then, for some
ro > 0 and with Z := o (A) N ryS, the set Az contains rational numbers other than
1,orlogrg € spangAz, or both. Assume first that 1 + p € Az for some rational
number p > 0. This implies that Z contains exactly two elements, either ro, —rg
or else roe™””. In the former case, let b, ¢ be unit eigenvectors corresponding to,
respectively, the eigenvalues rg and —rg of A, and let x := y := b + c. Then

xTA"Y = (b+0) (rfb+ (—=r)"c) = (1 + b o) (1§ + (—ro)").
By the Cauchy—Schwarz inequality, 1 + 5 "¢ > 0. Hence x ' A"y = 0 for all odd n
butx " A"y > Oforallevenn,and (x " A”y) is neither Benford nor terminating. In the
case of non-real eigenvalues, there exist linearly independent unit vectors b, ¢ € RY
such that, for every n € Ny,

A"b = r cos(mnp)b—rg sin(wnp)e, A'c = ry sin(wnp)b+ry cos(wnp)c. (29)

Hence with x := y :=b +c,
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xT A"y =r{(b+ ¢)"((cos(wnp) + sin(wnp))b + (cos(mnp) — sin(wnp))c)
=2(1+b"e)rf cos(np),

and again x ' A"y = 0 periodically but no identically. Thus (x " A"y) is neither
Benford nor terminating.

It remains to consider the case where #(Az N Q) < 1 forevery Z = o (A) NrS
andr > 0, yetlogry € spangAz for some ro > 0. Again it is helpful to distinguish
two cases: either 0 (A) NroS C Roro (A) NroS C C\R. In the former case, exactly
one of the two numbers rg and —rg is an eigenvalue of A. The argument for —rg
being analogous, assume w.l.0.g. that o (A) NrpS = {ro}. Then Az = {1} and hence
log rg is rational. Taking x := y := b, where b is any eigenvector of A corresponding
to the eigenvalue ro, yields x T A"y = o |b|?, and (x T A”y) is neither Benford nor
terminating. In the other case, i.e. for Z = o (A) N roS = {rpe™™?} with some
irrational 0 < ® < 1, pick again linearly independent unit vectors b, ¢ € R? such
that (29) holds for all n, with p replaced by . With x := y := b + ¢, it follows that

log|x T A"y| = nlogry + log [2(1 + b ¢) cos(mnd)|.

Recall that logrg € spang{l, ¢}, by assumption. An application of Lemma 2.6
with 9 = logrg, 9 = 9,0 =0,z =2(1 + bT¢) > 0 and z, = 0 shows that the
sequence (x " A”y) is not Benford. Clearly, it is not terminating either. Thus (ii) = (i),
as claimed.

To complete the proof, the assertions regarding (|A"x|) and (]A"|) have to be
verified. The above argument establishing (i) = (ii) can be used to verify the former
assertion because, forevery x € RY, |A"x|? = Z?zl(e;—A"x)z,and so (log [A"x]|)is
easily seen to be u.d. mod 1 using Lemma 2.6. Finally, if A is not nilpotent (otherwise
(|A"|) obviously is terminating) assume first that o (A) N 7y (A)S = {ry (A)e™?77)
for some irrational 0 < ¥ < % Then, with the appropriate integer k > 0,

(AMTA" = ro (A)*"n* (B(9) " B(n®) + Cy), neN,

where the function B : R — R?*9 is l-periodic, real-analytic and does not vanish
identically, and (C,) is a sequence in R*d with |C,| — 0. It follows that

log |A"| = nlogrs(A) + klogn + S logro (B(n®) " B(n®) + Cy).

Note that ry (B(t)TB(t)) > 0 for all but finitely many ¢ € [0, 1). By the assumed
non-resonance of o (A), logry (A) ¢ spanQ{l, ¥}, and hence [5, Lem.2.9] shows
that (|A"|) is Benford. As the argument for the case o (A)Nry (A)S C R is completely
analogous, the proof is complete. O

Proof of Theorem 4.11 Note first that the matrix A associated with (22) via (5) is
invertible because a; # 0. Hence (27) is valid for all n € N, and the sequence
(x T A™y) vanishes identically unless p; # 0 for some A € o7 (A). Also note that
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o (A) simply equals {z € C : = a4+ 4 aqg—1z2 + aq}. Thus, if
the latter set is non-resonant then (x,) = (e;er”y) with y = Al Z?:l Xd+1-j€;j
either is Benford or else vanishes identically. This shows that (i) = (ii).

To establish the reverse implication, assume that o (A) is resonant, and distinguish
cases just as in the above proof of Theorem 4.5. If o (A) is resonant due to failure
of (i) in Definition 4.2 then, for some ry > 0 and rational number p € (0, 1), either
{=ro, 10} C o (A) or {roe™™} C o (A). In the former case, (x,) = (rf + (—ro)")
solves (22) and is neither Benford nor zero. In the latter case, the same is true for
(xp) = (r(’} cos(rm,o)). If, on the other hand, o (A) is resonant due to failure of (ii)
then, for some r9 > 0 and irrational ¢ € (0, 1), either ryg € o (A) and logrg € Q,
or else {roe™™”} C o(A) and logrg € spang{l, #}. In the first case, (x,) = ry)
solves (22) and is neither Benford nor zero. In the second case, (x;) = (rg cos(nm 19))
is a non-zero solution of (22) that is not Benford since

(log | cos(nm®)|) = (nlogro + log | cos(nmr)])

is not u.d. mod 1, by Lemma 2.6. Overall, (ii) = (i), and the proof is complete. O

5 An Application to Markov Chains

If Aisareal d x d-matrix and log r, (A) is rational then, as an immediate consequence
of Theorem 4.5, the sequence (xTA"y) is, for most x, y € R4, not Benford. If, in
addition, A happens to have a positive power then, for instance, none of the entries
([A™] k) is Benford, according to Corollary 3.3. Even in this situation, however, it
is quite possible that all entries of (A”T! — r, (A)A”"), and in fact most sequences

(xT (A" —r (A)A™) y) , are Benford. This phenomenon has already been observed
11
in Examples 3.10and 3.11 for the matrix A = |: % (2) i|, forwhichlogr,(A) =log1 =

0, and yet

41 o 1\n+1 1 -1
AT qn = (1) [_2 ] nen.

hence most sequences (x ' (A"t! — A™)y) are Benford. The purpose of the present
section is to study this “cancellation of resonance” scenario and to demonstrate how it
can be understood easily by utilizing the results from previous sections. The scenario
is of particular interest in the case of sfochastic matrices which often arise as tran-
sition probability matrices of finite-state Markov chains. (As observed in Example
4.9(iii), the spectrum of every stochastic matrix is resonant.) However, “cancella-
tion of resonance” may occur whenever A has a dominant simple eigenvalue, and
it is in this more general and transparent setting that the main result, Theorem 5.1
below, is formulated. The specific result for Markov chains is then a simple corollary
(Corollary 5.4).
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Assume, therefore, that the real d x d-matrix A has a dominant eigenvalue A that
is algebraically simple, i.e. [A| < |Ag| for every A € o (A)\{Xo}, and A is a simple
root of the characteristic polynomial of A. Note that Aq is necessarily a real number,
and r5 (A) = |Ag]. It is not hard to see that under these assumptions the limit

n

, A
Oa:=limy 00 — (30)
)‘0

exists. Moreover, it is clear from (30) that Q4 A = AQ4 = A9Q 4, but also Q2 =
Q4. In fact, Q4 is nothing but the spectral projection associated with A9 and can
also be represented in the form

be'
bTe’

Oa= €29

where b, ¢ are eigenvectors of, respectively, A and AT corresponding to the eigen-
value Ag. A dominant, algebraically simple eigenvalue is often observed in practice.
For instance, it occurs whenever AN > 0 for some N € N, see Proposition 3.1. (In
this case even Q4 > 0.) But it also occurs for matrices such as e.g.

1 -1 21
RG]

of which no power is positive.

Consider now the sequences (A"t! —19A") and (A" — Ay Q4), both of whichin a
sense measure the speed of convergence in (30) and therefore are often of interest in
their own right. Using the results of Sect. 4, the Benford behaviour of these sequences
is easily analysed.

Theorem 5.1 Assume A € R?*? has a dominant eigenvalue g that is algebraically
simple, and let Q 4 be the associated projection according to (31). Then the following
three statements are equivalent:

(1) The set o (A)\{ o} is non-resonant;

(ii) The sequence (x T (A"t! — AgA™)y) is Benford or terminating for every x, y €
Rd,'

(iii) Ehe sequence (x T (A" — Lo QA)Y) is Benford or terminating for every x,y €
R<,

Proof Since all assertions are trivially correct for d = 1, assume d > 2 from now

on, and hence A9 # 0. As in the proof of Theorem 3.2, let R := A — ApQ4 and
observe that AR = RA as wellas Q4R = 0 = RQ 4, and hence

A" =)\EQA+R", Vn=>1. (32)
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Note that, for every A € 0 (A)\{Ao} and x € RY with (A — Al)™x = 0 (i.e. x #0
is a generalized eigenvector of A corresponding to the eigenvalue A # X),

0=cT(A—Alp)"x = (AT = al)"¢) ' x = (g — 1) x,

and so ¢'x = 0, which in turn implies Q4x = 0, and hence A"x = R"x for all
n, by (32), and A € o(R). On the other hand, Ab = Aob = LoQ b and therefore

Rb = 0. Thus 0 € 6(R). Also, if Rx = Agx for some x € R4 then (32) yields

A'x

Oax =1lim, 0 7 = 0ax +x,
0

hence x = 0. In other words, A9 ¢ o (R), and overall 0 (R) = (o (A)\{Ao}) U
{0}, showing that o (R) is non-resonant if and only if o (A)\{Ao} is non-resonant.
Moreover, deduce from (30) and (32) that

AT 30A" = R"(R — Aoly), A" —A3Qa=R", Vn>1.

Since R — Aply is invertible, the asserted equivalences are now obvious from
Theorem 4.5. O

46
has the dominant simple eigenvalue Ay = 10. Thus Theorem 5.1 applies, with

-5 Bn_l 11
QB—lmnewE—z BEE

Example 5.2 (i) The (positive) matrix B = |:6 4:| first encountered in Example 3.6

Since o (B)\{10} = {2} is non-resonant, every sequence (xT (B! — 10B™)y) and
(xT(B" —10" 0 p)y) is Benford or terminating. This can also be seen directly from

1 -1 o 1-1
15:’”1—1019"=_2"+2[_1 1], B"—10"Qp =2" 1[_1 1}, n € Np.

19 20

(ii) For the (non-negative) matrix B = |: 1o

] from Example 3.10, 1o =20 is a
dominant simple eigenvalue, and
1 [2020
Op = 21 |: |1 :| .
However, o (B)\{20} = {—1} is resonant, and hence some (in fact, most) sequences

(xT(B"1 —20B™)y) and (x T (B" —20" Qp)y) are neither Benford nor terminating.
Again, this can be confirmed by an explicit calculation as well.
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4 —6
and hence Theorem 5.1 does not apply. Correspondingly, the limit lim,_, o, C" /2"
does not exist. Note, however, that every entry of (C ntl _oc ), for instance, is
Benford, as

(iii) The matrix C = [ ] does not have a dominant eigenvalue, as o (C) = {£2},

—12
+1 _ +1
crTh =20 =2(-2)" [_1 2j|, n € Np. 4
Example 5.3 (i) The spectrum of
—10 15 15
A=|-24 29 27
24 —24 —22
equals o (A) = {—10, 2,5}, and hence is resonant, yet Ay = —10 is a dominant

simple eigenvalue, and o (A)\{—10} = {2, 5} is non-resonant. By Theorem 5.1,
every entry of (A" 4+ 10A") and (A" — (—10)" 0 4), in particular, is Benford or
terminating, where

(ii) Consider the (non-negative) 3 x 3-matrix

310
B=1030
002

Clearly, Ao = 3 is a dominant eigenvalue, and o (B)\{3} = {2} is non-resonant.
However,

3" p3n=l o
B"=|0 3 0|, neNy,
o o0 2

and so lim,_, oc B" /3" does not exist. The reason for this is that the eigenvalue Ao,
although dominant, is not simple. Thus Theorem 5.1 does not apply. Nevertheless,
(x T (B"*1 —3B™)y) is Benford or terminating for every x, y € R3. <

Remark A close inspection of the proof of Theorem 5.1 shows that the assump-
tion of algebraic simplicity for Ay can be relaxed somewhat. As a matter of fact,
Theorem 5.1 remains unchanged if the dominant eigenvalue A is merely assumed
to be semi-simple, meaning that its algebraic and geometric multiplicities coincide
or, equivalently, that A — A9y and (A — Ag Id)2 have the same rank.

Arguably the most important application of Theorem 5.1 is to stochastic matrices.
Recall that A € R?*4 is row-stochastic (column-stochastic) if A > 0 and the entries
in each row (column) add up to 1; recall also that ro(A) = 1 € o(A) for every
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(row- or column-) stochastic matrix. In probability textbooks, the letters P, Q etc.
are traditionally used to denote stochastic matrices, a tradition adhered to for the
remainder of this section. If P € R?*¢ is a (row-) stochastic matrix, then it can
naturally be interpreted as the matrix of 1-step transition probabilities of a time-
homogeneous d-state Markov chain (X,,), i.e. (X},) is a discrete-time Markov process
on d symbols, s1, 52, ..., Sq, and, for every n € N,

P(Xpp1 =8kl Xy =s) =[Pljx Vj, kefl,2,....d}. 33)

As a consequence of (33), the N-step transition probabilities are simply given by the
entries of PV, that is, for every n € N,

P(Xpin = skl Xn =) = [PV Vj ke(l,2,...,d}.

Thus the long-term behaviour of the stochastic process (X,,) is governed by the
sequence of (stochastic) matrices (P"). Moreover, if |A| < 1 for every eigen-
value A # 1 of P then Qp := lim,_, o P" exists and is itself a stochastic matrix.
A common problem in many Markov chain models is to estimate Q p through numer-
ical simulation. In this context, the sequences (P"*! — P") and (P" — Qp) are
of special interest, as they both in a sense measure the speed of convergence of
P"™ — Qp. They are also rich sources of Benford sequences.

Corollary 5.4 [10, Thm. 12] Assume that the stochastic matrix P € RI%d s jrre-
ducible and aperiodic, and let Q p := lim,_, » P". Ifo (P)\{1} is non-resonant then,
forevery j,k € {1,2,...,d}, the sequences ([P"T! — P"]jx) and ([P" — Qpljk)
are Benford or terminating.

Proof Since P is irreducible and aperiodic, PN > 0 for some N € N, and hence
Mo = 1 is a dominant, algebraically simple eigenvalue of P. The claim then follows
from Theorem 5.1. O

Example 5.5 For the stochastic matrix

L [oo01
P=—1631].
101109

o(P)\{1} = {13—0, %‘} is non-resonant. Note that P fails to be irreducible, and hence
Corollary 5.4 does not apply directly. However, 1y = 1 obviously is dominant and
simple, and so Theorem 5.1 can be used to deduce that every entry of (P"+! — P™)
and (P" — Qp) is Benford or terminating, with

(1ol
Op=-|101
101



Benford Solutions of Linear Difference Equations 57
Example 5.6 Consider the (irreducible and aperiodic) stochastic matrix

| 1411 5
P=—|11145 |,
5520

for which o (P)\{1} = {1]—0, %} is resonant. While Corollary 5.4 does not apply,
Theorem 5.1 shows that there exist x, y € R> for which (x T (P"+! — P™)y), for
instance, is neither Benford nor terminating. For a concrete example that is neither,
simply take x = e1, y = e] — e2, which yields (x ' (P"*! — P")y) = (107"). On
the other hand, with

1 111
Op=Z| 111/,
3111

it is straightforward to check that all entries of (P"*! — P") and (P" — Q p) are
Benford. Thus the non-resonance of o (P)\{1} is not necessary for the latter prop-
erty. In other words, the implication in Corollary 5.4 cannot in general be reversed.
Moreover, the property asserted by Corollary 5.4, i.e. the property that all entries of
(P"t1 — P") and (P" — Qp) are Benford or terminating, is not a spectral property
of P. To see this, consider for example

N EER
P=—|343].
101136

and note that a(ﬁ) =o(P)and Qp = Qp. Again, it is readily confirmed that, for
instance ([P"*! — P"]5) = (—2107™") and ([P" — Qp]2) = (310™"), and both
sequences are neither Benford nor terminating. <

The situation described in Corollary 5.4 is very common among stochastic matri-
ces. To put this more formally, denote by &2, the family of all (row-) stochastic
d x d-matrices, that is

_ dxd . d _ .
Py;=1PecR .PZO,Zkzl[P]jk_lVJ_I,Z,...,d .

The set &, is a compact and convex subset of R¢*?. For example,

2, ={[1]} and %:[[ls_tlzs} :O§s,t§1].
Note that £2; can be identified with a d-fold copy of the standard (d — 1)-simplex,
thatis, #; >~ {x € R :x >0, Z?:l Xj= 1}d, and hence carries the (normalized)
d(d — 1)-dimensional Lebesgue measure Leb. Consider now
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Hy = [P € Y, : P isirreducible and aperiodic, and o (P)\{1} is non—resonant].

Thus .77 is exactly the family of stochastic matrices covered by Corollary 5.4. For
instance, 71 = {[1]} = £,

%:[[litl:s]:o§s,r<1,s+z=1orlog|s+t—1|¢c@],

and in both cases 7% constitues most of &2;. The latter can be shown to be true in
general: For every d € N, the complement of .77 in &, is a set of first category
and has Leb-measure zero. Thus if P is a #;-valued random variable, i.e. a random
stochastic matrix, whose distribution is absolutely continuous (w.r.t. Leb, which
means that P(P € C) = 0 whenever C C Z; and Leb(C) = 0), then P(P €
) = 1. Together with Corollary 5.4, this implies

Corollary 5.7 [10, Thm. 17] If the random stochastic matrix P has an absolutely
continuous distribution then with probability one, P is irreducible and aperiodic,
and every sequence ([P”“‘1 — P"]jx) and ([P" — Q plji) is Benford or terminating.

Note that for example the random stochastic matrix P has an absolutely continuous
distribution whenever its d rows are chosen independently according to the same
density on the standard (d — 1)-simplex.

While the above genericity properties are very similar to the corresponding results
for arbitrary matrices (see the Remark on p. 23), they do not follow directly from the
latter. In fact, they are somewhat harder to prove, as they assert (topological as well
as measure-theoretic) prevalence of .7 within the space &?; which, as a subset of
R9*d g itself a nowhere dense nullset. The interested reader may want to consult
[10] for details.
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