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1. INTRODUCTION AND VAGUE OVERVIEW

1.1. Organization. These notes are about the Stern sequence, defined by
(1.1) s(0) =0,s(1) = 1; s(2n) = s(n), s(2n+1)=s(n)+ s(n+1) for n > 1.

This first chapter will introduce the subject of the Stern sequence and related mathe-
matical objects, and give some theorems about them which can be proved directly and
quickly. Each subsequent chapter will present a useful mathematical perspective, and
then apply it to the topics of the previous chapters. Chapter two is about generating
functions and formal power series. Chapter three covers constant-coefficient recur-
rences and their implications. Chapter four presents some of the classical facts about
finite simple continued fractions. Chapter five is devoted to Minkowski’s ?-function
and related questions in real analysis. Chapters six is about digital representation
questions. Chapter seven is about the behavior of s(n) (mod d). Chapters eight
(and possibly nine) will be about applications and special questions, and I'm not
completely sure yet what is likely to show up. I'm taking suggestions.

1.2. The array and the sequence. Let’s start at the beginning. Stern considered
the diatomic array, which resembles a Pascal’s triangle with memory:

a b
a a+b b
a 2a+b a+b a+2b b

(1.2) a 3a+b 2a+b 3a+2b a+b 20a+3b a+2b a+3b b

Z(a,b)

In words, we start with “a,b”, and repeat each row in the following row, with the
sums of consecutive terms inserted between them. The number of terms in the rows
is 2, 3, 5, 9, etc. and is evidently one more than a power of two. So the rows in (1.2)

are indexed by r, starting with » = 0 and having entries indexed from 0 to 2".
1
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The formal definition of Z(r, k;a,b) for r > 0 and 0 < k < 2" is given by:
Z(0,0;a,b) = a,
Z(0,1;a,b) = b;
Z(r,2k;a,b) = Z(r — 1, k;a,b), for r > 1;
Z(r,2k + 1;a,0) = Z(r — 1,k;a,b) + Z(r — 1,k + 1;a,b), for r > 1.

(1.3)

A few things are evident, and easily proved, from looking at (1.2) and (1.3). First,
each entry Z(r, k; a,b) is linear in (a, b) and second, the table has a left-right symmetry
if a and b are swapped:

(1.4) Z(r,2" —kya,b) = Z(r, k; b, a).

Application of these two observations allows us to reduce the study of (1.2) to that
of a single diatomic array, Z(r, k;0,1):

(1.5) Z(r,k;a,b) = Z(r,k;1,0)a + Z(r, k;0,1)b = Z(r,2" — k;0,1)a + Z(r, k;0,1)b.

01 1 2 1
011213231
(1.6) 0112132314335 25341

Z(0,1)

Each row of Z(0, 1) appears to be repeated as the first half of the next row. This is
easily proved by induction and (1.3).

Theorem 1.1. If0 < k < 2", then Z(r +1,k;0,1) = Z(r, k;0,1) = s(k).

Proof. Write Z(r,k;0,1) = Z(r, k) for short. By inspection, Z(1,k) = Z(0,k) for
k = 0,1. Suppose Z(ro,k) = Z(rg — 1,k) for 0 < k < 27071 If k = 2s is even and
25 < 27 then s < 27! and by the induction hypothesis and (1.3), Z(rg,2s) =
Z(ro—1,8) = Z(rg,s) = Z(ro+1,2s). A similar argument holds if £ = 25+ 1 is odd,
taking care to check that 2s +1 < 27 implies that s +1 < 2m~1,

Finally, Z(r, k) = s(k) for small k£ by inspection, and by (1.1) and (1.3), the two
sequences have the same recurrence, so they are always equal. 0

(As we shall see in these notes, one must be careful to treat the base cases carefully,
since the inductive step is consistent with Z(r + 1, k; a,b) = Z(r, k; a, b) for all (a,b),
which isn’t true.)
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It follows from Theorem 1.1 and (1.5) that
(1.7) Z(ryk;a,b) = Z(r,2" — k;0,1)a + Z(r, k;0,1)b = s(2" — k)a + s(k)b.

Another property of Z(a,b) is a kind of self-similarity: any two consecutive ele-
ments in a given row can be thought of as the initial conditions of another diatomic
array which is generated as a subset of the subsequent rows, contained between
the subsequent appearances of the original pair. More formally, if 0 < r,¢ and
0<k<2,0<n<2'—1, then

(1.8) Z(r k; Z(t,n;a,b), Z(t,n+ 1;a,b)) = Z(r +t,2"n + k; a, b).
(Again, this can be proved by a simple and omitted induction.)

In particular, if (a,b) = (0,1) and ¢t = [log,(n 4+ 1)] in (1.8), we find that
(1.9) Z(r,k;s(n),s(n+1)) =s(2'n+ k).

The r-th row below is simply s(2'n),s(2"n+1)---,s(2"(n + 1)).

s(n) s(n

(n)+s(n+1) s(n+1)
s(n) 2s(n)+sn+1) s(n)+

sin+1) s(n)+2s(n+1) s(n+1)
(1.10)

Take n = 1 in (1.10) and note that s(1) = s(2) = 1 so the r-th row consists of
the elements s(2"),s(2" +1),...,s(2""). In this way, we can quickly write s(n) for
1 <n <64:

11
1 2 1
1 3 2 3 1
1435 25341
(1.11) 1 547 3857275837451
165941171031181351279297125138113107114956 1
Z(1,1)

Note for later reference that, even though s(2") appears twice above, as the last
entry in the (r — 1)-st row and the first entry in the r-th row, each pair of consecutive



4 BRUCE REZNICK, UIUC

entries, (s(n),s(n + 1)), occurs exactly once for n > 1: (1,1),(1,2),(2,1),(1,3),(3,2),
etc.
By linearity, (1.9) and (1.5) imply that

(1.12) s(2'n+k) =s(2" —k)s(n) + s(k)s(n+1) for 0 <k <2

This can also be proved directly by induction on r, by considering the parity of k
and iterating (1.3). By making the substitutions (n,k) — (n — 1,2" — k) in (1.12),
we obtain a convenient generalization.

(1.13) s(2'n+k)=s(2"—k)s(n)+s(k)s(nt1) for 0 <k <2

Easy inductions imply that

(1.14) s(2") =1, s(2"—1)=r,
and so (1.13) implies that
(1.15) s(2'n+1) =rs(n)+s(n+1).
For example,
5(2012)
= 5(1006)
= 5(503)

= 5(251) + 5(252)
= 5(125) + 25(126)

= 5(62) + 35(63)

(1.16) — 45(31) + 35(32)
— 45(15) + 7s(16)

= 4s(7) + 115(8)

= 45(3) + 155(4)

= 4s(1) +19s(2)

= 23s(1)
= 23.

Notice that the first entry of the argument of s in the r-th row of (1.16) is |22 ],
and the pattern of whether this argument is even or odd reflects, in reverse order,
the binary digits of 2012. See Theorem 1.6 below. Of course, one may stop the
computation at any point where s(n) and s(n+1) are known, and use (1.13) to derive
these more quickly. For example, 2012 = 64 %31 + 28, so s(2012) = s(31)s(64 —28) +
5(32)s(28), and s(36) = 4,s(28) = 3, s(31) = 5, s(32) = 1 imply that s(2012) =
oxd+1x%3=23.
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These recurrences also can be used more abstractly. The Stern sequence seems to

have many unexpectedly nice properties. For example,
(1.17) s((27 - 1)) =527 =2 + 1) =522 - 1)+ 1) =
' (r+1D)s@ =1 +s2 =+ -1 +1=r*=(s(2" - 1))

(A check up to 2% shows that s(n?) = (s(n))? otherwise for odd n only for n =
27,267,7807, with no particular pattern evident in the exceptions. This might also
be a good place to note that s(3") = 2" for n = 1,2, 3,6, and for no other n < 165,
at least.)

1.3. Some properties of the rows. We now turn to some of the properties of the
rows of (1.11). Let

(1.18) I ={2",2" +1,...,2" "1}

so the r-th row of Z(1,1) consists of s(n) for n € I,. For n = 2"+ k € I, let
n*=3-2"—n = 2" — k denote the reflection of n in I,.. By (1.12),

(1.19) s(n) = s(n*) = s(k) + s(2" — k), s(n*+1)=s(n—1).

It is clear that s(n) € N and that for n > 1, s(2n) < s(2n+ 1) > s(2n + 2), so the
growth of s(n) will be irregular. Let

(1.20) M, = max{s(n) : n € I,.}.

An inspection of (1.11) shows that

MO = 8(1) = 1,
M, = s(3) =2,
M2 = 8(5) = 8(7) = 3,
(1.21) My = s(11) = s(13) = 5,
My = s(21) = s(27) = 8,
M5 = s(43) = s(53) = 13

Let (F,) denote the usual Fibonacci sequence, defined by Fy = 0, F; = 1 and F,,, =
F, 1+ F,,_s, for m > 2 and let
2rt2 _ (—1)" 4
3 3 3 3 3

These are the integers closest to % - 2" and g - 2" and effectively trisect I,.

Theorem 1.2.
(1.23) M, = s(n,) = s(n;) = Fryo.

r
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Proof. The theorem is valid by inspection if » < 5. Suppose n € I,.. If n = 2k, then
ke I.1,s0 s(n) < M,_y. If nisodd, thenn =4k +1, and 2k +1 € I,_; and
k € I,_o. Thus, s(n) = s(2k) +s(2k£1) = s(k) +s(2k £ 1), so s(n) < M,_o+ M,_;.
These arguments imply that M, < M,_;+ M, _5, and, based on the initial conditions,
that M, < F,,o for all r.

On the other hand, n, = 2n,_; — (=1)" and n,_; — (—1)" = 2n,_», hence

(1.24) s(ny) = s(np—1) + s(npy—1 — (—1)") = s(ny—1) + s(n,—2).

Since s(n,) = Fr4o for 0 < r < 5, (1.23) follows by induction. As a final remark,
if n € I, and s(n) = M,, then the argument of the first paragraph implies that
n=4k+1, s(2k £ 1) = M,_; and s(k) = M,_5, so these are the only values where
the maximum occurs in each row. 0

The Binet formula for the Fibonacci numbers states that
1 1+5 5= 1o
VG 2 T2

Say that f(n) = ©(g(n)) if there are positive constants ¢; so that ¢;g(n) < f(n) <
cag(n). If n € I, then logyn — 1 <1 <log,n, so r =logyn + O(1) and

=

(1.25) F, (qb" — gz;") , where ¢ =

logn

(1.26) ¢ = "8 = Q(elorz187),
SO
2
1
(1.27) M, = s ¢" +o0(1) =0(n%) =o(n), where o= 08¢ ~ .69424.

V5 log 2

By contrast to the irregular growth of s(n), its summatory function is very well-
behaved. It is convenient to use a variant notation. For integers a < b, let

b b
(1.28) ; fn) = ;ﬂn) =3 (f(a) + f (b))
= 1f(a)+ fla+ 1)+ -+ f(b—1)+ 3 (D).

This is familiar as the trapezoidal estimate to the integral of f(z) from a to b, and
has some useful properties

b c c a
(1.29) DY) =Y fm) Y fm) =0
n=a n=>b n=a n=a

It will be particularly useful to consider sequences such as
(®(F(x);7)), where ®(F(z);r):== Y F(s(n)),
TLEI’r

because s(27) = s(2"™!) and each s(2") would otherwise be counted twice.
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Let
N

(1.30) S(N):=> s(n); S*(n):= Z* s(n) = S(N) — Ls(N).

n=0

The following lemma illustrates the utility of this notation.

Lemma 1.3.

(1.31) S*(2n) = 35*(n).
Proof. We prove a more general result:
2 b—1 b—1
D s(n) =1s(20) + > s(2k) + $s(2b) + > s(2k + 1)
n=2a k=a+1 k=a
b—1
=1s(a)+ Y s(k)+ Z )+ s(k+1)) + Ls(b)
k=a+1
(1.32) b—1 b—1 b—1
=3s(a)+ D sk)+sla)+ Y sk)+ D s(k)+s(b)+ 3s(b)
k=a+1 k=a+1 k=a+1
b—1
:3(%5(@)—1— s(k)+ 2 ) —32
k=a+1
O
Since S*(1) = 1, it follows that S*(2") = 1-3", S(2") = 5 - (3" + 1) and the sum of

the r-th row of (1.11) is S(2"™!) — S(2") +1 = 3 +1, and.

or+1_1 or+1 or+1
(1.33) Z s(n) = Z s(n) = Z s(n) =3".

n=2" n=2"+1 n=2"

This means that the average value of s(n) for n € I, is roughly (2)" = (27)%, where

log %

~ .58496.
log 2

(1.34) B =

By comparing (1.34) and (1.27), we see that the ratio of the maximum of a row to
the average of a row is unbounded, although the ratio grows slowly For example the
maximum value of s(n) for n € I is My = Fy = 17711, while (2)2° & 3325.

We shall show later that there is a continuous, strictly increasing function f, map-
ping [0, 1] to itself, with the property that, if N =2"(1+1¢) € I, 0 <t <1, then

(1.35) =

n=2"
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That is, the distribution of the “mass” of s(n),n € I,, is very well-behaved. The
function f, which (of course) is differentiable a.e., has the property that f'(w) = 0
for every dyadic fraction w = o7, L

but is smgular at w when w = 752 is in lowest
terms. Note also that by the hnearlty of the diatomic array and (1.9),

2r , 2r

(1.36) 3 Z(r, ks 0,b) = %(a—kb), S s(2n+k) = 3T2+1 (s(n) + s(n+1)).
k=0 k=0

As another example of odd behavior of s(n), it is easy to check that s(F)) is a
Fibonacci number for 1 < r < 9, but not for 10 < r < 200 (at least). Even if we
allow Lucas numbers (L,, = ¢" 4+ ¢™ = F,,_1 + F,11), the only “interesting” hits in
this range are s(Ly5) = Fm = 55 and s(Fy;) = Ly = 199.

1.4. The consecutive pairs (s(n),s(n + 1)). It is fair to say that some of the
most important properties of the Stern sequence are in fact properties of the pairs
(s(n),s(n+1)). The first one goes back to Stern himself.

Theorem 1.4. For n > 0, ged(s(n),s(n+1)) = 1. Ifa,b > 1 and ged(a,b) = 1
then there is exactly one n so that s(n) = a and s(n + 1) = b.

Proof. Inspection of Z(1,1) shows that ged(s(n),s(n + 1)) = 1 for small n. Since
ged(a, a + b) = ged(a + b, b) = ged(a, b), it follows that s(n) and s(n + 1) are always
relatively prime.

Now suppose ged(a,b) = 1. We induct on max(a,b) = m. If m = 1, then the
equation s(n) = s(n + 1) = 1 clearly holds only for n = 1. Assume now that m > 2
and m = a > b. Then s(n) = a, s(n + 1) = b can only happen if n = 2n’ 4+ 1 is odd,
and only if s(n') = a — b and s(n’ 4+ 1) = b. By the inductive hypothesis, this occurs
for exactly one n’. A similar proof can be made if a < b, or else we can argue by
reflection using (1.19). O

We will soon give an alternative proof which constructs n based on the continued
fraction expansion of {.

Corollary 1.5. Suppose m > 1. There are exactly ¢(m) odd integers n with the
property that s(n) = m.

Proof. If n is odd and s(n) = m and s(n + 1) = k, then & < m and ged(m, k) = 1.
There are exactly ¢(m) such integers k, and by Theorem 1.4, each k corresponds to
exactly one n so that s(n) =m and s(n + 1) = k. O

The series ) s(n)? is never convergent, because s(2") = 1 for all r. However,
Corollary 1.5 and standard results imply that

(1.37) 3 Z — L)

(s2n+ 1)) 2n +1 (p)

n=0

provided Re(p) > 2.
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Let

s(n)

1.38 tn) = —"—.

(1.38) (n) s(n+1)

It follows from Theorem 1.4 that the sequence (t(n)) provides an enumeration of the
non-negative rationals, and that one can recover s(n) and s(n + 1) unambiguously
from ¢(n). (Cantor was a teenager in 1858, so it’s understandable that Stern did not
explicitly mention that @Q is countable.) Further, for n € I, the mirror symmetry
implies that

s(n*—1) s(n+1) 1

(1.39) o —1) = =S = S =

so reciprocals appear in the same row. We shall see later that

(1.40) 1) = 2N 4 O((log NY2).

=0

3

One can then argue that the “average” positive rational number is %

There are several natural ways to express the sequence (¢(n)). Historically, the first
was found by a French watchmaker named Achille Brocot, independently of Stern’s
work, who was interested in making a practical table of “gear ratios”. His table was
computed by starting with the fractions ¥, %, and then, if ¢, < are consecutive in the

Do b d
r-th row, they are repeated in the r + 1-st row, with Z%g inserted between them:
0 1
1 0
0 1 1
1 1 0
o 1 1 2 1
(1.41) 12 1 1 0
o 11 2 1 3 2 3 1
13 2 3 1 2 1 1 0

’ Brocot array

In Stern terminology, the r-th row of the Borcot array consists of %; the numer-

ators are the r-th row of Z(0, 1), the denominators are its reversal, or the r-th row
of Z(1,0). Each row is increasing from left-to-right. It is not immediately clear how
to decode t(n) from this array.

More directly, write the elements of ¢(n) which appear in each row.
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[

(1.42)

W
Ol Lo W
W Tt W
=] w
=

=~ =
NI W =

NS T RSO O

t(n)

There is a subtle and confusing correspondence between these two arrays. The odd

elements in the r-th row of the Brocot array, (;(%H) appear in the (r—1)-st row of

527 —(2k+1))°
the t(n) array, in a different order. This depends( on r)()eversing binary representations
in a way that will be described later. Note that the rows of the t(n) array are not
constructed as simply as Farey sequences: % and g appear in the last row, but % and
% do not.

Interestingly, the Stern sequence provides a second enumeration of the rationals.
If gcd(a,b) = 1, not only is there a unique n so that § = #(n), but there is also a

unique odd k£ and r so that § = % The array whose r-th row is s(gﬁ’fgk)

monotone rows, and is essential to Minkow- ski’s bizarrely-named 7-function. You
may recognize it as a Brocot array starting with 2, 1 instead of 2, 1; the k-th element

has

1'1 1007
in the r-th row is S(;gﬁ)k):
0 1
1 1
0O 1 1
1 2 1
o 1 1 2 1
(1.43) 1 3 2 3 1
o 1 1 2 1 3 2 3 1
1 4 3 5 2 5 3 4 1

Minkowski 7- array
| |

The Minkowski ?-function, which maps [0, 1] to itself, is defined recursively by taking
the initial conditions 7(0) = 0, 7(1) = 1, and recursively applying the rule:

(140 MG =470 = = () =B




STERN NOTES, MATH 595, SPRING 2012 11

(We assume above that §, 5 are given in lowest terms.) This definition only gives

?(z) for rational z € [0, 1]: ?(S(;gi)k)) = & for 0 < k < 27, but we shall see that ?

extends uniquely to a continuous function.

1.5. Continued fractions make their presence known. There is a simple closed
form for ¢(n), which leads to simple formula for s(n). This formula is useful for many
symbolic purposes; however, for any specific numerical n, it is usually easier to use
(1.1) directly to compute n; c.f. (1.16).

Suppose n is a positive integer, so n € I, for some r, and let [n], denote the usual
binary representation of n, reading left-to-right, with no leading 0’s and first digit 1:
(1.45) n = Zq(n)?, ej(n) € {0,1} = [n]o = [e.(n),...,e(n)]2

J=0

It is useful to think of [n]y in terms of the blocks of consecutive 0’s and 1’s, and it
is also useful to distinguish by the parity of n. If n is odd, then [n]y consists of an
odd number of alternating blocks of 1’s and 0’s, beginning and ending with 1’s. More
specifically, suppose [n]y has a; 1’s, followed by ay 0’s, ag 1’s, etc, ending with ag,
0’s and ag,+1 1’s. (By convention, assume that a; > 1.) We write n ~ [aq, ..., G2y41]
and observe that

(146) n —= 2a1+'”+a2’0+1 — 2a2+"'+a2v+1 + .. + 2(12,U+1 _ 1

If n is even, then [n]y consists of an even number of alternating blocks, beginning
with 1’s and ending with 0’s. If [n], has a; 1’s, followed by ay 0’s, ag 1’s, etc, ending

with ag,_1 1’s and asg, 0’s, we write n ~ [ay, ..., as,] and observe that
(147) n = 2a1+~~~+a2v _ 2a2+~~~+a2u 4+ — et 2a2v—1+a2v _ 902v
Suppose n ~ [aj,...,a,) and n' ~ [ay,...,a,—1]. If n is odd, then n’ is even, and

n = 2%n’ 4+ 2% — 1; if n is even, then n’ is odd, and n = 2%n’. In either case,
>_ja; =r+ 1. For example,
243 =27 +20 425 4 28 4 2! + 20 = [11110011], = 243 ~ [4,2,2],

1.48
(1.48) 140 = 27 + 2% + 2% = [10001100], = 140 ~ [1, 3,2, 2]

Consider (1.42) as a binary tree, with the nodes labeled by the consecutive integers.

[1]2
v N\
v N\ v N\
[100]2 101}, [110], [111],

(1.49)
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Now write the binary tree with ¢(n) at the node labeled by [n]s.

% N

1 2

1.50 2 !
(1.50) RN Y
1 3 2 3
3 2 3 1

From the definition,

(2n) = 5(2221)1) ~ s(n) j(:iw ) 1 +1L N t(:;()n—i)—l
(1.51) Hn)
H2n+1) = zgz i ;; - 8<nl€;‘i£”1;r Yy +1.
Let
(1.52) folz) = xir filz) =2+ 1.

Then we see that, using the terminology of (1.45) and noting that €.(n) = 1 for all n
and t(0) = 0, we have

(1.53) tn) = feorm St (- (fer s (fer) (0))) +++))-
If we let ¢®) denote the k-th iterate of a function g, it is routine to check that

k €T 1
(1.54) R =g =A@ =tk
The effect of appending k 0’s or k 1’s to [n]y implies that
1
(1.55) t(2Fn) = e t(2fn + 2% — 1) = k 4 t(n).

t(n)
Also note that similar expressions exist if one chooses to view the consecutive pair
of Stern-values as a column matrix rather than as a fraction. Let

(1.56) M, = B ﬂ M = E} ﬂ .
Then
(1.57) L(ZSZ)D] = Mo L(Z(?n} ’ EE?Z N %ﬂ = L(Z(?n} -

It follows that

s(n 0
(1.58) |: ( ) :| = Meo(n)Mel(n) U M€T—1(n)M€r(n) |:1:|
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The powers of these matrices are familiar from the study of continued fractions.

s 10 s 1k
(1.59) ME = [k M= ]
Theorem 1.6.
(i) If n is odd and n ~ [aq,. .., aswi1], then
s(n) 1
1.60 tn) = ——— = aopyy + ————
( ) (n) S(TL I 1) A20+1 Gz + —&i
al
(ii) If n is even and n ~ |ay, ..., as,|, then
s(n) 1
1.61 t = =
(161) (n) s(n+1)  ag + ji
ay
Proof. Let n ~ [ay,...,a;]. We argue by induction on k. If k = 1, then n ~ [ay], so
n =2 —1 and (1.14) shows that
s(2r—=1) r
1.62 por —py =2~ T

If n > 1is odd, then k is odd, n = 2%2v+ip/ 4 2%2v+1 — 1 where n’ is even, and (1.61)
applies to n’ by the inductive hypothesis. By (1.55), (1.60) holds for n. Similarly, if
n > 0 is even, then k is even, n = 2?2+’ where n’ is odd, and (1.60) applies to n’
by the inductive hypothesis. By (1.55), (1.61) holds for n. O

Suppose a rational number ¢ > 1 is given. One may write it as a simple continued
fraction (i.e., as in (1.60)) in two ways, because the final denominator may either be
chosen as m (for m > 2) or (m — 1) + 1. Exactly one of these representations will
have an odd number of denominators, to which Theorem 1.6 will apply, stating that
s(n) = a,s(n+1) = b. If § <1, either apply Theorem 1.6 to g and apply (1.39), or
use the representation of g with an even number of denominators and apply Theorem
1.6 directly.

Later on, we’ll see that Theorem 1.6 implies that the 7-function gives a strictly
increasing bijection of the rationals in [0, 1] onto the dyadic rationals in [0,1]. The
properties of periodic infinite continued fractions imply that that the ?-function gives
a strictly increasing bijection of the algebraic numbers of degree < 2 in [0, 1] onto the
rationals.

Further, h(a,b), the sum of the denominators in the continued fraction representa-
tion of ¢ does not depend on which choice of representation is used, and equals the
number of binary digits in n, so n € Iyap)-1 and § will appear in row h(a, b) —1. For
example, 4 =24+ 14+1=1+2+1=1+ 1+ 2 are the ordered partitions of 4 as an
odd number of summands and

4 1

5 5
1.63 4=, 2 =z, 1 ==, 1 = <.
(1.63) po2tiyiop M + 3
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These (together with their reciprocals) are the entries of the fourth row of (1.42).
One somewhat surprising consequence of the properties of simple continued frac-
tions is the following. For odd n, let % denote the integer whose binary expression
is the reversal of n; more formally, if n ~ [aq, ..., a,41], then 7~ [a2ys1, .-y aq]. Tt
turns out that s(%7) = s(n) and s(n + 1)s(n +1) = 1 (mod s(n)). It also turns out

that [n*], can be expressed in terms of [n], and that (n*) = ()*. Indeed, suppose
(1.45) holds. Then we first claim that

(1.64) n*=1+ rz_:u —€;(n))27 + 27,

=1

because this is equivalent to the assertion that n +n* =2+ Z;;i 20422 =3.2".
Similarly, we obtain

r—1 r—1
(1.65) =1+ e ;(n2+2, (n)=M) =1+ (1-e_;(n)2+2".
j=1 j=1
Suppose n is odd and
(1.66) sn—1)=m-—a, s(n)=m, sn+1)=a.
Then we have
(1.67) s(n*=1)=a, s(n*)=m, sn+1)=m-—a,

and if b < m is such that ab =1 (mod m), then (after a later proof),

si—=1)=m—b, s(W)=m, s(f+1)=0b

(168) S(%* . 1) _ b, S(%*) =m, S(%* + 1) = m — b.

Unless n = 3, it is always the case that n # n*, although n = S or n = " occur
roughly 27/2 times in the r-th row; these correspond to a®> = #+1 (mod m), where
m = s(n). Thus one can usually expect s(n) = m to occur in groups of four odd n
in a row for a given m — for n,n*, v, n*.
As a numerical example, using the computation 243 ~ [4, 2, 2] from (1.48), we have
s(243) 1 42

1.69 t(243) = = — = ===
(1.69) (243) 5(244) +2+}1 T
so $(243) = 22 and s(244) = 9. As a double-check of reflection, 244* = 140, 243* =
141 and 140 ~ [1,3,2,2] so

5(140) 1 1 9

L. 140) = = = =—.
(1.70) t(140) s(141) 24— 2+ 22
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Since [243], = 11001111, 243 = 207, and

5(207) 1 2 22
1.71 teory =220y 222

(171) (207) 5(208) +2+% 573

Note that 9-5 = 22 -2 + 1, that 243* = 3- 128 — 243 = 141, [141], = 10001101,
[141], = 10110001, so 141 = 177 = 207*, and just to finish up,

s(141) 22 Cs(177) 22
s(142) 13’ (177) = s(178) 17’

We can use Theorem 1.6 to determine the solutions to the equation s(n) = m for
fixed m. For example, suppose n is odd and s(n) = 12. Since ged(12,s(n + 1)) =1
and s(n + 1) < 12, we must have s(n + 1) € {1,5,7,11}. Every positive rational has
a finite continued fraction: and, as
12 12 1 12 1 12 1
— =12, —=2+ =1+ =1

a ., 10 = ) 11 + .
1 5 243 7 I4+57 11 11
2

(1.72) £(141) =

(1.73)

Since the last two expressions have an even number of denominators, we tweak the
innermost denominator to give an odd length:
12 1 12 1
1.74 - =14+ — — =1+ :
(1.74) 7 1+ 51— 11 10+ 1

1+1

Thus, we see that s(n) = 12 when [n]y ~ [12],[2,2,2],[1,1,2,1,1] or [1,10, 1], that
is, when [n], = [111111111111], = 22 — 1 = 4095, [n], = [110011], = 51, [n), =
[101101]5 = 45 or [n]y = [100000000001], = 2! + 1 = 2049. Note that 45* = 51 and
2049* = 4093, and all four binary expressions are palindromes, since 12,52, 72,112 = 1
(mod 24).

As a symbolic example, (2" —1)2 =22 —2rtl 41 =22r—1 4 92r=2 4 ... 4 o+l 4 1)
so (2" —=1)2 ~[r —1,r,1] and,

s((27 —1)?) 1 r?

(1.75) (2 -1)%) = s(r—12+1) 1+7‘—i—L T2+l

1.6. The Stern sequence mod d and some combinatorial interpretations.
For integers d > 2 and 0 <i < d — 1, let

(1.76) A(d,i) ={n:s(n) =1 (mod d)},

and let

T(N;d,i) =[{n € A(d,i) : 0 <n < N},
U(rid,i) = T2 d, i) — T(2"; d,1).

Stern noted that s(n) (mod 2) is periodic with period 3; in this notation, A(2;0) =
3N and T'(N;2,0) = [2£2], so U(r;2,0) = (2" — (—1)7). We shall prove later that

(1.77)
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each U(r;d, i) satisfies a linear recurrence, and
U(r;d,
(1.78) u(d; i) == lim Ulrsd,i)
r—00 2r
exists as a computable arithmetic function of (d,7). A stronger statement is true:

(1.79) lim L0

N—oo N - U(d’ 2)7

that is, the limit applies even through elements in the middle of the rows.
Define the arithmetic function I(m) by

I(m) p+1
plm
Then u(d,0) = %d). In some cases, when I(d;) = I(dz), an even stronger statement

can be made: I(4) = I(5) = 6 and U(r;4;0) = U(r;5,0). That is the number of
multiples of 4 and the number of multiples of 5 is the same for {s(n) : n € I }.
Further, 1(6) = I(8) = I1(9) = I(11) = 12, and U(r;6,0) = U(r,9,0) = U(r;11,0),
but U(8;r,0) is different. The function I has interesting iterative behavior: there exist
a(d), b(d) such that, for each integer d and sufficiently large N, [N (d) = 2N+a(d)gb(d),

These observations are a consequence of studying the behavior of Stern pairs mod-
ulo d. Note that if (s(n),s(n+ 1)) = (a,b) (mod d), then ged(a,b,d) = 1. It turns
out that the residue classes are always uniformly distributed among these possible
pairs. The argument requires a Markov chain model.

In case d = 3, stronger information can be presented. Define the set S5 C N
recursively by:

(1.81) 0,5,7 € 83, 0<neS; = 2n,8n+58n+7¢€S;.

(Thus, the smallest non-negative integers in Sz are: 0, 5, 7, 10, 14, 20, 28, 33, 35, 40,
45, 47, 49, 51, 56, 61, 63.) This is a member of an interesting family of recursively
defined sets, and associated directed graphs on Z.

Theorem 1.7. A(3,0) = Ss.
Proof. We first observe that by (1.13),
(1.82) s(2n) = s(n), s(8n+b) = 2s(n)+3s(n£l), s(8n+tT7) = s(n)+3s(n+tl).

Thus, 3 divides s(n) if and only if 3 divides s(2n), s(8n £ 5),s(8n £ 7). Every n € N
belongs to exactly one of the congruence classes 0 (mod 2), £5 (mod 8), 7 (mod 8),
and if n > 2, then n = 2n/,8n £ 5 or 8/ & 7 with n’ < n. Thus, the inductive
construction of S gives all n for which s(n) is a multiple of 3. O

We shall also show that T'(N;3,0) = 1N + O(N'/?), with the error bound best
possible, and T'(N;3,1) — T'(N;3,2) € {0,1,2,3}.
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We turn to digital questions. Let A = {0 = ag < a1 < ---a,} denote a finite subset
of N containing 0, and let f4(m) denote the number of ways to write m in the form

(1.83) m = Z ex2", e € A.
k=0

For example, the binary representation of m implies that fro13(m) =1 for all m.
Theorem 1.8.
(184) s(n) = f{()’l’g}(n — 1)

Proof. Let f(m) = f{o1,2y(m) for short. Observe that 0 = s(0) = f(—1) trivially and
1 = s(1) = f(0), since the only way to write 0 as (1.83) is to have ¢, = 0 for all k.
We now show that

(1.85) f@n=1)=f(n=1),  f(2n)=f(n)+ f(n—1),
and this will establish the theorem by induction, by comparison with (1.1) and (1.84)
Notice that m = ¢y (mod 2) in (1.83); moreover,

(1.86) m=e+2Y €2 =e+2m

=0
and the representation of m’ obeys (1.83) as well. It follows that in any representation
of 2n — 1 in (1.83), we must have ¢y = 1, with m’ = n — 1, and in any representation
of 2n in (1.83), we may have ¢y = 0 or 2, with m = n or n — 1 respectively. O

Theorem 1.8 will become more transparent when we discuss the generating function
for the Stern sequence:

Z s(n)z" =x H(l + 2% + 22,
n=0 7=0
Another combinatorial interpretation is almost trivial. Let G be a directed graph
whose vertices are N and whose directed edges are precisely those of the the form
(2k, k), (2k + 1,k),(2k + 1,k + 1). Then s(n) is the number of paths from n to 1.
Somewhat surprisingly, GG is planar: to draw it in this way, put the vertices from I,.,
n = 2"+ k, at the points (log(n + 1))e2™2" on a spiral in the plane.

1.7. Exercises. Do some of these. Extensions of Problem 10 will show up in subse-
quent exercise sets, so it’s a good one to do. Let’s say a deadline of Fri. Feb. 3, at
the beginning of class, at which point I'll pass out solutions.

1. Write today’s date as MMDDYYYY € [107,10°) and compute s(n). For example,
the first day of class was Jan. 18, 2012, and s(01182012) = 1244. (Europeans should
use DDMMYYYY; s(18012012) = 15394.) This problem can be done on several days
in a row, especially using a program.
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2. Determine n so that s(n) = 2012 and s(n + 1) = 595. Note that 2012 = 2% - 503
and 595 = 5.7 - 17 are relatively prime.

3. Prove that

N* N2 N* N3 N
2= Lregty

n=0 n=0

N
*
E ’flg.

n=0

and compute

4. Let v,(n) denote the exponent of p in the prime factorization of n. Show that
s(n—1)+s(n+1)

S0 =14 2i1u(n).

5. Determine, by any correct method, all odd integers n so that s(n) € {10, 11}.

6. Using (1.22), compute [n,]s; there are two slightly different answers, depending on
the parity of r.

7. Find and prove a formula relating

and S(n).
8. For r > 1 and ¢ > 0, compute s((2" + 1)?) and s((2" — 1)(2" — 1)).

9. Sometimes the Stern sequence fakes you out. Suppose

¢ = (Z* 1) (Z* s(n)2> - (Z 3(n)> :

We know that ¢, > 0 by the Cauchy-Schwarz Inequatilty. Show that ¢; =1, ¢ = 11
and c3 = 111. Compute the disheartening value of c¢y.

10. (The first in a series.) Show that for k € N, there exist functions A(k), B(k) so
that for r > log, k,

s(2" — k) = A(k)r + B(k).
The most instructive way to do this problem is to see what happens for small values
of k first. The recursion is helpful, the continued fraction, less so.
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2. GENERATING FUNCTIONS

2.1. Definitions. One of the ways number theorists and combinatorists study a

numerical sequence a = (ag, ay, ...) is to associate it with a generating function
[ee]

(2.1) foi=f= ZanX”.
n=0

We use the capital letter to emphasize that X is more a place-holder than a vari-
able. We do not care about the convergence in making this definition. (If the series
does have a positive radius of convergence, then it is also desirable to treat it as an
analytic function, and write f(z).) Technically speaking, a generating function is a
formal power series. The next few pages contain some of the necessary theoretical
background for formal power series. Three excellent books which cover this topic and
much, much more are: Concrete Mathematics by Graham, Knuth and Patashnik, the
two volumes of Fnumerative Combinatorics by Stanley, and Generatingfunctionology
by Wilf, which is also available on-line.

We assume R is an integral domain, a commutative ring with identity 1z and no
zero divisors. The examples here will usually be C,Z,7Z/pZ for prime p. Let R[[X]]
denote the ring of formal power series in R.

The operations in R[[X]] are the familiar natural ones; we act as if the elements
are ordinary convergent power series, so

F="a. X" g=> bX" = f+g= (an+b,)X",
n=0 n=0 n=0
(2.2) fg= f:ch", where ¢, = zn:akbn_k,
n=0 k=0

reR = rf= ZTGan-
n=0
It is routine, and not very interesting, to prove that R[[X]] is also an integral domain,
with identity element 1gyx) := 1+ > 77,0 - X", and we’ll skip this, although the

following result is useful.
1



2 BRUCE REZNICK, UIUC

Theorem 2.1. If f = > ° a,X" € R[[X]] and ay is invertible in R, then f is
invertible in R[[X]].

Sketch of proof. Taking f,g as above, we see that fg = lgx) if and only if this
infinite system of equations is valid:

aobo = 1, a061 + Cblbo = 0, a0b2 + CL1b1 + CLQbO = 0, Ce

If we define by = aal, by = —agl(albo), by = —aal(albl + ashy), etc, it’s easy to see
that the b,’s can be defined recursively. O

If f is invertible and fg = h, we write ¢ = f~'h and ¢ = h/f interchangeably.
One application is that if f € C[[X]] with integer coefficients, so f € Z[[X]] as well,
and ag = 1, then f~! € Z[[X])].

An appeal of generating functions is that natural operations on the sequence are
often easily expressed in the generating function. For example,

XES"a, X" = an i X"
n=0 n=~k
DX a X =) (Z ak) X",
n=0 n=0 n=0 \k=0
(2.3) . i, o [In/t]
DX a, X = D | X7
n=0 n=0 n=0 k=0

1=X)-) a X" =as+ Y (an—a,1)X".
n=0 n=1

The last equation above generalizes in an interesting way:

(L= MX = = XX ) a, X" =
n=0
(2.4) it -
(CLk — )\1ak_1 — e — )\kao)Xk + Z((ln — )\1(ln_1 — e — )\dan_d)X”.
k=0 n=d

Since C[[X]] is a vector space over C, suppose A := (A, ..., \q) € C? s fixed and let

A)\ = {f = Zaan € (CHXH LOp = Alanfl + -+ )\danfda n > d}

d—1
_ {f:(1—)\1X—"'>\dXd)f:Zkak}'
k=0

That is, A, is the set of generating functions of sequences satisfying a given linear
recurrence. Then (2.5) implies that A, is a d-dimensional subspace of C[[X]].
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The order of a non-zero element f € R[[X]], ord(f), is the smallest index n for
which a, # 0; in this case, we say that f has leading term a, X", with leading
coefficient a,,. It is customary to say that ord(Ogyxj) = oo; don’t tell the undergrads!

Put another way, ord(f) > n if and only if f = X"g for some g € R[[X]]; if f
also defines an analytic function, then ord(f) is the order of z = 0 as a zero of f. If
f happens to be a polynomial (formally, if a,, = 0 for n > d), the order of f is the
smallest degree of a non-zero monomial in f, not the largest.

More generally, ord(fg) = ord(f) + ord(g), (so ord(f*) = k x ord(f)); however,
addition is trickier. If ord(f) # ord(g), then ord(f + g) = min(ord(f),ord(g));
if ord(f) = ord(g) = m, say, then ord(f + g) > m, with inequality occurring if
the leading terms of f and g cancel. Since ord(1gxy) = 0, if f is invertible, then
ord(f) = ord(f~') = 0. If f — f" and g — ¢’ both have order > n, then so does
fg—f'g (write f = f' 4+ h and g = ¢’ + k and multiply out.)

We impose the following topology on R[[X]], based on the premise that we should
assume nothing about the topology of R. For each n > 1, the open ball of radius %
centered at f consists of f, together with the set of g so that ord(f — g) > n. That
is, the elements of this open ball are those g with the property that the first n terms
of f and g agree. According to this topology, if f. € R[[X]], then “f. — f” means
precisely that for every n € N there exists M, so that if » > M, and j < n, then
the coefficients of 27 are the same in f, and f; that is, the coefficients stabilize. It is
routine to verify that if g € R[[z]] and f. — f, then gf, — gf.

This is not the usual power series convergence. For example, every formal power
series converges! That is, it’s always true that

N o]
(2.6) lim HZ:O an X" = nZ:O an X"

However, if R = C and f # 0, then (1 + %)f never converges to f. Also, if
fN':ZEE:‘jn)(nNa
n=0

then fy — ag as N — oo, (For analytic functions, fy(z) = f(zV), and if f is analytic
in a neighborhood of zero and |z| < 1, then it is true that limy f(2") = aq.)

Here is a proof that the geometric series converges in R[[X]] to (1—X)~! according
to this definition of convergence. (Since X is not assumed to take a value, there is
no “circle of convergence”.) Let

(2.7) F=Y X" fy=)_ X"
n=0 n=0

Then (1 — X)fy =1 — XV and since fy — f and (1 — X)f, = gy, it follows
that (1 — X)f = lgqxy; that is, f = (1 — X)~'. It is routine to verify that if
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ord(h) > 1, then

(2.8) i " = (1—h)""

More generally, if h € R[[X]] and ord(h) > 1, then functional composition can be
unambiguously defined:

(2.9) f=) aX = foh=)Y al

i=0 i=0
We violate our usual squeamishness about functional dependence when h = X*:
(2.10) FX) =) an X" = f(X") =) a, X

n=0 n=0

One more pathology. There is nothing wrong with talking about

f=1- in!X” e Cl[X]]

n=1
as a formal power series, and since its leading coefficient is 1, it is invertible. It would
follow then from (2.8) that

[o.¢] o k
1+ Z (Z m!Xm) .
k=1 \m=1

For numerical X = z, the series for f only converges for X = 0. But each particular
en, n > 1, can be calculated as a finite sum from (2.11):

€, = Z (j1+"'+jn)!1!j1...n]jn
' ) ’

(2.11) Fl=14) e X"
n=1

J1t2j2+-+njn=n
where the block of terms satisfying the additional condition that " j, = k come from
(3> m!X™)%. There are circumstances in which this sort of sum arises.

2.2. Infinite products. We are particularly interested in infinite products. Suppose
ord(g,) — oo and define

(2.12) [T +g.) = NliLnOOH(Hgn).

It is routine to verify that the coefficient of 27 in the partial products stabilizes once
ord(gn) > j, and so the limit in (2.12) is always defined.
Again, this definition is somewhat different from the analytic case. For example,

as a formal power series
oo

[]a+nmxm)

n=1
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is a perfectly well-defined infinite product, even though, as a complex power series,
it would converge only for X = z = 0. On the other hand, Euler’s famous infinite
product, remade for formal power series:

sin(m X = X2
(mX) _ mii-%).
X vt n?
is not convergent as a formal power series under this definition, because the coefficient
of X? on the right hand side never stabilizes.

The most vital infinite product in number theory is quite simple, either as a formal
power series or as a generating function.
(2.13) [Ja+x")=0a-x)"

n=0

The proof of this formula uses a telescoping product:

N N n+1 N+1 oN+1_q
2.14 14+ X2 = — _ X"

Thus, the partial products are a subsequence of the partial sums of (1 — X)™!, and
so converge to it. Alternatively,

[[a+x*) -1-x)"'=-Xx*""(1-x)"

n=0

and ord(—X2"" (1 — X)) = 2N+ 5 0.
One final point on pathologies. We want to define generating functions with two
“variables”:

(2.15) > ai XY, a;; €R
iJ

Define the order of the term a; ;X"Y7 to be i + j and define convergence in the same
way we did before. This gives the formal power series ring R[[X,Y]]. It is clear that
we can sum for fixed ¢ or for fixed j first and show that R[[X,Y]] = (R[[Y])[[X]] =
(R[[X])][Y]]; that is, a formal power series in one variable whose coefficients are
formal power series in the other variables. Well, technically, no. These formal power
series rings are isomorphic, but they’'re not equal, and the isomorphism is something
awfully close to the identity map:
Zai,inYj < Z (Z CLz"in> Yj < Z <Z CLi’ij> )(Z
i=0 \j=0

irj =0 \'i=0 i=

(This is the sort of fine distinction that repelled me from algebra in grad school, until
I realized that algebraists don’t let these distinctions bother them.)
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We give a simple expression of the power of generating functions. Observe that

nO n=0 k=0 k=0 ¢=0

At the same time, algebraic manipulation yields

1 1 1
I-X-Y 1-X 1—Y(1—X)*1

IR
_X'X:O(l_ Zl— ymt

m= mO

(2.17)

On equating the coefficient of Y™ in (2.16) and (2.17), we see that

o0

(k+m)! E+m\ ,
(2.18) (1_ SR R Z( - ):c

k=0 k=0

This familiar and extremely useful expression can be readily derived in many different

ways, both combinatorial and analytical, and will show up later in this chapter.
Complications show up when we take infinite products, and to avoid them, we’ll

visualize the summation as taking place over all terms of fixed order first; that is,

(219) Z ai’inYj = i (i aiﬁn_iXiY”_’) .

ij n=0 \i=0

A product such as

D a XY =T+ X" +Y")

,J n=1
only converges if thought of in this way, since upon viewing this as an element in
R([[YIDI[X]], say, as [[(1 + gn), the order of g, = X" + Y™ as an element of R[[Y]]
is 0, because Y" is in the base ring, and so the infinite product does not converge
according to our definition. (One way to resolve the conflict is to change the definition
of convergence in R([[Y]])[[X]], using the topology we’ve defined for R[[Y]].) In
(2.19), a;; counts the number of partitions of ¢ and j into distinct parts so that no
part appears in both partitions.

2.3. Partitions. Partition generating functions are based on a simple idea. Suppose
A={0=ay < ay--- < ay} is a finite subset of N. We define the characteristic
generating function 14 by

m

(2.20) IA:ZX“:ZX“J':1+§:X“J‘.

acA 7=0 j=1
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If A and B are two such finite subsets, then I, and Ig are finite sums; compute

00 m 4 m J4
(2.21) DX =1Talg =) XY X =) Xt
n=0

§=0 k=0 =0 k=0

It follows from (2.21) that ¢, is the number of ways to write n = a+b,a € A,b € B.
(If, say, ap > 0, consider the set A" = {a; — ap}; the number of representations of
n — ap from A’ and B is equal to the number of n from A and B, etc.)

What if A and B are infinite? No problem. Fix n and let A™ = An{0,1,...,n}
and B® =Bn{0,1,...,n}. fn=a+bwitha € Aand b€ B, then 0 < a,b < n,
soa € A™ b e B™ and so ¢, is the coefficient of X" in I 4y Igmy. On the other
hand, the orders of I4 — I 4 and Ig — Izwm) are both larger than n, hence so is the
order of I4lg — I 4y Igw). Therefore, ¢, is the coefficient of X™ in 1415 as well.

What if there are r sets, Ay,...,A,7 The same logic applies in terms of a finite
sets, and the generalization to infinite sets Ay, 1 < k < r, follows in the same way.

What if there are infinitely many sets A7 Here we need to place a restriction on
the smallest non-zero element, because we want ¢,, to be finite: for each n, there exist
only finitely many A;’s which contain n. With this restriction, the computation of
¢, becomes a count of representations of n as a sum from a finite number of sets.

To sum up, we have the following theorem.

Theorem 2.2. Suppose there exist finite or infinite sets A C N,
Ak:{Ozak,o<ak,1 < },

either fork =1,--- M, or for k € N, under the condition that klim agy = 00. Then
—00

[[14. =D X e zZ[[X]),

where ¢, is the number of ways to write
n =dayr + ag ry +-- Qe ry, € Ak

The same argument applies to subsets 4, C N? containing 0, with (a1, ..., ay) asso-
ciated to X{* --- XJ?, given that the minimum order of the non-constant terms is also
going to oo as k increases. In this case, the generating function is in Z[[ X7, ..., X4]].
We skip the details.

In the most famous application of Theorem 2.2, let A = {0,2%}, k > 0. By (2.13),

oo o0

(2.22) [Tz =]]a+x*) = ﬁ => X"
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recovering the economically useful fact that every non-negative integer n has a unique
representation of the form

ZGk )6{0 1}

k=0
Now let -
b(n) = Z ex(n)
k=0
denote the sum of the binary digits of n, and consider the infinite product
(2.23) VXY)=[a+X" V)= a0, XY
k=0 i\j

(This is a natural example of convergence in (C[[Y]])[[X]] but not in (C[[X]])[[Y]].)
Think of this as a partition problem from sets {(0,0), (2¥,1)}; each XY™ occurs
exactly once as a sum, when m = b(n). That is,

Sy
(2.24) . =0
= Zam(X)Ym, where a,(X) = Z X¥ X
m=0 0<i1 <9< <im

Notice that if we replace Y by a numerical parameter A, we get a valid expansion
formula for a generating function in one variable:

(2.25) ﬁ 1+AX%) = ZAb
k=0

We'll apply this to the Stern sequence.

FA={1<a <a < -} CZ, then a partition of n from A is a sum n =
@i, +a;, +- -+ in which ¢g <i; <--- .. Let pa(n) be the number of such sums. Let my,
count the number of times that a; appears in a given partition, so that n = > myay.
We are thus in the situation of Theorem 2.2, with A, = ;N = {0, ax,2a;...}. It
follows that the generating function for p4(n) is

2.26 1+ X% 4+ X2 4 =
2 I ) = gl_m ZpA

A partition of n into distinct parts is one in which each a; occurs at most once, so
A = {0, ax}. The generating function for p4 4(n), the number of partitions of n into
distinct parts from A is

(2.27) [T+ x) ZpAd

k>0
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One of the most beautiful classical theorems in partition theory goes back to Euler:
pan+1(n) = pna(n). In words, the number of partitions of n into odd parts is equal
to the number of partitions of n into distinct parts. The best proof is bijective; the

one below, however, uses the ideas of this section and the identity 1+t = %:

[e%e] [] 1 - X2k [e%e]
. oxx L ) 1
229 JJa+x B ===
k=1 k=1 [T(1—Xk) =0
k=1

In the final step of (2.28), the terms with even exponents in the numerator cancel
out in the denominator, leaving the terms with odd exponents.

2.4. Return to Stern. Remember the Stern sequence? Let

(220 S(X) =2 stmX" = XT(X)
SX)=X+ X2 42X+ X'+ ) T(X)=1+X+2X"+X*+

(We can define 7(X) in this way because s(0) = 0 and ord(S(X)) = 1.) We have
already shown that 1 < s(n) < n, hence lim(s(n))"/" = 1 and so S(z) has radius of
convergence 1 as an analytic function, and similarly for 7(z).

By breaking up the sum into even and odd indices, and using the recurrence, we
obtain a functional equation satisfied by S(X):

S(X) =) s2n)X™ +) s(2n+ 1) X"
n=0 n=0
2.30 >
( ) ZS X2n+z X2n+l_|_z n 4+ )X2n+1
n=0 n=0 n=0

=S(X?) + XS(X?) + X 15(X?).

The expression X ~'S(X?) is a legitimate formal power series, because ord(S(X?)) =

2. Rewrite (2.30) as
- S(X)=(1+X+ X HS(X?
(231) = XT(X) = (1+X+ X HX*T(X?).

It now follows that
T(X)=(1+X+ X)T(X?);
XS(X) = (1+X + X3)S(X?).

The functional equation for 7 can be iterated N times to give

(2.33) T(X) = <1:[ (1+X2k +X2'2’“>> ST(x

k=0

(2.32)

~—
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Since T(X2") = 1 + gn, where ord(gy) = 2V, it follows that 7(X2") — 1, and so

(2.34) S(X)=XT(X)=X H (14 x% +x2),
k=0
The coefficient of X™ in 7(X) is s(n — 1) and by Theorem 2.2 and (2.33), 7(X) is
the generating function of sums from the sets {0,2% 2 - 2*}. This provides another
proof of Theorem 1.8.
We can now play with the generating function and derive a number of new, and
rather unexpected, identities involving W(X,Y), cf. (2.24). Define

(2.35) B(X) = = -x")=> (-nmxn
3=0 n=0
Since 1+t 4 t* = =4 it follows that
j j+1 1— Xx3? B(X3
(2.36) S(X) = Xg(l + X% + x? XH — =X B<<X)).
Thus,
(2.37) B(X)S(X) = XZS’(X?’)7

We read off the coefficient of X3**" on both sides of (2.37), r = 0,1,2, to obtain
some peculiar recurrences:

3k+r 3k+1
S ()P Is() =0, (r=0,2), Y _(=1)'EEFIg(5) = (—1)"®).
=0 =0

The so-called binary partition function, b(n,o0), has been studied since Euler, with
revived interest by Churchhouse and others since the 1960s. Let Ay = {2% : k > 0},
and let b(n,00) = pa,(n). Then

In Stern terms,
(2.39) S(X)=X- B (X) — S(X)Boo(X?) = X - B (X).
Boo (X3)
Again, taking the coefficient of X™ on both sides of (2.39), we get
[n/3]
(2.40) > s(n = 34)b(j, 00) = b(n — 1, 00).
j=0

The binary partition functions have an interesting alternative interpretation due to
Neil Sloane and James Sellers as “non-squashing stacks of boxes”. Suppose one has
an unlimited supply of boxes labeled with positive integers, so that a box labeled ¢
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both weighs 7 units and can support a stack of boxes above it of total weight 7. How
many different “non-squashing” stacks are there of total weight n? In other words,
how many partitions are there of n in which each part is at least as large as the sum
of the previous parts. Putting this symbolically,

(2.41) n=a+ay+ -+ a; ap+---ta;<ajp, 1<j<r-—1L
We first fix the number of parts, r, and reparameterize:

ay =by, ay="0b1+by, az=a;+ay+ by =20, + by + b3,

2.42
( ) a4:b1+b2—|—b3+b4:4b1+2b2+b3+b4,"'

The conditions of the problem require b; > 1 and b; > 0 for ¢ > 2. A comparison of
(2.42) with (2.41) and an omitted inductive argument imply that
n=2"1h +2"2by+ -+ 2b,_1 + b,.

This is a partition of n into powers of 2 with largest part 2"~!. Summing over r shows
that the number of partitions of n satisfying (2.41) is equal to b(n, o).
Another application of the functional equation (2.32) leads to a rapid proof of
Exercise 7 from Chapter 1:
XS(X)=(1+X+XHS(X?) = X(1-X)S(X) = (1-X*S(X?)
S(X) 1 8(Xx?)
I-X3 X 1-X

These expressions can be identified via (2.3):

Ln/3]

18_()23=3(X>(1+X3+X6+---)=§% ;s(n—iﬁ) X"
1 S(XQ)_ 1 2 4 2, ...
(2.43) < 1_X—Y-(s(0)+3(1)X +s2)X 4+ )1+ X+ X7 +--+)
= % (SO +X)+ S()(X?2+ X)) +S2)(X + X) +--+)
:S(1)(X+X2)+S(2)(X3+X4)+---=§:S((31)X".
It follows from (2.43) that
LN/3)
D s(V = 3)) = 5(T51).

The following observation is due to Richard Stanley, from a conversation with the

author on the second floor of Illini Hall in the 1980’s. Let € = ¢™/3 = % + %3; €isa
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primitive 6-th root of unity, and (1 + ex)(1 + e 'z) =1 + x + 2% It follows that

S(X) = Xﬁ 1+ex? ﬁ 1+e1X%) Xieb ¢ Z e b0 X7
J=0 j=0 =0

7=0
(2.44) .
E S(n) = Eb(k)_b(”_l—k)'
k=0

Thus,

n—1
(2.45) 2s(n) = Z (k) =b(n—1=k)) = (b(k)=b(n—1-k))

k=0

Now € +¢7 =2,1,—1,—2 when j = 0,41, 42,3 (mod 6), and the sum on the right
is not a priori positive. This suggests some unexpected patterns in (b(m)) mod 6.

Replacing {0, 1,2} with {0, 1,2,3} gives a much easier problem to analyze. Let
fa(n) denote the number of ways to write n as

(246) n = Z €i2i7 € € {O’ ]_7 27 3}
i=0
As we have seen,
> fam)Xm =[]+ X% + X% + X3
(2.47) =0 =0
. fe’e) 1_X2j+2 _H;C:)2<1—X2]) 1

:on 1— X2 H;iou_ij) - I—X)1-X7)

Here are two ways to look at this sum to get the exact value: fy(n) = 5]+ 1:
1 1

1-X)1-X2) 1-X

=14+ X +2X7+2X° 43X+ -+ ;

(1+X2+X"+-)

1 B 1 . 1/4 N 1/4 N 1/2
1-X)1-X2) (1-X201+X) 14X 1-X (1-X)2
=2 (D + i+ X0 =3 (5 + )X

n=0 n=0

=3 ([3)+1)x

n=0
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A combinatorial explanation for the value of f4(n) is to write ¢; = 2c; + ; in (2.46),
with «a, f; taken independently in {0, 1}, and then observe that

n:iq?’ 22%4—@ —22@12’4—2&21
i=0

Thus a representation of n in (2.46) can be bijectively associated with a representation
n = 2n'+n" for n',n" > 0; there are [ %] +1 possible choices for n’. The computation
of fi(n) was Problem B2 on the 1983 Putnam.

This discussion can be generalized by taking 2" — 1 for 3, and we will later show
that b(n,00) grows more rapidly than any polynomial.

Finally, as another harbinger of a later chapter, we look at the generating function
S(X) over R = 7Z/27 to get a quick proof that 2 | s(n) <= 3 | n. Keep in mind
that 1 = —1in R,s0 1+ X + X?=1— X + X? and it’s possible to rewrite (2.39) as

Sx)=x]Ja + X3%) H - +X2J
(2.48) j=0 j=0

1 X 4+ X?
- X. .(1_X):#:(X+X2)(1+X3+X6+...).

1—X3

We haven’t found any useful versions mod d for d > 3; however, 14+ X+ X? = (1—X)?
mod 3, so

SX)=X <i(—1)b<n>xn> (mod 3).

n=0

2.5. Some asymptotics. We want to discuss the behavior of §(z) and we first need
some general asymptotic facts about power series with positive real coefficients. In
this section, for an integer m > 0, let

(2.49) f(z) = Zanz", fm(z) = Z anz", a, > 0.

n=0

We are particularly interested in statements such as
lim (1 —2)*f(x) = ¢ >0,
rz—1—

in which the limit is taken over real x — 1 and real A > 0.
Fact 1: If m is a positive integer, then
(2.50) lim (1 —2)*f(z) =c <= lim (1 —2) f,(2) =c
rz—1— z—1—
The reason is that the omitted m terms are a polynomial which is being multiplied
by something going to 0; this finite sum does not affect the limit. The same result
holds if lim is replaced by liminf or lim sup and for the same reasons.
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Now let
(2.51) 9(2) = b2, gm(z) = _buz", by >0.
n=0 n=m

Fact 2: If a,, < b,, then f(x) < g(x) pointwise, and so (1 — z2)*f(z) < (1 — z)*g(z).
Taking the various limits, we find that
liminf(1 — 2)* f(z) < liminf(1 — z)*g(z),
(2 52) z—1- z—1-
' limsup(1 — 2)* f(z) < limsup(1 — z)*g(z).

z—1— z—1—

If one or both of the limits actually exists, then these statements become stronger.

Lemma 2.3. Ifa,,b, >0, (2.49) and (2.51) hold and
bn

(2.53) nhjgoa_n =1,

then

(2.54) lim (1 —2)"f(z) =c = lim (1 —2)*g(x) =c.
T—1— 1~

Proof. Pick € > 0 and assume € < 1. There exists N so that for n > N, a,(1 —¢) <
b, < an(1+ ¢€), hence for z € (0,1),
(1= =) fn(z) < (1 —2)gn(r) < (1+e)(1 —2)" fv(2).
Taking the limit as x — 17, it follows from Fact 2 that
c(1 —¢) < liminf(1 — 2)*gn(x) < limsup(l — z) gn(z) < (1 +¢).
rz—1~

r—1—

Thus, by Fact 1,

(2.55) c(1 —¢) < liminf(1 — 2)*g(x) < limsup(l — 2)*g(x) < (1 + ¢).
z—1~ z—1—
Since € > 0 is arbitrary in (2.55), (2.54) is established. O

We have already seen the power series for (1 — z)™™ for m € N in (2.18), but will
need it for other m; Taylor series come to the rescue. Observe that ((1 —z)™") =
v(1 —2)~®*Y | from which it follows that for x € R,

(256) (1_12)5 :1+ZI€(/€+1)TL$I€+(”—1>)Z11 ::1+;A(/@;n)z”.

n=1
We are interested in the growth of the coefficient A(k;n) in n for fixed k. When
k=m+ 1 € N, this is clear:

Alm + 1) = ™ +:!)!/m! _(n +7ZL!)!/n!
_ Dot nbm) gy, At Ln)
m) e )

(2.57)

=1.
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The Gamma function with positive arguments seems unavoidable, and comes with
good asymptotics. Recall that for ¢ > 0,

I'(t) =/ g le " dx, T(t+1)=tI(t), D(m+1)=m!
0

) Lt+1)
lim =
to00 /o7 - e—tit+1/2

(2.58)

The natural Gamma function generalization of (2.57) is valid.

Theorem 2.4.

. A(A+1;n)
2. | —— =1
(2:59) P AT+ 1)

Proof. First observe that

(2.60) A+ 1:m) = A+ DA+2) - (A+n) _TA+n+1)/TA+1)

n! n!

so (2.59) is equivalent to

(2.61) i LA+

n—oo n*n!

By multiplying limits and using (2.58), we see that the left-hand side of (2.61) be-
comes

=1.

lim ((m.e—(n+x)(n+A)n+A+1/g> Y ( 1 ))

n—oo 1/2 . e_nnn+1/2
by n A A+1/2
= lim (e_)‘<n+ > (n—i— ) —e .M 1=1.
n—0o00 n n

Corollary 2.5.

(2.62) lim (1 —2)*"! ( 3 n)‘:vn) =T(A+1).

Proof. By (2.56),
(2.63) (1—ax)*! <F()\ +1) + if‘()\ + 1AM+ 1; n)x") =I'(A+1).

By Lemma 2.3 and Theorem 2.4, we may replace I'(A+ 1) A(A + 1;n) in (2.63) by n?
without affecting the limit. 0
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2.6. Applications to the Stern sequence. Remember the Stern sequence? Con-
sider

(2.64) S(z)=> s(n)z".

n=0

It’s far from clear how to apply this discussion to S(z), because of the irregular
behavior of the growth of (s(n)). However,

(2.65) (1-2)"'8(z) =) (Z s(k)) =Y 8(n)",

n=0 \k=0

and we can say something about the growth of S(n). In fact, S(27) = (3" + 1), so
by the monotonicity of S, if n € I,., then

(2.66) 2r<p <2t 13T+ 1) < S(n) < 1B+ 1),
Since log, n — 1 < r < log, n, without trying to be very careful, we see that
log 3
1 1 3 1 _ ~
(2.67) n +3<8(n) <gn + 3, v = g2~ 1.585.

Why aren’t we careful in the estimate? We have seen that S(27) = (3" 4 1) and it
will be an exercise (easy!) to show that S(3-2""!) = 3" 4+ 1. This means that
S 1 S(3-2r1) (2

Y

In other words, lim,,_,o, n~7s(n) does not exist; (2.66) implies that there exist o > 0
and S so that

(2.69) a < s(n) <p.

n”
The best we can hope from Corollary 2.5 are upper and lower bounds on the growth.
By combining (2.69) with the results of the last two sections, and keeping in mind
that the estimates apply to (1 — 2)7'S(z). we obtain the following corollary, which
is improved in the next section as Theorem 2.10.

Corollary 2.6. We have the following estimate on S(x) as real © — 17 :

al'(v +1)(1+o(1)) BT (v +1)(1 + o(1))
(1—x) (1—x) '

Proof. 1t follows from (2.69) and Lemma 2.3 that

o0 o0 oo
a Z n’z" < Z S(n)z" < B Z n'x".
n=0 n=0 n=0

Now use Corollary 2.5 with A = ~, and multiply by (1 — z)~L. O

(2.70) <S(z) <
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To provide a numerical version of (2.70), Mathematica tells us that I'(y + 1) ~
1.41364. Numerical evidence suggests that for ¢ close to 1, (1 —¢)?S(t) oscillates in
the range .725189 4 .000003. Comparison with (2.70) suggests that
(2.71) % ~ 512992 £ .000002.

This is amazingly close to halfway between the values in (2.68).

We could also guess the order of growth of 7 (x), using the functional equation
T(z2) = (1+2+2%)T(2%). Let 2 =1 — ¢/2 where € = 0, so that, in practical terms,
2?=1—€eand 1+ 2+ 2%~ 3. Then T(1 —¢/2) =~ 3T (1 —¢). The “nice” function
f(1—1t) = ¢(t) satistying f(1 —e€/2) =3f(1 —¢€) is ¢(t) = ¢(1 — )" for some c.

In the next section, we will make the previous remarks more rigorous as we give a
more detailed analysis of the behavior of |S(te*™)| for fixed o as real t — 1.

2.7. Computations. Warning: the material in this section is subject to
improvement, revision and/or retraction! First note that |S(2)| = |2||T (2)], so
as |z| = 1, it doesn’t matter much which function is used; |7 (z)| will be estimated
here. In this section ¢ is always a real number in (0, 1).

Our first step is to give an admittedly peculiar-looking “ruler” to measure |z|. Let

(2.72) o(t) = —logy(log,(t™1)); ot)y=m < ti=t,=2"2".

Reading from the inside out, ¢ maps (0,1) to (c0,1) to (c0,0) to (00, —o0) to
(—00,00) in a monotone way, with the delightfully useful property that

(2.73) ot =o(t)—1 = t2 =t 1.
It follows from (2.32) and (2.33) that for any positive integer v,

o0 v—1
(2.74) T(tm) =[O+ tiey + tmejc1) = [TQ + timy + tmejm1) - T (Ems)-
7=0 7=0

It’s worth noting that as m — —oo, t,, — 0 at a doubly exponential rate: ¢ 5 ~
2.33 x 1071%. But as m — oo, the growth to 1 is only singly exponential:

log2 (log2)?/2 log 2
1— >t, > 1— :

om + 22m om
The midpoint of the ruler is tqg = %

Our second step is to show that in numerical work, we may safely ignore the terms
in the infinite product involving ¢,, when m is very negative.

(2.75)

Lemma 2.7. For |z| < 1,
kd
(2.76) T -1 <
(1—1z])?
wn particular,

1
|z| < 1 = |T(2) — 1] < 2|z|.
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Proof. 1t is easy to show that for n > 2, s(n) < n — 1, hence

|T(2) — 1| = Zs(n—i— 1)z2" < Zn|z|” = ﬁ
n=1 n=1
If |z < 1, then (1—|2))* > & > 1. O

What this means is that stopping the infinite product in (2.74) when v = [m] +5
gives T (t,,) as a finite product of polynomials times 7T (¢,,_,), where m —v < —5,
so that t,,_, < % 1072 and so |1 — T (ty_o)| < 107%. For most numerical purposes,
|7 ()] can be identified as this finite product.

An important consequence of Lemma 2.7 is that 7(z) # 0 in the open unit disk:

Corollary 2.8. If |z| < 1, then T(z) # 0.

Proof. If |z| < %, then (2.76) implies that |7(z) — 1] < 2, so T(2) # 0 for |z| < 3.
Suppose T (z) # 0 for |z| < p. Since 1 + z 4 2% has no zeros inside the unit circle,
T (2) = (1+2+422%)T(2?) implies that 7T (z) # 0 for |z| < p'/2, and hence by induction
for |z| < p'/?". This is true for all n and completes the proof. U

A more precise version of Corollary 2.6 requires a classical lemma.
Lemma 2.9. If > |a,| = M < oo, then ]~ (1 +a,) = p>0.

Proof. First define the partial products

n

Pn = H(l +a,) < logp, = Zlog(l + ay,).
k=0 k=0

Since a, = 0 and ) |a,| < 00, > log(1+a,) converges by the Bounded Comparison
test. It follows that (e'°8P») converges to a positive value. O

We now discuss T (t) for real t — 17; a first observation is that (2.34) implies that
T (t) is an increasing positive real function in t. For real m > 0, let
(2.77) h(m) = (1 —t,)"T (t).
We saw in Corollary 2.6 that h(m) is a bounded function as m — co. We now show
that, in the limit, it is a periodic function with period 1.
Theorem 2.10. There is a positive function 1, defined on [0,1) so that for fized
a € 10,1) and integral k,
(2.78) lim h(k+ o) = ¢¥(a).

k—o0

Proof. Write
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and consider the convergence of the infinite product
h(j + a)

2.79

(2.79) H i

Let u = tj4q in (2.79), so u® = t;_114, and recall that 3 <~ < 2 by (2.67). Then
hG+a) (A —t5a)T(tjee) (—w) T(w) 14utu’
h(j—1+a) (—tja)Ttjim14a)  (A—w?) Tw?)  (1+wu)

Since j+a > 0,u< 1,50 1+u+u® <1+ 3u <14+7u < (1+u)?, hence each factor
in the infinite product is < 1. For the other inequality, write u = 1 — 2w. Then

l+utu®  3—6w+4w®  3(1—w)?

(2.80)

2.81 = > =(1-w)?*"7>1-
(281) (1+u)y G_swp 2wy LW v
But by (2.75),

1 log 2

(2.82) 1—w:$>u>1—;§a.

The factors in (2.79) are then 1+ O(277), and so the infinite product converges to a
positive limit by Lemma 2.9. U

The numerical evidence suggests that

(2.83) 7251918 > h(a) > 7251858,

The next estimate we wish to consider is |7 (wt)| for w = €>™/3 which has a rad-

ically different behavior. Since s(n) is real, T(2) = T (z), hence |T (wt)| = |T (w?t)],
and it doesn’t matter which primitive cube root we use.

How does T (wt) behave as t — 17?7 For k € Z, 1 + w® +w?" =1+ wD" 4
WD = 0, Tt is plausible that S (wt) should go to zero rapidly. Helpfully,

(2.84) |1+tw+20?? = [T+t + 2w = (1= B2 4 3(t—2) = (1—t)(1 - 1),

It follows that |1 + tw + t?w?| is decreasing quadratically to 0 as ¢ increases to 17. In
particular, the factor is decreasing for increasing m in ¢,,, so that

o0

(2.85) 1T (wt)| = H(l _ tm—j)1/2(1 £ )1/2

j=0
is decreasing in increasing m. The asymptotics is clumsy; it is easier to describe
|7 (wt,)| as a function of m than to describe |T (wt,,)| as a function of ¢,,. Let

(3/2)"%(log 2)™
om?2 /2 ’

(2.86) T(m) =
and let
(2.87) v(m) = T(m) T (wtm)|.
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Theorem 2.11. There is a positive function n, defined on [0,1) so that for fized
a € [0,1) and integral k,

(2.88) lim v(k + @) = n(a).

k—o00

Proof. As before, fix a and write

]—i—a

k — .
vk + o) =v(a oG —1ta)

’:]w

]:1
again, we wish to show that the infinite product converges. But
vita) TG -1+a) [T(whia)l

v(j—1+a) TG +a) |T(W-14a)l

2j+a71/2 1 — 1 2
T i—w(tutud)= u_ vitutur
(log2)/27% V3

V/3/2(log 2)

where u = t;1, ~ 1 — (log2)/20*®). A computation, which we omit, shows that

vfj(ﬁj_‘z)) =1+ 0(277), hence, as was the case with Theorem 2.10, Lemma 2.9 implies

that the series converges. U

For numerical reference, |7 (w/2)| & .549 and /3/2(log2) ~ .849. Theorem 2.11
implies that |7 (wt,,)| goes to zero faster than any polynomial in 1—t,,. The numerical
evidence suggests that the range of n(«) is roughly .2838218 + .0000002.

Let (4 = €™/? be a primitive d-th root of unity. There is a strong connection
between 7 (z) and T (¢4 2). For convenience, note that ¢52 = ¢, ;.

Lemma 2.12. Forr € N and { € 7Z,

(2.89) Ticho) =] (1 + Gt G ) T().

14 2% 4 22
j=0

Proof. This follows from (2.33) and ¢2' = 1 for k > r; all but the first r factors in
the infinite products for T (¢4 z) and T (z) are the same. O

Theorem 2.13. For any fized ({,7), and real t — 17, there exist non-zero constants
a(l,r), B(L,r) so that a(l,r) < (1 —1)7T (¢yt) < B(L,7).
Proof. Write (2.89) as

(2.90) T(¢hz) = gi;

Observe that A(z) and B(z) are both (bounded) polynomlals and B(¢n) # 0, since
14 2% + 22" = 0 implies that z? € {w,w?}. Thus, M > |B suitable
M, e > 0, and the result follows from Theorem 2.10. O

T(2).
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It follows that |7 (e™t)| — oo on a dense set of rays, those with angles a = 2.

A similar argument would show that the asymptotic behavior of |T| is the same (up
to multiplicative constants) on any two rays whose angles differ by a multiple of %7:,
unless B(z) might be zero. Fortunately, these cases are covered by Theorem 2.11.

Theorem 2.14. Suppose ged(¢,3) = 1. Then

(2.91) lim |7 (X" 57 z)| = 0.

r—1—

Proof. Observe that e? ™5 = w or w2 Without loss of generality, choose the former.
Since each of the factors in (2.33) is bounded by 3 in absolute value,

(2.92) T (™57 a)| < 37T (wa™)].

The upper bound goes to zero quite rapidly. 0
Thus, |7 (e"“x)| — 0 on a different dense set of rays, those whose angles are a = ggf )
The behavior on other rays is likely to be difficult to understand. If o = 222, where

q > 5 is odd and ged(p, q) = 1, we can say something, because 2°@Wp = p (mod q)-
Observe that, as m — 00, 1 + t,,e? + ¢, 1*¥ — 1+ € + %% and

T(tm+¢(q) eia> iy 2mi(27 2mi (2711 ey 1 — s (2n/a)
(2.93) Tl U (142D 4 P/D) U 1 — c2ri@ip/a)
J=0 J=0
It is difficult to say much about the set of ¢ to which the hypothesis of the following
observation hold. A careful analysis is still to be written.
Suppose ¢ > 5 is odd and there exists s so that 2° = 3 (mod ¢) or 2° = —3 (mod gq).
Then |7 (ze?*/9)| should be bounded as x — 1~. Consider the quotient in (2.93),

#(q)—1 1 — e27ri-3~2jp/q)

J=0

If 2° = 3 (mod ¢), then the factors in the numerator of (2.94) are a permutation
of the factors in the denominator, and so the product is 1, which suggests that,
asymptotically, T (e'*t,,) should approach periodicity in m with period dividing ¢(q).
If 2° = —3 (mod ¢), then the factors in the numerator of (2.94) are a permutation of
the conjugates of the factors in the denominator, so the absolute value of the product
is 1, which suggests that, asymptotically, |7 (e'“t,,)| should approach periodicity in
m with period dividing ¢(q). These hypotheses are satisfied if 2 is a primitive root
mod ¢, the study of which is a famous and extremely difficult question, and they
obviously cannot be satisfied if 3 | m. Of the odd integers 6t =1 < 100, only
17,31,41,43,65, 73, 85,89 do not satisfy this criterion.
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The discussion of |7 (z)| on rays is complemented by a discussion on |z| = r. Since
T (z) is analytic and non-zero on the unit disk, we have by Jensen’s formula,

21

It all balances out. Let x(r) denote the number of # € [0, 27) for which |7 (re?)| = 1.
One expects the number of these “crossings” to grow quite rapidly as r — 17.

Finally, it follows from Corollary 2.8 that the reciprocal of 7 (z) is also an analytic
function in the disk. Let

2
(2.95) 0=1log|T(0)| = i/ log [T (re)| do, 0<r<1.
0

1 (o] [e¢]
U) =z = I 7 e = 2o umX
( ) k01+X X n=0
(296) = 1 - .',U k s 21@ 3.2k 4,21@
—H xmk:Hu—X + X3 X )
k=0

zl—x—x +2x —2at 4425 — 42" — 228 + 627 — 420 — 22 ..

A few brief facts about the mysterious (u,). It is easy to show that the generating

function for U over Z/27Z is ll_X 1+ X + X?, so u(n) is odd for n < 2 and even

for n > 3. (No other congruence properties seem to be easy.) We also have

o0

1+ X+ X UX) =UX?) =D u(n)X™,
(2.97) = u(2k) + u(2k — 1) + u(2k "_—02> = u(k)

and  w(2k+1) +u(2k) +u(2k—1)=0
= u(2n) —u(2n — 3) = u(n); u2n+1) —u(2n — 2) = —u(n)

Numerical data strongly suggest that u(n) > 0iff 3 | n, and that u(3n) > |u(3n+1)| >
|u(3n + 2)|. It would be interesting to find a combinatorial interpretation for u(n).
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3. LINEAR RECURRENCES

3.1. Basics. In this section, we talk about constant-coefficient linear recurrences;
all objects should be viewed as living in C. Recurrences usually arise in one of two
forms. The first is the direct one: suppose that (a(n)) is a sequence which satisfies
the homogeneous d-th order linear recurrence:

d
(3.1) a(n) + Z cja(n —j) =0, n>d,
j=1
or, equivalently,
d
(3.2) a(n+d):—cha(n+d—j):O, n > 0.
j=1

We say that the undetermined values of a(i), 0 < i < d—1, are the initial conditions.
Associated to the recurrence (3.1) is the characteristic polynomial

d
(3.3) P(z) = 2% + Z ;2%
j=1

=ty is easily seen to satisfy (3.1). We also make the fairly

If ¢(ty) = 0, then a(n)
(3.1) holds for (a(n)), then so does

obvious point that if

d
(3.4) a(n+k)+cha(n+k—j) =0, n >d,

J=1

for k£ > 1, and by adding together identities such as (3.4), it is not hard to prove
that, if ((2) = ¢(2)n(z), then (a(n)) also satisfies the recurrence whose characteristic
polynomial is (.

1
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The second way recurrences arise is as a matriz system: d sequences (a;(n)), 1 <
7 < d, which are related by:

d
aj(n+1)zzmjkak(n), n>0 1<j<d,

k=1
(3.5)

aj(n+1) mip e Mg ai(n)

ad(n + 1) mgr -+ Mya ad(n)

More formally, let A(n) = (a1(n)---aq(n))’ be the column vector of sequences and
let M = [mj;] be the matrix of coefficients. Then (3.5) becomes

(3.6) An+1)=MA(n) = A(n) = M"A(0), n>0.

Here, A(0) provides the initial condition.

Although the methods of solutions for these two kinds of recurrences are different,
they can each be transformed to the other. The Cayley-Hamilton Theorem states
that if ¢(\) = det(Aly — M) is the characteristic polynomial of M, then ¢(M) = 0,
where “0” is construed as the d x d matrix of 0’s. Supposing ¢ is given by (3.3) for
convenience, we then have

pt) =t Feit ey = MU MU 4 gl =0
(3.7) = M"M e MT o egMT =0
= An+d)+caAn+d—1)+---+cjA(d) =0,
where the final “0” is the zero column vector. The last equation in (3.7) is simply

the assertion that each a;(n) satisfies (3.1).
On the other hand, (3.2) can be simple-mindedly rewritten as:

a(n+1) 0 1 -~ 0 0 a(n)
a(n +2) 0 o -+ 0 0 a(n+1)
(3.8) N PR
aln+d—1) 0 o - 0 1 a(n+d—2)
a(n + d) —Cq —C4—1 -+ —Cy —Ci aln+d—1)

The matrix in (3.8) (or its transpose) is sometimes called the companion matriz to
the polynomial ¢, and has characteristic polynomial (—1)%¢.

3.2. Solving recurrences. For completeness’ sake, we include a self-contained proof
of the method of Partial Fractions, which requires the Fundamental Theorem of
Algebra to factor the denominator, but no explicit theory of complex variables.
Suppose
bn n bn— n—1 b

q(z2)  emEmFCpmo12™ 4+ e
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is a rational function, where by, ¢, € C, b,c,, # 0 and m > n. Assume that F' is
presented in lowest terms and c,, = 1. Suppose further that

r

(3.10) q(z) =[]z = =)™,

Jj=1

where z; € C, the z;’s are distinct, m; € N with > > m; = m, and p(z;) # 0. Then as
we tell our calculus students:

Theorem 3.1. Suppose F' is given by (3.9), and (3.10) holds. Then there exist
rje € C so that

(3.11) F(z) = i (Zglzj bt %) .

J=1

Conversely, if F is given by (3.11), then F is a rational function of shape (3.9) for
which n < m, and (3.10) hold.

Proof. We induct on m = deg(q). If m = 1, then n = 0 and there is nothing
to prove. Suppose the theorem is valid for ¢ with degg < m — 1 and suppose
q(z) = (z — z1)™q(z), with g(z1) # 0. We do not rule out the possibility that
g(z) = 1. Consider the expression
Pl - & p(z) — aq(z)
(2 —z1)™ q(2)

p(z1)
q(=1)’

Let po(2) = p(2) — aq(2); if ag = then pa,(2z1) = 0, hence p,,(2) = (z — z1)p(2).

It follows that

Qo p(2)
F(z) = 9
N e M EEE e )
and a partial fraction expression for F'(z) — (Z_C;ﬁ exists by the inductive hypthesis.

For the converse, if F' is given by (3.11), then multiplication by ¢(z) yields a
polynomial on the right-hand side, with degree at most m — 1. U

We now return to (3.1) and add a subtle new hypothesis:
(3.12) ca #0.

(This retriction actually offers no practical limitations. Suppose (3.12) is not sat-
isfied. If ¢; = 0 for all j, then (3.1) has only the zero solution. Otherwise, suppose
ce#0and ¢;j =0fore+1<j <d. Leta(n) =an+d—e),n>0. Then (3.1)
becomes

a(n) + chd(n —7j) =0, n>e,
j=1

with no constraint involving a(k) for 0 < k < d — e. In this case, first solve for a by
the algorithm described below, and then write a(n) = a(n — (d —e)) for n > d — e.)
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It is now convenient to define

d
z)=1+ Z c;z = 2%(z71),
j=1

as a polynomial with true degree d (by (3.12)) and note that z; # 0 in (3.10) and

r T

o(z) = [[(z = 2)™ = v(z) = [J(1 - 2z))™

Jj=1 J=1

Let M = max(1,>;|¢j|) > 1. If |a(i)| < T for i =0,...,d — 1, then

d d
d) <Y lellald =) ST Y ley| < TM,
j=1 j=1
and so |a(i)] < MT for i = 1,...,d. An easy induction implies that |a(n)| <

M"H=4T for each n > d, and so the generating function for (a(n)) will be an analytic
function with radius of convergence > M~!. Let

= Za(n)z

Then, as we saw in (2.4),

(3.13) (2)f(2) =

3 &

LMI

N
@

3

+Z%a n—j ) "= p(z),

N CRC
. AERTE I T

where deg(p) <d—1 < d.
It follows from Theorem 3.1 that there exist rj, € C such that

(3.15) Zanz _Z(l_zz +<1_”W)

n=0

The power series for the right-hand side was already computed in (2.18):

1 = /n+r
nn — n.n > .
1—)\2 Z)\ — Az)rtl Z( r ))\Z’T_l

n=0

Thus, the coefficient of 2™ in the j-th summand in (3.15) can be expressed as follows:

i n+1l)---(n+¢—-1
(3.16) (erw( - )(£_<1)J!r )>Z§L:pj(”)2?v

(=2
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where p; is a polynomial with degree < m; — 1. The coefficients of p; depend on
the r,’s, which depend on the initial conditions of the recurrence. We have therefore
proved the main theorem about linear recurrences.

Theorem 3.2. If (a(n)) is a sequence satisfying (3.1) with ¢4 # 0, and if

(3.17) P(z) = 24 + chzdfj = H(Z — z;)™,

J=1

then there ewist polynomials p; so that for n > 0,
(3.18) a(n) = ij(n)z;‘, deg(p;) < m; — 1.
j=1

Conversely, any sequence (a(n)) defined by (3.18) satisfies the recurrence (3.1).

The proof of the last assertion is that (3.18) implies that f is given by (3.15), and
so 1 f is a polynomial. In practice, “most” polynomials have distinct roots, so the
polynomials p; are, in fact, “usually” constants.

As noted in Chapter 2, the set of sequences satisfying a recurrence such as (3.1)
forms a d-dimensional vector space. One natural basis follows from (3.18), namely

{nizj”: 1<5<r, Ogigmj—l}.

A somewhat more natural basis comes from (3.14) by considering those sequences

whose generating functions are given by ﬁz) for 0 < i < d— 1. Define by(n) to be
the sequence satisfying (3.1) with initial conditions

It follows from (3.13) that
-1

; bo(n)z" = o)

Upon dividing (3.2) by 2%, 1 <k < d — 1, we see that
z

nzzobo(n—l—k)z": O

In other words, the sequences {(bg(n)), (bo(n+1)),..., (bo(n +d — 1))} form a basis
for this subspace. This is familiar in the Fibonacci sequence setting.

There isn’t too much to say about solving (3.6) directly. The standard methodology
is to put the matrix in Jordan canonical form:

(3.19) M=C"'DC = M"=C"'D"C.

If the characteristic polynomial of M has distinct roots, then D is diagonal and D™
is easy to calculate; otherwise, D is a block diagonal matrix.

d—1—k
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3.3. Standard examples. Here is a simple example of a recurrence with a repeated
root. Let

(3.20)  a(n) =4a(n —1) —4a(n —2); a(0) =7, a(l) =2s; ¢(z) = (z —2)%
Then a(2) = 4(2s —),a(3) = 4(8s — 4r) — 4(2s) = 24s — 16r = 8(3s — 2r), and

o0

(1—4z+42%)) a(n)z" = a(0) + (a(1) — 4a(0))z
(3.21) =0
—1—2 —4da(n — 1) +4a(n —2))" =1+ (25 — 4r)=.
Thus,
- n + (25 —4r)z  2r—s —r+s
(3.22) Za (1 22 1-2: ' (1-22)°

a(n) =(2r—s)+(s—r)(n+1))2" =2"(ns — (n — 1)r),

as can verified by the first few terms of the series given above.

Now the inevitable Fibonacci example. The Fibonacci numbers are defined by
Kh=0FK=1F,=F,1+F, s or F,—F, —F, =0 forn> 2. Following the
previous procedure, we see that

> Fy+ (F, — F,
ZFnZ”: 0+(1 0)2_ z

1—2— 22 1—2—22

Since 22—2—1 = (2—¢)(2—¢), where ¢ :,# ~ 1.618 and ¢ = 15 ~ — 618, there
exist constants ¢; so that F,, = c190™ + co¢™. The initial conditlons 1rnply c1+c=0
and c1¢0 + co¢p = 1, yielding the Binet formula:

o nes(()-(5)

Since |¢| < 1, we see that F), ~ 75 in fact, F), is the closest integer to - for n > 0.

It is also easy to extend the definition of the Fibonacci sequence to negatlve n; the
equation ¢¢ = —1 is instrumental in showing that F_,, = (—=1)""1F,.
It follows from the geometric series that

n=0 mO =0 7=0

R

>0

(3.24)
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(The binomial coefficient shuts off the final sum at j = |25+ |.) This formula lets you
find the Fibonacci numbers by summing along a slope of Pascal’s triangle, and will
show up in the next chapter.

Closely related are the Lucas numbers, defined by Ly = 2,L; = 1, and L, =
L, 1+ L, o forn > 2. Since (L,), (F,) and (F, 1) are three sequences with the same
second-order recurrence, they are linearly dependent. Thus, there exist constants c;
so that ¢1 L, + o F,, + c3F,,41 = 0, and (F,) and (F, 1) are not proportional, so we
may take c; = 1. Putting n = 0, 1, we see that

24 c3=14+cr4+c3=0 = cy=1,c3=—-2
- Ln:2Fn+l_Fn:Fn—l+Fn+l-

Similarly, (F,), (L,) and (L,41) are linearly dependent, and F,, = %(2Ln+1 — L,).
The similarity of coefficients is not accidental; it’s an exercise that for fixed «, 3, m,

1
Ln+m = Oan+1 + 6Fn <~ Fn+m = g (aLnJrl + BLn) :

For a fixed positive integer m, there must be a dependence among (F,), (Fn+1)
and (Fy4,). Taking n = 0,1 in the equation F,.,, = aF, + fF,1 implies that
F,, =B, F,i1 = a+ 3, so it’s easy to derive the Fibonacci addition formula:

(325) Fn+m = (Fm+1 - Fm)Fn + Fan+1 = Fm+1Fn + Fnbny.
It is also easy to show that L, = ¢™ + 95” and F, L, = Fy,. Finally, observe that

R D (A

k>0

(@+y)"—(@—y) =2 ( " )xn—%—lyw.

= 2k +1

(3.26)

Taking = = % and y = ‘/75, we find that  +y = ¢ and z — y = ¢, and in view of the

formulas for F,, and L, it follows from the binomial theorem that

1 [n/2] n 1 [(n—1)/2] n
327 2 () v > ()

k=0 k=0

It does not seem to be intuitively obvious that the sums should be divisible by 2771,
nor that the ratio of the sums should approach v/5 as n — co. It takes nothing away
from the romance of Fibonacci numbers to observe that many of their properties are
similar to those satisfied by any sequence satisfying the second order linear recurrence;
a(n) = aa(n — 1) + Pa(n — 2). This is especially true when 5 = £1 (so the roots of
the characteristic equation are reciprocals or nearly so), and when a(0) = 0,a(1) = 1.
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3.4. Two basic Stern recurrences. In this section, we make a first pass at answer-
ing two basic questions about the Stern sequence: how many n have the property
that 3 | s(n), and what is the behavior of 3 s(n)??

Recalling (1.76) and (1.77), A(3,0) denotes the set of n for which 3 | s(n), U(r;3,0)
is the number of elements of A(3,0) in 7, and T'(n;3,0) is the number of elements of
A(3,0) which are < n. We showed in Theorem 1.7 that 0 < n € A(3,0) if and only
if 2n,8n +5,8n +7 € A(3,0). We set a, = U(r; 3,0) for short.

We can easily compute the first few values of a, := U(r;3,0); namely, ap = a; =
0,a0 =a3 = a4 = 2,a5 = 10, a6 = 18.

Theorem 3.3. Ifr > 3, then
(3.28) ay = Qp_1 + 4a,_s.

Proof. Since s(2") = 1, no power of 2 is in A(3,0). By (1.81), the number of n
in A(3,0) in the five “covering congruences” of 0 (mod 2), 5 (mod 8), —5 (mod 8),
7 (mod 8), —7 (mod 8) is equal to a,_1, a,_3,a,_3, a,_3, a,_s respectively. O
The characteristic equation of (3.28) is 2% — 22 —4 = (2 — 2)(2* + 2 +2) =
(5 = 2)(z — 1)(z — 1), where
(3.29) = —LHVT
2
It follows that a, = 12" + cou”™ + c3p”, where
0= C1+Cy+cC3
(330) 0=2c + HUCo + [iC3
2 = dey + pitey + fitcs.

—1—Ti

—5+ 13230, =y

~ —.5—1.323.

Since |i| = || = v/2, the asymptotic growth of a, is determined by ¢;. Although
(3.30) is easy to solve, there is a trick to computing ¢; directly. Observe that p and
ji are the roots of z? + z + 2 = 0. Thus, if we multiply the rows above by 2, 1, and
1, successively and add, we find 2 = 8¢, so ¢; = }1. A routine computation, the rest
of which we omit, shows that

1 —7 4+ 5VTi —7 —5Ti
31 L= SR S R L S b7
b et () e (T2,

It follows by a routine (but easy-to-get-wrong) computation using puji = 2 that:

r—1 .
r 2" G — 7 —r 1
T(2;3a0):§ ak:z+<_)‘<ﬂu —M,u)—l—§
(3.32) k=0
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As |u| = |a| = V2, it follows that |T(2";3,0) — 2| = O(2/?). In Theorem 3.12 we
prove the stronger estimate that T'(n;3,0) = 2 + O(n'/?).
Another way to look at these equations is to write

(3). —14/Ti _ et ~7T+5V7 1 b

22 56 V14

(3.33)

Then (3.31) becomes

1 27"/2 ' ' 1
34 — —.9r s . i(ra+p) —i(ra+p) ——.9r 2r/2 2 )
(3.34) a, 12 Ni¥ (e +e ) 12Ty /7 cos(ra + 3)

Niven’s Theorem states that if £ and cos(d) are both rational, then 2cos(f) € N. It
follows from (3.33) that cos(2a) 3 hence & is irrational. It follows that the values
of the sequence (cos(ra + f3)) are dense in [ 1 , 1]; the coefficient of the error term in

(3.34) thus gets arbitrarily close to 1/2/7 &~ .5345.
We turn to the second question. We saw in (1.33) that Z o s(n) = 3. What

can one say abou r StNn)~! 1S helplul To make a more general dernition. rFor
y about 327 71 5(n)2? Tt is helpful to mak general definition. Fi
integers u,v > 0, let

ortl_q

(3.35) My (1) 1= Z s(n)*s(n+1)".

n=2"

A quick lemma uses the row-reflection property (1.19):
Lemma 3.4. For all u,v,r, My (1) = My (7).

Proof. A reparameterization via m +n =3-2" —1 = 2"t 4+ 2" — 1 shows that

Mayw(1) = Z_ s(n)ts(n+1)" = Z s(3-2"—=m—1)"s(3-2" —m)"
= Z_ s((m+1)")%s(m*)" = Z_ s((m+1))"s(m)? = my.(r).

Lemma 3.5. The following family of recurrences hold for r > 0:

v

330 mal+ ) =3} msssl +Z( )

k=0
Proof. The general reindexing

2b—1

(3.37) > fn) = i: f(2n) + Z_: f@2n+1),

n=2a
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applied to a = 2", b = 2"*! implies that

2r+1_1 27‘+1_1

Myp(r+1) = Z s(2n)"s(2n 4+ 1) + Z s(2n+1)"s(2n +2)”
n=2" n=2"

or+1_1 ortl_1

= ) s(n)“(s(n) +s(n+1)"+ Y (s(n) +s(n+1))"s(n+1)"

n=2" n=2"
Expansion by the binomial theorem leads to (3.36). O

Theorem 3.6. For each integer p, the sequences (m;,—i(r)), 0 < i < p, satisfy the
same linear recurrence of order | 5] + 1.

Proof. There are p + 1 sequences (m;,—;(r)), and (3.36) shows that they satisfy a
matrix linear recurrence. But Lemma 3.4 shows that we can rewrite (3.36) so as to
limit our attention to the |£] 4+ 1 sequences (m;,_;(r)) with i > p/2. O

In particular, Lemmas 3.4 and 3.5 imply that mao(r) = mg2(r) and

Mao(r + 1) = mag(r) + mag(r) + 2ma 1 (r) + moa(r),
m171<7' + 1) = m270<7') + le(T) + le(?") + m072(1“)

— (e = (5 3) (eelr):

The characteristic polynomial of [3 3] is A> — 5\ + 2, which has roots

val -1
_ o VIT 4562, U= S VIT | 43

2 2
The initial conditions are: mgo(0) = s(1)% = 1, mao(1) = 5(2)? + s(3)> = 5. After
some computations, me () simplifies to:

(3.38)

(3.39) v

Theorem 3.7.
1
(3.40) Mao(r) = ——- (1/”1 — DTH).

V17

Since v € (0, 1), it follows that ma(r) = [v"1/v/17]. The formula for m; ;(r) can
be found from the relation, my 1 (r + 1) = mao(r + 1) — mao(r). For later reference,
we observe that s(2") = s(2"*1) = 1 implies that

(3.41) muo(r) = mou(r) = > s(n)".

’I'LGIT

This is not true for m,, ,(r) when uv > 0 because s(2" — 1) # s(2"! + 1).
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3.5. A summation technique Recall the “trapezoidal sum” from (1.28):

Z*f Zf fla) + f(b) Zf +f(”+1)

these expressions are addltlve; c.f. (1.29).
For 2"m <n < 2"(m+1), s(n) is easily expressible in terms of s(m) and s(m+1).
For this reason, we define the sequence S(f;m) = (S(f;m,r)) by

2T(m+1)
(3.42) S(f;m,r) Z f(n

n=2"m
Lemma 3.8. Suppose that there is a finite set of sequences {(a;(r)) : 1 < j < e}
with the property that, for given f and each m € N, S(f;m,r) = a;,,(r) for some
Imy 1 < g < e. Then there exists d < e and ¢y, 1 < € < d, so that, for all m:

d
(3.43) S(f;m,d) +ZCJSfm,d—r):o.
=
Proof. The e+ 1 e-tuples v(r) := (a (r), a.(r)), 0 < r < e, are linearly dependent,
80 Y oy Avu(r) = 0 for some non-zero A,. Let d be the largest r so that A\, # 0 and
then let ¢; = A\g—;/Aq for 0 < j < d. O

When there is no ambiguity, for a sequence (a(r)), we define

(3.44) Y(a;r) :=a(r) + Z cja(r — ) =0,

so that (3.43) is simply Y (S(f;m);d) = 0.

Lemma 3.9. For all (f,m,r), we have

(3.45) S(fim,r+1)=S(f;2m,r)+ S(f;2m+ 1,7).
Proof. This is an application of (1.29); simply reinterpret

27t (m41) 27( 2m+1) T(2m+2)
(3.46) > - Y e Y s
n=27+lm n=2"(2m) n=2"(2m+1)

Lemma 3.10. If Y(S(f,m);d) = 0 for all m, then for all r > d,
(3.47) Y(S(f;m);r)=0.

Proof. We prove (3.47) by induction on r; the base case is (3.43). Assuming that
(3.47) holds, we find that

(3.48) Y(S(f;m);r+1)=Y(S(f;2m);r) + Y (S(f;2m + 1);7)
by repeated application of Lemma 3.9, and this establishes the inductive step. U
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Theorem 3.11. Suppose Y (S(f,m);d) =0 for all m and fort € N, let

27t

(3.49) Ar) = 3 ().
n=0

Then for r > d, the sequence (Ay(r)) satisfies

(3.50) Y(A;r)=0

Proof. Suppose t = 2™ + 2™ + ... 4+ 2" with ry > r9 > --- > 1, and let Ny = 0
and N; =2" + ... +27 = N;_; + 2% for j =1,...,k, so that ¢ = Nj;. Further, for
1 S] S k, let MJ =277 j—1, SO that Njfl = 2Tij and N] = 2TJ(M] + 1) Then

27t k2N
A=) =) > [0
n=0 Jj=1 n=2"N;_1
(3:51) ko277 (My+1) k
- Z f(n) :ZS(f;Mj,r—i-rj).
J=1 N\ n=2""i M; j=1
is a sum of sequences, each of which satisfies (3.50) by Lemma 3.10. O

The hypotheses of Theorem 3.11 might seem to be formidably strong, and they
usually are, unless the function f being summed relates to the Stern sequence. For
example, suppose f(n) = s(n) itself, and write f(m) = a and s(m + 1) = b. Then

s(m) s(m+1) a+b

S(f;m,0):= 5 + 5 =5
2 2 2
(852 s(im 1) =250 ¢ sfam ) 4 2221
a+2(a+b)+b  3a+3b
B 2 2
That is, S(f;m, 1) = 3S(f;m,0), and so, as we've already seen in Lemma 1.3,
2N N
(3.53) Z s(n) = 32 s(n).
n=0 n=0

We will now apply Theorem 3.11 to the two situations of §3.4.

3.6. The Stern sequence mod 3. Suppose f = X (4,5, so for T' C N, the expression
> ner f(n) counts the number of n in T for which s(n) =4 (mod d). By (1.12),

s(2'm+k) =s(2" — k)s(m) + s(k)s(m+1), 0<k<2".

If (s(mq), s(m1+1)) = (s(ma), s(me+1)) (mod d), then it follows that s(2"m, +k) =
s(2"mg + k) (mod d) for 0 < k < 27, so that

(3.54) S(Xaaiy; ma, 1) = S(Xaa,iy; ma, 7).
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Since s(m) = s(m+1) = 0 (mod d) is impossible, this means there are at most d* —1
different sequences (S(X A(di); ,7)), parameterized by (i (mod d),j (mod d)). The
hypothesis of Lemma 3.8 is satisfied and so Theorem 3.11 applies.

We now apply this in detail to the case (d,i) = (3,0), f = X = Xa,, and keep this
notation for the rest of this section; we return to the general case in a later chapter.

There are, conceivably eight different cases, depending on the congruence classes
mod 3; however, two observations reduce the number of different sequences: first,
if (s(m’),s(m’ 4+ 1)) = (s(m + 1),s(m)) (mod 3), then S(X;m,r) = S(X;m/,r) by
mirror symmetry; second, if (s(m'),s(m’ + 1)) = —(s(m),s(m + 1)) (mod 3), then
s(2'm’ + k) = —s(2'm + k) (mod 3), so X(2'm' + k) = X(2"m + k) and again,
S(X;m,r) = S(X;m/,r).

Let S;j(r) = S(X;m,r) in the case that (s(m),s(m + 1)) = (4,7) (mod 3). Thus,
So1(r) = Soa(r) = Sio(r) = Sao(r), S11(r) = Saa(r) and Si2(r) = Sa1(r), so there are

only three different sequences. A look at the initial conditions

0 1
0 1 1
Soa () : o 1 1 2 1
0112132 31
1 1
1 2 1
1 4 3 5 5 3 4 1
1 2
1 3 2
Sha(r) 1 4 3 5 2
1 54 7 3 85 7 2
shows that
(501(0)7 11(0)7 12(0)) (%7070)3
Soi(1 | 1)) = (%,0,1),
(3.56) (So1(1), S11(1), S12(1)) = (3 )
(501(2), 511(2), $12(2)) = (3,2, 1),
(S01(3),511(3), S12(3)) = (3,2, 1).

It follows, unsurprisingly in view of Theorem 3.3, that

This derivation of the recurrence uses no combinatorial information; instead, its ex-
istence is forced by dimensional considerations. An alternative approach to this
method would apply Lemma 3.9 to observe that S;;(r + 1) = Si(r) + Sk;(r), where
i+ j =k (mod 3). (This matrix recurrence is the technique we will use for general
bases in a later chapter.)
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In the notation of §3.4, we have Si1(r) = a,, Si2(r) = %arﬂ and Spi(r) =
T(27;3,0) = fa,42, and further

[Sn(r) — -2 < \/2- (VO
(3.58) [Sia(r) — 127 < /1 (VY
[Sor(r) = - 2] <3/ - (V)"
Thus, it follows that for all (m,r),
1
(3.59) ‘S(X;m,r) 1 2" < \/g (V2)".
Theorem 3.12.
N
(3.60) ’T(N;3,0) - O(NY?)
Proof. First observe that
X(0) + X(IV)
T(N; A TAVY
3,0) Z X(n 5 ,

so the difference between the two is either % or 1, depending on whether N € A(3,0).
This will not affect the asymptotics. Next, suppose that N = 2™ + ... 4 2" Then

N k
(3.61) X(n Z (06 My, 7).

n=0 7j=1
Therefore,

N N,
‘T(S,O;N)—Z’ <1+ Z X(n) — —
n=0
i 1
<14 S06M,ry) — 422% S(X; My, rj) — = - 27

(3.62) i=1

swg\/%-(ﬁ)”su\/%(;(ﬁ)f) ﬂﬂ/?%

<1+ \/§<¢5+ D(V2)(NY?2 —1) = MT;Q - NY2 < 2N1/2,
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3.7. How fast does the Stern sequence grow? We return briefly to Theorem
3.7. Using the general methods, we can obtain the recurrence more easily. Writing
s(m) = a and s(m + 1) = b, with f(n) = s(n)?, we have

fm)  fm+1) a®+0?

S(f;m,0) = 5 + 5 = —
SU;m,l)z@H@mﬂHw
(3.63) _ Ak 3 dab e
S(f;m,2) = f%m) +f(4m+1)+f(4m+2>+f(4m+3>+w
_ 3a® + 4ab + 3

13a® + 20ab + 13b?

+ (2a+b)* + (a + 2b)* = >

2
It may be readily verified that

(3.64) S(f;m,2) —=5S(f;m,1)+2S(f,m,0) =0.

Since S(f;1,7) = mao(r), this is a much faster derivation of Theorem 3.7; however,
you don’t get the recurrence for g(N), which is not a sum of this kind.
We now discuss, without tremendous detail,

2r+1

(3.65) myo(r) == Z* s(n)F = S(s(n)*;1,7).

n=2"

As above, we suppose that s(m) = a and s(m + 1) = b, so that

S(f;m,0) = %(ak + bk);
(3.66) S(f;m, 1) = S(fim,0) + (a+ b)*;

S(f;m,2) = S(f;m, 1)+ (2a + b)* + (a + 2b)".

As we have already seen, when k = 1, S(f;m,1) = 35(f;m,0) and mqo(r) = 3".
When £k = 3, there is an unusually pleasant recurrence:

S(f;m,2) —7S(f;m, 1) = (2a + b)* + (a + 2b)* — 6(a + b)* — 3(a® + b*) = 0.
It follows that mgo(r + 2) = Tmso(r + 1) for » > 0, and that
(367) 777/3’0(0) = 1, mg’o(r) = 9 . 7T71, r Z 1.

Note that this second-order recurrence has one root equal to zero and another way to
express (3.67) would be as mso(r) = 27" — 207, Alternatively, Lemma 3.5 implies
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that mso(r) = mos(r), me1(r) = my2(r) and
m370(r + 1) = 2m370(7‘) + 3m271(r) + 3m1,2(7‘) + m073(r)
777/2’1(7” + 1) = mg’Q(T’) + 2m271(7") + 2m1,2(7“) + m0’3<7’)

= (i) = G 9 G-

The characteristic polynomial of 39 is A> — 7A. The cases for k = 4,5 are deferred
to the solutions to the second set of exercises.

Is there a point to this? We might ask the vague question: how large is s(n)?
Certainly individual values vary quite a bit: if 27 < n < 2 1 < s(n) < F,, as
we have seen. However, the results on sums of powers suggest that there might be
some regular behavior. Define the t-th power mean for 2" < n < 2"+
1/t

(3.68)

2'r+1

(3.69) M(rt) = %Z* s(n)!

n=2"

We have already seen that M(r,1) = (%)r, which suggests the definition

(3.70) L(r;t) == M(r, )Y

In this notation, L(r;1) = % This subject ties in with some traditional analysis, and
a classical slick inequality proof.

Theorem 3.13. If x; > 0 for 1 < k <n, then the function

L 1/t
(3.71) M(t) := (EZ:EZ>

is increasing for t > 0, and tlim M (t) = max xy.
—00

Proof. We first consider the auxiliary function
(3.72) O(t) := log (Z a:',;) ;
k=1
and commit calculus, finding by routine computation that
n n n 2
(Z m',;) (Z =t (log xk)z) - (Z ! log xk)
(I)”(t) _ k=1 k=1 k=1

(E4)

The numerator of (3.73) is non-negative by Cauchy-Schwartz, so ® is convex for all
t. This implies that

(3.73)
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is an increasing function for ¢ > 0, as is @ But
(3.74) t t n
— ¥ = M(t).

If M = maxzy, then M* < >~ ot <nM?!, son YIM < M(t) < M. O
k=1

For example,
lim L(r,t) = Fjj’;

t—o00

Lemma 3.14. Suppose

t
(3.75) ar = e\ + Y gi(r)X;,
j=1
where ¢ > 0, g;(r) is a polynomial in r and X\ > |\;| is a positive real. Then
(3.76) lim al/" = \.
r—00

Proof. Since a, = \'b,, where limb, = ¢ > 0, and since ¢'/” — 1, the proof is
immediate. O

It follows from Lemma 3.14 that

. . T 1/r . 1+ \/5 —~
(3.77) Tim (3520 L(r, t)) = lim £, = @ = =2 ~ 16180.
A more interesting, and open, question, is the computation of
(3.78) lim (hm L(r, t)) :
t—o0 \r—oo

which, based on the lemma, is closely related to the behavior of the recurrences
that we've found. In fact, taking into account earlier equations and the numerical
values of the roots not presented here explicitly (for t = 4,5,6,7, and providing an
uninteresting hint to the exercises), we have

1/2
lim L(r,1) = 3 =15, lim L(r,2) = (%) ~ 15102,

T—00 r—00
(3.79) lim L(r,3) = (2)"° ~ 1.5183, lim L(r,4) ~ 1.5249,
r—00 T—00
li_>m L(r,5) ~ 1.5305, li_)rn L(r,6) ~ 1.5354, li_}rn L(r,7) ~ 1.5396.

The limiting behavior is far from clear.
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3.8. Sylvester’s Theorem. The material in this section is mostly adapted from
the papers On the length of binary forms, to appear in Quadratic and Higher Degree
Forms, (K. Alladi, M. Bhargava, D. Savitt, P. Tiep, eds.), Developments in Math.
Springer, New York, http://arxiv.org/pdf/1007.5485.pdf. and Sums of even powers
of real linear forms, Mem. Amer. Math. Soc., Volume 96, Number 463, March, 1992
(MR 93h.11043), both of which can be downloaded from my website.

We give an application of linear recurrences with no direct ties to Stern sequences,
but which resonates with various number theoretic questions: namely, the represen-
tation of binary forms as a sum of powers of linear forms. The main result was proved
by J. J. Sylvester in 1851.

The representation of quadratic forms as a sum of squares of linear forms is well
understood and a standard part of linear algebra. This is less so for higher powers of
linear forms, even though the simplest case (two variables) has been understood for
more than 150 years.

Consider also the classical question of quadrature. Suppose S C R™ and measure
w are given. A quadrature formula of strength m for (S,du) is an exact formula

(3.80) /Sf dp = Z)\kf(tk), fEeR[zy,...,x,], degf <m.
k=1

In this section we take the case of S = [—1,1] C R! and Lebesgue measure: (3.80) is
a quadrature formula of strength m provided it holds for f(t) =t*, 0 < i < m, so

1—(=1m*! b ~ :
(3.81) — = 1t dt =Y Mti, 0<i<m.
- k=1

If » < m, then (3.81) says that the successive “moments” must satisfy an r-th order
linear recurrence. We can turn (3.81) into a single equation by constructing the
appropriate generating function:

/_ll(x +ty)™ dt = Xm: (T) </_11 t dt) Z iy

=0

= <T> (Z >\th> 2Ty =Y M@+ )™
i=0 k=1 k=1

In other words, a quadrature formula on an interval in R is the same as a represen-
tation of a binary forms of degree m as a sum of m-th powers of linear forms.

We consider binary m-ic forms with complex coefficients; that is, homogeneous
polynomials of degree m in two variables, written as:

(3.83) fla,y) = i <m> iy

. 1
=0

(3.82)

(It is both customary and convenient to factor the binomial coefficient out in the
expression.) The length or rank of f is the smallest integer r with the property that
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there exists an expression:

(3.84) flz,y) = Z el + Bry)™.
k=1

One quick remark: if 7 in (3.84) is minimal, then the linear forms {axz + Sy} will be
pairwise non-proportional; otherwise, two could be combined. Under this restriction,
we say that (3.84) is an honest representation.

If (3.84) is honest, then oy = 0 for at most one zero; hence after writing ¢, = yra "
and /\k = Bk/ak,

T r—1
(3.85) flz,y) = Z e+ M\y)™, or  f(z,y) = Z e+ My)™ + cy™.
k=1 k=1

A comparison with (3.83) shows that (3.85) is equivalent to:

I8
ai:ch)\ﬁc, 0<i<m or
k=1

(386) r—1 r—1
4= X, (0<i<m=1), an=Y cM\ +c
k=1 k=1

Theorem 3.15 (Sylvester). Suppose f is given by (3.83) and suppose

s s

(3.87) hzy) =Y cx" "y =[[(-Bz + )

t=0 j=1

s a given product of pairwise distinct linear factors. Then there exist A\, € C so that
(3.84) holds if and only if

ap a1 (078 Co 0
a a ceeay c 0
(3.89) y S N el I R
Um—r Am—r41 " A Cr 0
that is, if and only if
(3.89) > ape =0, L=0,1,...m-r
t=0

If (3.88) holds, we say that h, as defined by (3.87) is a Sylvester form for p.
Sylvester’s Theorem in practice involes writing the successive “Hankel” matrices in
(3.88) with increasing r until there exists one with a non-zero null vector (co, ..., ¢,)"
so that the resulting Sylvester form has distinct factors. Afterwards, the computation
of the \j is routine.
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Proof. First suppose that (3.84) holds. Then for 0 < i < m,

r

T T T
. m—i Q1 . m—~_—t Ql+t
a; = E Ay B = E Ap1¢Ct = E E Aray, B e
k=1 t=0

k=1 t=0
T T T
=D Ml TR i Bler = > Al ™ BE h(aw, Bi) = 0.
k=1 t=0 k=1

Now suppose that (3.85) holds and suppose first that ¢, # 0. We may assume
without loss of generality that ¢, = 1 and that o; = 1 in (3.87), so that the f5;’s are
distinct. Define the infinite sequence (a;), i > 0, by:

r—1

(3.90) ai=a; if 0<i<r-—1; aTM:—Zan for ¢ > 0;
=0

so that (a;) satisfies (3.86) and extends the finite sequence (aq, ..., an):

(3.91) a; =a; for i<m.

Theorem 3.2 now implies that there exist A\, so that for all 7,
(3.92) i =Y e

In particular,

(3.93) o = )
Ak Z ( )Biixm_iyl = Z Ak( + Bry)™,
k=1 =0 k=1

as claimed in (3.84).
If ¢, = 0, then ¢,_; # 0, because h has distinct factors. We may proceed as before,
replacing r by r — 1 and taking ¢,_; = 1, so that (3.87) becomes

r—1 r—1
(3.94) h(z,y) = Z ax" Tyt =2 H(y — B;x).
t=0 j=1

Since ¢, = 0, the system (3.88) can be rewritten as

Qo aq s Ar_1 Co 0
ai as e a, c1 0
Ag—y OGm—r41 " Am-1 Cr—1 0

We may now argue as before, except that (3.91) becomes

(3.95) a; =a; for i<m-—1, Q= Ay + Ay
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for some A, and (3.93) becomes

=3 (7)o =

i=0
(396) r—1 m r—1
M+ 0D (7 ) =+ St ™
By (3.94), (3.96) meets the description of (3.84), completing the proof. O

In 1886, Gundelfinger studied the case where the Sylvester form h has repeated
factors. The factor (—Bz+ay)’ of h corresponds to a summand q(x, y)(az + By)*H1-¢
in f, where ¢ is an arbitrary form of degree ¢ — 1.

The classical application of Sylvester’s Theorem is to “canonical forms”. If m =
2s — 1 and r = s, then the matrix in (3.88) has dimensions s x (s + 1) and so has a
non-trivial null-vector; for a “general” f, the resulting form h has distinct factors, and
so a general binary form of degree 2s — 1 has a representation as a sum of s 2s — 1-st
powers of linear forms, which is unique up to a permutation of the summands. If
d = 2s and r = s, then the matrix in (3.88) is square, and since its determinant is
not 0 in general, there is no corresponding h. However, for general f, for any a, there
there exists A\g = A\g(a) so that the Hankel matrix for f — Ao(z + ay)?* does have a
non-trivial null vector and is a sum of s 2s-th powers, hence general f is a sum of
s+ 1 2s-th powers in infinitely many ways.

Without going into details, one can also define the K-length of a form f for any
subfield K C C which contains the coefficients of f, and Sylvester’s Theorem can be
adapted to that case as well. Here is one example:

i) 5
H(x,y) = 32° — 202%y* + 102y* = (0> .35+ <1> 0 2ty

o B 3 92 d 2 3 d 4 i) 5.
+(2) (=2) z°y +(3) 0 z°y° + 4 2 xy” + . 0vy°;

Co

3 0 -2 0 . 0
0o -2 0 2] Cl =[0] = (co,c1,c0,c3) =7(0,1,0,1).
-2 0 2 0 02 0

3

Thus, H has a unique Sylvester form of degree 3: h(z,y) = y(z* + y?), which factors
as y(y — iz)(y + iz). Accordingly, there exist Ay € C so that

H(z,y) = Ax® + Ag(z + iy)5 + A3(x — z'y)5.

It may be checked that Ay = Ay = A3 = 1; this is how H was constructed.
To find representations for H of length 4, we consider (3.85) for H with r = 4:

H4(H) . (60,01,02,63,04)t = (0,0)t < 360 — 262 + 264 = —201 + 203 =0
— (007 C1, C2, C3, C4> - T1<27 07 37 07 0) + T2<OJ ]-7 07 17 O) + T3(07 07 17 07 ]-)7
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hence h(z,y) = ma?(22% + 3y%) + y(x? + y?)(r2x + r3y). Given a field K, it is
unclear whether there exist {r,} so that h splits into distinct factors over K. We
have found such {r,} for small imaginary quadratic fields. For example, the choice
(r1,79,73) = (1,0,2) gives h(x,y) = (22 + y?)(z? + 2y?) and

24H (2, y) = 4(z + V—2y)° +4(x — vV=2y)° + (22 + vV —2y)° + (22 — vV—2y)°.

Similarly, (r,72,73) = (2,0,9) and (2,0, —5) give h(x,y) = (2? + 3y*)(42* + 3y?)
and (2% — y?)(42% + 5y?), leading to representations for H of length 4 over Q(y/—3)
and Q(v/=5). The simplest such representation we have found for Q(v/—6) uses
(1,7, 75) = (8450,0, —104544) and

h(z,y) = (5z + 12y)(5z — 12y)(6 - 13%2? + 33%y?).

We believe, but have not proved, that examples such as these exist for every imaginary
quadratic field. A different theorem of Sylvester, from 1864, implies that H has no
representation as a sum of fewer than five real fifth powers of linear forms.

As another example with number theory applications, consider the representations
of (xy)* as a sum of 2k-th powers of linear forms. The square Hankel matrix for
flz,y) = (Qkk)gl:"“y’g has 1’s on the NE-SW diagonal, and so is non-singular. Thus
there is no representation of f as a sum of k 2k-th powers of linear forms.

Let ¢, = e2™/™. It is easy to see that Z?Z)l 77 = ( unless m | r, in which case

it equals m. It turns out that the full set of minimal representations of f(z,y) =
(Zk) zFyk as a sum of (k + 1) 2k-th powers is

k

2k ; -
(3.97) (k+1) ( I ):z:kyk = Z(C§k+2wx + Gl yw y) 0+#weC.
=0
Evaluate the right-hand side of (3.97) by expanding the powers:
: 2%
(2k _
Z(Q%wa + C2k+2w y)? Z Z ( )<2k+2 t)=jt, (2k—t)~t .2k byt
j=0 j=0 t=0

(3.98)
2k o k -
_ Z ( . )w2k—2tl,2k—tyt Z C}iﬂ .
t=0 j=0

Since the only multiple of k£ + 1 in the set {k —¢ : 0 < t < 2k} occurs for t = k,
(3.98) reduces to the left-hand side of (3.97). The representations in (3.97) arise
because the null-vectors of the resulting (k — 1) x (k + 1) Hankel matrix can only be
(co,0,...,0,crp1)t and coz**t + ¢ y*tt is a Sylvester form when cocpyq # 0. We
state without proof that by making the change of variables in (z,y) — (z —iy, z+1iy)
in (3.98) we obtain the expressions:

2%k -
(3.99) (k)(x + %) Z cos 1547:14'9 x+sm(kjfl+9) )k g e C.
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When 6 is real, these are related to the “Hilbert identities” used in solving the Waring
problem. Even for real 6, the earliest instance of (3.99) in the literature seems to be
by Friedman from 1957. Representations of (2% + --- + x2)* as a real sum of 2k-th
powers and can be identified with quadrature formulas of strength 2k + 1 on the
Sm=1 C R™. In this sense, (3.99) can be traced back to work of Mehler from 1864.

We finish by revisiting quadrature formulas on [—1,1]. For strength 3, (3.82)
becomes:

k=1
Sylvester’s Theorem with r = 2 yields

((2) 293 263)‘ ?1) = (8) > (co,c1,¢2) = 7(1,0,=3).

C2

Thus, h(z,y) = 2* — 3y* and there exist A, so that 22° + 3 - 2zy* = \ (V32 + y)* +
A2(V/32 — y)3. Cleaning up, we find the Gaussian quadrature formula of strength 3:

284 2057 = )+ = = [ O dt =@+ =

For strength 4, the matrix

2 0 2/3
0 2/3 0
2/3 0 2/5
is non-singular, so there are no 2-point quadrature formulas of strength 3. But
Co
<2 0 2/3 0 > al (0)
02/3 0 2/5) ]  \O
C3

leads to h(z,y) = rz(32? — 2y?) + sy(5x? — 3y?). Thus, there are actually infinitely
many 3-point quadrature formulas of strength 4, and we can choose (r, s) to ensure
that any particular point is included. In this way, we see that there is no guarantee
that the points {¢;} need to be in the interval of integration, although practical people
also want to choose points to minimize error. There will be an exercise or two on
this, as well as one showing that there is exactly one choice of (r, s) for a strength 4
quadrature formula which actually has strength 5.
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BRUCE REZNICK, UIUC

1. SIMPLE CONTINUED FRACTIONS

In this set of notes, we talk about simple continued fractions (numerators = 1, scf
for short) and their relationship to the Stern sequence. There is a close relationship
between simple continued fractions and the Euclidean algorithm. As a representative
example,

51 = 2 x 22 + 7
1 1 7 51
3+ — T 7 7T x 1 4+ 0
7

Somewhat more formally, if z = §, p,q € N, ged(p,q) = 1, then either ¢ = 1 and
z=p,orp=apq+r, withl <r<gqg—1, and

®) ot 1
q

r
q q

r

Since r < ¢, this sets up a finite recursive definition for scf, resulting in

1
®) P ————
To + 1
Tn
with x,, > 2. Alternatively,
1
(4) Z=a1+ 1 )
To + B 1
.. -
Tp— 1+ =

1

and we see that z always has a representation with an odd number of denominators.
1
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It is helpful to think of the denominators as indeterminates in finding formulas.
For n > 1, define p,(z1,...,x,) and ¢,(x1,...,z,) by:
n(T1, .. Ty 1
(5) P21,y Tn) _ e —
Qn(T1, ..., Ty) 1

Ty +———
1
e + R
Tn

with the convention that py(z1) = z; and ¢;(z1) = 1. There is an immediate relation:

(X1, ..., Ty 1 T1Pp-1(T2, ..., Tn) + Guo1(x2, ..., Ty
(6)]9(1 >:x1+ _np 1(22 ) + @1 (72 )
Gn(T1, .., Tp) Po—1(za, ..., 2y) Pr-1(T2, ..., xy)
anl(x% s 7xn)
It follows that ¢, (x1,...,%,) = pp_1(x2,...,x,), and so it is natural to define py = 1

and say goodbye to ¢,. For n > 2,

(7) P, o xn) = T1pp_1(xe, ..., x,) + Pr_o(xs, ..., x,)

In order to make this recurrence sensible for n = 1, it is customary to define p_; = 0.
The traditional name for p, is the continuant. Here are some of the smaller values.
p-1 =0, po =1, pi(z1) = 21, pa(T1, 2) = 2122 + 1,

(8) p3(x1, T2, T3) = T1T2x3 + 1 + X3,
Pa(1, T2, T3, T4) = 1022374 + 122 + T1T4 + 374 + 1.

It is evident from the definition that p,(x1,...,z,) is linear in each of the variables,
and so it is natural to wonder which monomials x;, - - - x;. appear. It turns out to be

T

the terms whose absent variables appear in disjoint consecutive pairs. We define

1

9 Bi = Bi(%i, i11) = .
) (70 i) Lili+1

and for integers m < n, define Z(m,n) to be
(10)  OU{i=(i1,....30) m<iy, i;+2<i;.1 1<j<r—1), i <n-—1}

That is, Z(m, n) consists of the first elements of all sets of disjoint pairs (i;,7; + 1)
contained in {m,...,n}.

Theorem 1. For alln > 0,

(11) pn(£1,...7$n):x1...xn Z leBZr
1€Z(1,n)
Proof. Let

a’;‘l...xn
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We see from (8) that ¢g = ¢1 = 1 and ¢o(1,22) = 1 + By, so the theorem is valid
for n < 2. After division by x; - - - z,,, the basic recurrence (7) becomes

n—2\T3, """, Tn
(13) bu(T1, 1 80) = G2,y 0) + 2 2(s )

1T
We divide i € Z(1,n) into two classes. First, if 1 ¢ i, then i € Z(2,n) (possibly i = ().)
Otherwise, 1 € i, s0 2 ¢ 7 and i = (1,7') (as a concatenation), where i’ € Z(3,n)
(possibly ¢ = (.) Tt follows by induction that

¢n(x17 s 7In)
= Z B, ---B; + B - Z Bi, - B
(14) i€Z(2,n) i€Z(3,n)
— Z Bi, -+ B,
1€Z(1,n)
as desired. O

The next observation is critical to understanding the Stern sequence.
Theorem 2. For all n,
(15) Pty xn) = pu(Tp,y ..oy 21).

Proof. The condition on the missing indices in the terms of the continuant is sym-
metric under their mirror reflection. To be precise, if f : z; — 2,114, then x;z;11 —
Tpt1—iTn_i, SO0 B; — By,_; (for 1 <i <n —1), and the condition of the separation of
indices by at least two is preserved. O

Corollary 3. For all n,
(16) Pu(T1, o xn) = TpPpo1(x1, oy Tp1) + Pra(T1, oo Ty2).
We now present some “expansion” formulas for continuants.
Theorem 4. Using the conventions pg =1 and p_; = 0, we have, for m,n >0
Pmn(T1, 5 Ty Y1, -5 Yn) = P10+ T )P (Y1, 5 Yn)
FPm-1(T1, 5 Tm—1)P—1(Y2, 5 Yn)-

Proof. Although this can be proved by looking at the “missing terms”, it is probably
clearest to prove by induction on n for fixed m. For k < m, let py, = py(x1,...,xx) for
short, and let the desired equation for n be expressed as LHS(n) = RHS(n). Then
LHS(0) = RHS(0) is pm = pm - 1 +pm—1 -0, which is trivial, and LHS(1) = RHS(1)

(17)

iS pra1(T1, - T, 1) = D - P1(Y1) + Pm—1 - 1, which is the basic recurrence. Since
LHS(n) =y,LHS(n—1)+LHS(n—2) and RHS(n) = y,RHS(n—1)+RHS(n—2),
the result follows by induction. O

It will be useful to have some special values of the continuant. These are to be
used in conjunction with the corollary for full effect.
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Lemma 5. (1) pn(l'la sy In—2, Tp—1, 1) = pn—1($17 cey Tp—2, Tp—1 + 1);
(2) pn(x1, . oy T2, Tn—1,0) = pp_a(x1, ..., Tp_2a).

Proof. Once again, let py, = pr(x1,...,xx) for k <n — 1. Then

(18) pn<xla c o3 Tn—2,Tn-1, ]-) =1- Pn—1 +pn—2 - (xn—lpn—2 +pn—3) +pn—2
= (1 + xn—l)pn—? + Pn-3 = pn—l(xb ceey T2, Tp—1 + 1)

The second equation follows immediately from Corollary 3. O

We remark that informal “proofs” of these equations are:

1 1 1 1
19 n— - 7 — 4dn-— 1 n— - 7 — 4dn-— — = 4np-2.
(19) @p_o+ 1 x 2+$n_1+1 Tp—2+ 1 T 2+oo Tp—2
In—l“‘I l’n_1+6

Theorem 6. If m,n > 1, then

pernJrl('Il? R 7$m707y1; vy Un
(20) me+n_1(x1,...,a:m+y1,...,yn
Pt (1o T )P0 (Y1 -+ Un) F P (@1 oo Ton) D1 (Y2, - - Yn)-

)
) =

Proof. Both equalities can be proved by induction on n for fixed m; the second is
actually easier to show directly.
For the first, let py, = pr(x1,...,xx) again and for n > 1, let

(21) an = pmsns1(@1, - T, O, U1, - Un)s O = Dinan1(X1, o s T Y15+ -+, Yn)-
Then
a; = ylpm+1<x1> v Ty, O) + Pm = Y1Pm—1 + Pm

22

( ) = Y1Pm-1 + (:Empm—l + pm—2) = (yl + xm)pm—l + Pm—2 = b17
and

(23) Q2 = Y201 + Pm—1 = yzb1 + Pm—1 = bo.

Since a, = Ypan_1 + an_o and b, = y,b,_1 + b,_o for n > 3, the result follows by
induction.
For the second identity, it is easier to argue directly, using Theorem 4:

pm+n+1(:€1, <oy Ty, 07 Y1,y - - 7yn)
(24) = pm-i—l(xl) vy Ty O)pn(yb cee 7yn) +pm<xla ce >$m)pn—1(y2, - 7yn)
- pm—l(xla v 7Im—1)pn<y17 e 7yn) + pm(xla ] wrm)pn—l(y% o 7yn)
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The informal “proof” of the first of the equations is
1 1
(25) ot = T b
04—
+ 1
Y1+ -

Another identity of interest combines all of these:

Theorem 7. If m,n > 1, then
(26) pm+n+1(x1; s Tmy 25 Y1y - 7yn) = me(xb s 7xm)pn<y17 s 7yn)
_’_pm-l—n—l(xl, cey T Yty - 7yn)
Proof. We first observe that continuants are multilinear polynomials, and hence
pm-‘rn-‘rl(xlv ey Ty 25 Y1y - 7yn)
(27)
= AT, Ty Y1y -3 Un) 2+ Dinana1 (X1, oo Ty O, Y1, oY)

for some function A, from first principles. We evaluate the constant term in (27) by
(20), and it suffices to compute the coefficient of z. By (17),

pernJrl(xla o Ty 25 Y1y - - ;yn)

(28)
= Pint1(T15 - s Ty 2)Pa (Y15 - Yn) + P (@1, T ) Pr—1 (Y2 - - - Yn)

and
(29) Pt (T1y ooy Ty 2) = 2 (@1, ooy ) + D1 (T, + 0 T 1,
so the expression for A(xy,...,Zm,Y1,--.,Yn) is established. O
Corollary 8.

Ipn
(30) 8—(%1, .. ,J}n) = pk_1<l’1, C.e ,xk_l)pn_k(xk+1, . ,ZL’n).

Tk

The final identity has particular significance for the Stern sequence;
Theorem 9. For alln > 1,
(31) pn(xlv s 7xn)pn72<x27 s 73:7171) = pnfl(mla s 7xn71)pn71($27 s 7xn) + (_1)71

Proof. First note that for n = 1, this equation is 2, -0 = 1-1+ (—1), and for n = 2,
it’s (x179 + 1) - 1 = 21 - 12 + (—1)?, and both are true. Let

hn(ilfl, N ,I’n) =
Po(@1y o Tn)Pa2(T2, - Tn1) = Pa1 (1, - Tn1)Pao1 (T2, -, ).

Then h, is linear in z,,, and after expanding by (7), we see that the coefficient of x,,
is

(32)

Pn-1(Z1, ..y Tp1)Pn—2(T2, ..., Tn_1)

—pn—1($1, e 7xn—1)pn—2($27 e ;$n—1) =0

(33)
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Thus h,, does not depend on z,, and
ho(z1, ... T0) = hy(z1, ..., 2yp_1,0) =

P11, 0)pp_a(2, . 1) — P (1, oy Tp1) D1 (22, . .., Ty 1, 0)
(wa, .

(34) = pno(T1,. Ty 2)Dn2(Ta, ..., Ty 1)—
Prn-1(T1, .o Ty1)Pn—3(T2,y . ., Tp2)
=—hp_1(1,...,2p_1).
The result follows by induction. 0

We conclude this section with an application to Fibonacci numbers. Let

(35) a, = P,(1,...,1).
Then ag = 1, a1 = 1, ag = 2 and for n > 2, (7) gives a,, = ap_1 + a,_2. It follows
that a, = Fj,.1. That is, assuming there are n denominators below, we have
1 Fn+1
36 1 = )
1+ ———
+ 1
Theorem 1 implies that the polynomial p,(z1,...,x,) has F, 1 terms, which im-

plies that |Z(1,n)| = F,+1. By setting z;,y;, = 1 in Theorem 4, we recover the
“known” addition formula:

(37) Froimi1 = FoiFp + FoF.

Under the same conditions, Theorem 6 says that

(38)  pPmans1(1,...;1,0,1..01) =y (1, .., 2,. .0 1) = FFyy + F F.
By Theorem 7, with z =1,

(39) Frinio = FniiFovt + Diman1(1,...,2...1)

This is actually nothing new; combining (38) and (39), we find that

(40) Frgnyo = Fopi by + Fp B + Fr By = Frpo B + Frp By

which is the addition formula, with m — m + 1. But it allows for a nice formula for
general z:

(41) pm+n+1<1, ey 1’ Z, 1 ey 1) - (Z - 1)Fm+1Fn+1 + Fm+n+2.

Finally, Theorem 9 implies another familiar Fibonacci identity:

(42) Fop1 By = F2 4 (—1)™
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2. THE RULE OF FOUR REVISITED

Recall that in the first set of notes, we considered an odd number n, 2" < n < 271,
and wrote n ~ [aq, ..., ag,11] if [n]2, the base 2 representation of n, consists of a; 1’s,
followed by as 0’s, etc, ending with as, 1 1’s. In this case

2v+1
(43) r+1= Z aj.
j=1
We have already proved that
S(n) 1 p2v+1 (a2’l}+17 e 7a1)
44 —— = Qgyy1 + = 7
(44) s(n+1) 2o 1 Gov+1(a2041, - - -, 1)
A2y +
1
ay
and in view of the last section,
(45) s(n) = pawr1(ar, ..., a2p41), s(n+1) = pay(aq,...,a).

We also defined two related numbers. The first is the image of n in the reflection of
the r-th row of the diatomic array:

(46) n'=3-2"—n,

so that n = 2"+ k = n’ = 2" — k. (This is defined whether or not n is even or
odd. The second, 7, is defined for odd n by the property that [W]g is the reversal
of [n]y; that is,

(47) W ~ [a2v+17 .. ,al].

The goal in this section is to show that “generically”, each value m occurs in the

r-th row of the diatomic array four times, and the successors are also related. (The
singular cases occur when [n], is a palindrome, or near-palindrome.)

Theorem 10. Suppose n is odd and s(n) = m, Then s(n') = s(n) = 3(?) =m.
&
Moreover, ' = (). Let s(n+1) = a, and leta € {1,m—1} satisfy aa = 1 (mod m).
h
Then s(n’ +1) = m —a, s(n + 1) = @ and s(n’ +1) = m — a. Moreover, if
n=2% —1—n, then
(48) s(n+1)s(m +1) = s(n)s(n) + 1.
Proof. The equation s(n) = s(n') follows either intuitively from the picture of the
diatomic array, or from the basic recurrence: if 0 < k < 2", then
s2"+k)=s(2"-14+k)=s(2"—k)s(1) + s(k)s(1 +1)
=5(2"—k)+s(k)=s(2"— (2" —k)) +s(2" — k) =s(2" + (2" — k)).
Since n is odd, s(n — 1) + s(n + 1) = s(n), hence s(n — 1) = m — a. And since
2"<n—1<2" 0’ +1=(n—1) and we have s(n’ +1) =m — a.

(49)
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We look more carefully at n’. Suppose

r—1
(50) n=2"+ (Z €k2k> + 1, €L € {0, 1}

k=1

Then it is easy to compute [n/]s:

r—1 r—1
(51) =32 -n=2"4 242 1-n=2+) (1-¢g)2"+1.

k=1 k=1
Informally, [n]y must begin and end in “17; [n/], flips all digits except the first and
last. A pattern of a; > 1 1’s, followed by as 0’s, etc., turns into one 1, a; — 1 0’s, as
1’s, etc, whereas one 1, followed by as 0’s, ag 1’s, etc become 1+ ay 0’s, a3 1’s, etc.
The same thing happens at the end (in reverse of course). In short (assuming that
a; > 1 and ag,1 > 1 if they appear below):

ne~lag,. .. a1 = n' ~[La—1,... a1 — 1,1],
ne~lay... a0,1] = n' ~fas+1,... a9, + 1],
(52) ne~lag, ... a0, = n' ~[l,a1 —1,... a9, + 1],
ne~(lag..., 4,051 = 0 ~az+1,... 42,41 — 1,1].

In each of these four cases, it follows directly from Lemma 5(1) that s(n) = s(n’);
informally, “17’s at either end of the argument of a continuant can be absorbed by
their nearest neighbor. Also, the symmetries in these equations make it clear that
3 S/
n' = (n)
We turn to the reversals. In view of our earlier remarks,

-
(53> 5(”) = p2v+1(a2v+17 e 7CL1) = p2v+1(a1, ce 7a2v+1) = S(W) = 8( I)-

We have also seen from our earlier formulas that

(54) s(n+1) = pay(ay,...,a); s(m +1) = pay(ag, ..., azp41).
It follows immediately from Theorem 9 that

(55) s(n)pae_i(a, ... az) =s(n+1)s(m + 1)+ (=1)>"T

hence s(n+1)s(m +1) =1 (mod s(n)). Since s(n+1) =aand 1 < s(m +1) <m,
we must have s(n + 1) = a.

It is worth taking the time to interpret pa,_1(as,. .., as,). First, we need an alter-
native expression for n. We claim that n ~ [ay,. .., as,11] implies that

(56) n:201_262+_.“+2c%+1_1’

where
2u+1

(57) Ck = Z a;.
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The easiest way to prove this is by induction, and was done, I think, in the first set
of notes. When v = 0, if [n]y consists of a; 1’s, then clearly n = 2% — 1. Supposing
the formula is valid as given and [n], consists of [n],, followed by ag,12 0’s and ag,43
1’s, then

(58) n = 2a2v+2+a2v+3n + 9a20+3 _ 1’

which, upon a small amount of reflection, establishes the inductive step.
Recall that ¢; = r 41 and ¢ 11 = a2y41, SO that

(59) 2T+1 — 1 —n = 2c2 _ 203 ‘l‘ . 202v+1 = 2a2v+1ﬁ‘
Let ¢, = ¢t — agy+1. Then
(60) ﬁ:262—263+_...+252v_1.

Thus, 72 ~ [ag,...,as,]. That is, the outer blocks of 1’s in [n], are tossed aside and
the other blocks flip parity. We have

(61) S(2r+1 —1-— 77,) = S(2a2v+lﬁ) = S(ﬁ) = pgv_l(agv, Ce ,ag) = pgv_l(a,g, Cen ,a%),
and the last formula is established. O

Ezample. For example, suppose n = 35. Then [n]y = [100011],, so n ~ [1, 3, 2], hence
n ~[2,3,1] and [ ]y = [110001],, so that . = 49. We also have n’ = 3-32—n = 61,
], = [111101], so ' ~ [4,1,1]o = [3+1,2—1,1]5, and ' ~ [1,1, 4], so that [1']; =
[101111]5, hence W= 47(=3-32—49). As a check, a = s(n+1) = 5(36) = 4 and
s(m+1) = 5(50) =7, s(n'+1) = 5(62) =5 = 9—4 and s(<77+1) =5(48) =2=9-T.
Finally, 26 —n—1 =28, s0 7 =272.28 = 7 and s(f) = 3, and indeed, 4-7 = 3-9+ 1.

Finally, we report a peculiar result which will become valuable in the discussion of
the Minkowski 7-function.

Theorem 11. Suppose n is odd, 2" <n <2 +1 andr >rog+ 1. Then

52" +n)  s((2"+n))

" s s(@ oy 1)

Proof. The equality of the numerators is clear from Theorem 10. We unpack the
denominator. First observe that [2" 4+ n]y consists of one “17, followed by r — 19 — 1

. T . —
0’s (possibly none) and then [n]s. Thus, [2" + n]y consists of [ ], followed by r —
%

79 — 1 0’s (possibly none) and followed by one “1”, and so 2" +n — 1 = 2"""% and
— —
s(2"4+n —1) = s(n). Finally, we observe once again that, with m = 2" 4+ n, since
2" <m—1< 2" we have (m—1) = m’+1, so the denominators are equal too. [
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3. SOME SPECIFIC EXAMPLES

We can apply the continued fraction formulas from the first section to the Stern
sequence. What follows is far from exhaustive, but may serve to inspire you in
considering the second homework assignment!

Ezxample. We return to problem 6 on the first homework, restricting the sign. Suppose
we are interested in computing s[2"n + k] for r > 7o = [log, k]; that is, 27071 < k <
270, (We might as well assume £ is odd and can rule out k = 1, because we know the
result in this case. Suppose k ~ [by, ..., ba,11]; as we have seen, ry = Zj b;. Suppose
also that n ~ [ay, ..., as,11]. Then,

N=2n+k=29". (2a1+...+a2v+1 .. 902041 1)

(63) +2b1+---+b2w+1 S 2b2w+1 -1
SO
N ~ [ah ey A2y, T — T(]?bl? RIS wa—l—l] -
(64)
5[N] = paviowrs(an, ..., @2pq1,7 — 70,01, ..., bowi1).
It follows by Theorem 7 that
(65) S[N] = (7" - To)p%ﬂ(ab - aa2v+1)p2w+1(b1: e 7b2w+1)
+P2vtow+1(ar, - .oy Q2pp1 + 01,0, bagrr).

We already know that po,y1(a1,...,as11) = s(n) and payi1(by, ..., baws1) = s(k).
We claim that the last expression in (65) is s(2°n + k). Indeed, looking at (63) with
r =19, we see that 270(—1) cancels 21T Fb2w+1 g0 that [270n + k] ~ [a1,. .., dops1 +
bl, RN b2w+1]-

We believe that s(2"n — k) can be handled in a similar, but less interesting way,
and omit the details.

For the last example, we adopt exponential notation in a transparently obvious
way, so that, for example, (35) becomes a,, = p,(1™) [yes, it should be lower case, a
typo in the last installment], and

There should be no confusion about expressions such as p,,,(1"2"), etc.

Example. Recall our discussion from Notes, I about

2oy 4, (1)
-3 3 ° 3
We showed that s(n,) = F,.o and for 2" < n < 2"t s(n) achieves its maxima at n,
and n,. It is worth duplicating the computation of s(n,.) using our current techniques,
though we do not address the question of the maximum. First suppose r = 2t. Then

22t+2 -1

(68) n2t=ﬁ:2%+22t_2+“-+22+1

(67) n,
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That is, [ng]s = [1010- - - 101]y, s0 ngy ~ 12771, and so s[ng] = pary1(12771) = Fyyyo,
as we’d expect. The situation is a little trickier for r = 2t + 1:

22t+3 + 1
22 -1

That is, [noi1]a = [1010---1011]5, S0 ngiq ~ [12%2] and s[na1] = pars1(1%°2). By
Lemma 5, we can stretch that last “2” into “117, 5o s[ngir1] = parro(1%72) = Fyyya,
again, as expected. Notice that 772; = no, and, somewhat less obviously, f1a11 = Moy y1s
which explains why these maxima occur twice, rather than four times.

We now compute s(n, £ 2). There are two cases, depending on whether r is even
or odd. By staring at the formulas for [n,]s, we see that

(69) Not41 = =gy + 1 =221 4 021 .. 493 Lol 4]

ngy +2=2"42"72 4. 42" 422421+ 1,
ng —2=2%42%2 4 ... 4204 ol 41

(70) Moper 42 = 221 {0273 {95 |93 92
Mopiy — 2= 221 L 928 95 93
Thus,
s(ng +2) = p2t—1(12t_2, 3),
(1) s(ny — 2) = pau—1(1772,2,2),
s +2) = P (1772,2,1,1) = pou (172,2,2),

(a1 — 2) = par (17,2, 1) = pou (1771, 3).
More generally, using Theorem 4 to separate out the 1’s, observe that
pa(1"a) =a-p, (1" +1-p,o(1"?) = aF, + F,_4,
pu(1"2ab) = (ab + 1)p,_2(1"2) + b p,_3(1"3) = (ab+ 1) F,,_ + bF,_».
It follows that
s(nge +2) = 3Fy 1 + Fy o, s(naep1 — 2) = 3Fy + Fyy 1,
s(ngy —2) = 5Fy_o + 2Fy_3, S(nogy1 +2) = 5Fy 1 + 2Fy 5.

(72)

(73)

By iterating the Fibonacci recurrence, it is easy to see that F,, o = 3F,_1 + 2F},_o,

hence:
(74) Fn+2 - (Banl + Fn72) = Fn72;
Fn+2 - (5Fn—2 + 2Fn—3) = 3<Fn—1 - Fn—?) —2F, 3=F,_3.

We summarize this computation.
Theorem 12.
(75) s(na +2(=1)") = Farpo — Foya, s(nay — 2(=1)") = Fopyo — Fo3.
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We believe, but have not yet proved, that the second largest value attained by the
Stern sequence in 2" < n < 2" s, in fact, F,,o — F,_3, at least for sufficiently large
values of r.

Example. One final example was found by computer exploration. Let

(2r—1)(2tt —1)  2xtig
3 3

(Even without the other expression, m +r has to be integral because one of {r,r+1}

is even, making one of the factors in the numerator a multiple of 3. We wish to show
that

(76) m, =

- 2" = Nor_1 — 2.

(77) s(mar) = 3Fy, s(mape1) = F22t+2'
The proof is just a computation. Recall that p,(1") = F,;; and p,(1"7'2) =
pn+1(1n+1> - Fn+2'

First, if r = 2t is even, then
Mot = MNyt—1 — 2%
(78) _it=1 4 4 92+3 4 9241 92t | 92-1 493 9l
oMl L 0208 92 921 4y 98 gl

SO [magy] ~ [1273221%732] and so

s[mo] = pa_s(126732212039) — p,, (127322121
(79) = Por—2(172)poy (217 71) + par—s (1% )pyy 1 (1%7)

= FyForig + FoFy_y = F5t(3Fy) = 3F,.

The other case is similar and will be written up in the next batch of notes.

4. CORRECTIONS AND TYPOS

The first thing I'd like to do is clarify a nasty little point that I tried to avoid
earlier. Recall that we were talking about linear recurrences and we assumed that

d
(80) a, + Z cjan—; =0, n>d,
j=1

where ¢4 # 0.

What happens if ¢; = 07 In the presentation we gave, it messes things up, because
the characteristic polynomial ¢(t) has a root at 0, and this means that the reciprocal
polynomial 1 (t) fails to have constant term 1. But mathematical presentations are
just a subset of mathematical reality!

Suppose

d
(81) a, + Z cjan—j =0, n>d,
j=1
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and ¢ # 0, with ¢; = 0 for k +1 < j < d. Then, as far as the actual equations go,
we have

k
(82) an, + Z Cjlp—; =0, n >d,
j=1

In other words, no equation involves a; for © < d — k. To be tedious, if we let
by, = Gpy(a—rk), then it is true that

k
(83) bn + Z Cjbn—j = 0, n > kf,
j=1
and the usual method gives us

b, = ij (n)z] (for n > 0)
(84) .
_ n—d—k
_— an_ij(n—(d—k))zj (for n > d — k),
j=1

and a,, is arbitrary for n < d — k. Since there exist polynomials p; so that

(85) Bi(n) = pj(n — (d — k))z; "),

we are justified in saying that the closed formula is “valid” for n > d — k. Nineteenth
century mathematicians saw that 0™ could be construed as having the value 1 at
n =0 and 0 for n > 0. However, n*0" does not take a non-zero value only at n = k,
so they invented some ugly notations to take care of it. I think it’s easier to say that
we have a formula for a,, if n > ng.

Why does this matter? As was pointed out to me, in the Notes, III (Second
supplement), we studied an important sequence (A;(r)) for which A;(r + 1) = A.(r)
for r > 1, I glossed over this issue in my original discussion, and if you’ll forgive some
mixed notations, what’s really going on is that (A;(r)) satisfies the linear recurrence:

(86) an+(=1) a1 +0-a, 9 =0, n> 2,

What this means is simply that A;(1) = A(2) = A(3) = -+, with no information
about A;(0). That’s all, and that’s why the proof of Theorem 2 on p.3 is so awkward.
We can’t go from A(m) to A(2m), but we can say that A(2m) = A(4m).

Finally, a few egregious errors from the second installment of Notes, IV. (What I
get from trying to write things up an hour before class.) I won’t bother with un-closed
parentheses and the like, which are annoying but don’t affect the meaning.

e p.9 In the statement of Theorem 11, the condition should be n < 27F! not
n <241
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e p.11 Theorem 12 is somewhat garbled: Equation (75) should read (forgive the
labels)

(87) sty +2(=1)) = Fopo — Frly s(ny — 2(=1)") = Fyrps — Fy_s.

5. SOME SPECIFIC EXAMPLES, CONTINUED AND CORRECTED
We now present the final example in one whole.

Example. One final example was found by computer exploration. Let
2r =12t —1) 241
3 3

(Even without the other expression, m, has to be integral because one of {r,r+ 1} is
even, making one of the factors in the numerator a multiple of 3.) We wish to show
that

(89) s(mar) = 3F5,  s(mar1) = Foypo.

The proof is just a computation. Recall from earlier notes that p,(1") = F,.1,
P (1"712) = p 1 (1" = F o, p(17713) = 3F, + Fy,_q, and F, o + F,,_o = 2F, +
F, 1+ F, 5 =3F,.

First, if r = 2t is even, then

(88) m, =

- 2" = Nor_1 — 2.

Mot = Nygt—1 — 2%
(90) _it=l 4 4 o3 4 9241 92t | 92-1 493 9l
9l L 028 92 921 4y 98 gl

S0 [mayy] ~ [1273221%732] (binary “10101” becomes “10011”) and so

$[mot] = par_s(120732212639) = p,, (120392121
(91) = Po—2(172)poy (217 71) + par—s (1% )pyy 1 (1%71)

= FoFopyo + Fo Foy o = Fy(3Fy) = 3F5,.
If r =2t + 1 is even, then

_ 2t+1
Mot+1 = Ngg+1 — 2

:24t+1_’_”'+22t+3+22t—1+".+23+21_‘[_1
S0 [magy1] ~ [127131%722] (binary “10101” becomes “10001”), and so

(92)

S[m2t+1] — p4t71(12t71312t722) — p4t<12t71312t)
(93) = pzt(lzt_l?))pm(lzt) +p2t—1(12t_1)2 = (3Fy + For1) Forpr + F22t
= (Fapo + For) (Forpo — Fop) + 3, = Fiy 1.

Less interesting computations give s(n, 4= 27) for other values of j.
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Since 22771 < m,., ny,_1 < 2?7 it is interesting to compare s[m,| with s[ns,_;], the
maximum value of s[n] in that range. A routine computation, which we omit, shows
that

lim s[may] — lim 3F3 _ 3(5b— \/5)7
(94) T—00 S[n4t—1] T—00 F4t+1 ].0
. 3[m2t+1] BT F22t+2 _ (5+ \/5)
lim ———= = lim = .
700 8[n4t+1] r—oo Fypy3 10

6. THE RULE OF FOUR REVISITED, REVISITED

We complete our discussion with a look at a few more continued fractions. Recall
that

s(n) —a 4 1 _ Povt1(@1, - -5 A2041)
S(n + 1) 2utl 1 pgv(al, e ,va) ’
A2y + 1
(95) !
S(W) — a4 1 - P2os1(a, ..., azp41)
—— = = .
s('m +1) 1 Day(Qa, . .., Q2pt1)
as + —
-4
Q2941

For completeness sake, we consider the other two fractions. As before, suppose that
s(n) = m and s(n+ 1) = a, then s(n’) = m and s(n’ + 1) = m — a and since

a 1
(96) oy =1+ =14+ —",
m—a m—a m—a m_1
a a
we have, formally,
s(n') 1
97 — =1
(97) s(n’+1) - 1
Agpp1 — 1+ 1
Aoy + 1
..._|__
ay

This is very familiar, but we must be alert to two cases. If ag, 11 > 1 (that is, iff o >2
iff @ < m — a), then this is a genuine continued fraction representation. However, if
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a9y+1 = 1, then the expression simplifies:

s(n') 1 1
B S -1 )
s(n’+1) +0+ 1 Tt N 1
1 A29—1 1
a2v+— ..._|__
1 ai
...+_
3]

(98)

— «—
This should look familiar. The same sort of thing happens for s(n’) and s(n’ + 1),
and because of the importance (see Thm. 11 in Notes, IV), we write it out: if a; > 1,
then

() 1
s(n
(99) 1+ —
s(n’ +1) a — 1+ 1
as + 1
A2p+1
and if a; = 1, then
() 1
s(n
s(n' +1) (s + 1
A2p+1

Finally, we spend a second talking about an obvious unanswered question: what
about

(101> p?v(ah s 7(121,) ?
P2o-1(ay, ..., azp-1)
It’s convienient, if inconsistent, to write 7 ~ [aq,..., a2, 1], so that, as before,
n = 2020taztip 4 920+l ] Then,
(102) Poo(ar,. .. ag,) = s(n+1) = s(202vH02vtiy 4 220H) = g(292vp 4 1),
and since s(n) = pay_1(ay,...,as_1), we have our answer:
(103) pav(ay, ..., ag,) _ s(22n+1)  s((2n+1))

p2v—1(a17 Ce ,a%_l) S(Qa%fl) S(2a2”77l + 1)/ + 1)

Some questions may be better left unasked. Actually, it is an interesting exercise
to calculate [(2%2v72 4+ 1)']5, which (in this draft at least) we shall leave to the reader.
There are, as one might expect, four cases, depending on whether a; = 1 or a; > 1
and whether as, = 1 or ag, > 1.
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7. POLYNOMIALS MAPPING TO Z

There is a decided contrast between what we’ve seen about the growth of s(f(2")),
where f € Z[x] (basically polynomial) and the basically exponential growth in s(n,),
even though n, is basically linear in 2". (It is more accurate to say that, because
of the “(—1)"” in the definition, ng, and ng,,; are separately quadratic in r, as is
m,.) Of course there are denominators in these case. The intuitive reason is that
the base 2 representations of f(2") are all the same for sufficiently large r, except for
certain blocks whose size is linear in r. The polynomial comes from plugging linear
entries into a continuant of fixed index. On the other hand, the base 2 representation
of n, and m, contain of blocks of fixed size, so that bounded entries are put into a
continuant of linearly increasing index.

In order to see what’s going on, we make a detour into some very classical results
on polynomials. Let P, denote the set of real polynomials of degree < d and let

(104) ’Pd,z = {f eEPy:f 7 — Z}

Certainly, P, N Z[z] C Pz, but the inclusion is not strict; e.g., @ € Paz. More

generally, define z(®) recursively by
(105) @ =1 W= (z-)*V =gtV —(k-1), k>1

It is customary and natural to write

(106) (1) - o

since, when k < x € N, we recover the usual binomial coefficient:

(107) (“’) _ ¥ w1l fe = (k=1) _al/(@— k)

k) k! k! k!

It follows from the definition that (i) =0forz=0,....,k—1landifz = —y <0,

then
o\ _(y\_(=y(=y—-1)- - (=y— (k1))
_ ((kl))k ' (Si 2 1)]{;-!- Y+ 1y k(!Dk(y + IZ — 1)_

(108)

It follows that z € Z — (i) € Z and so (i) € Pyy for 0 < k < d. Indeed,

{(i),(] < k < d} is easily seem to be an “upper diagonal” basis for P,.

One of the standard approaches to understanding polynomials from their values
is Lagrange interpolation. Fix xqg < x1--- < xgq. Observe that if f,g € Py and
f(z) = g(x) for x = z;, 0 < j < d, then there exists h € R[x] so that

(109) f(@) —g(x) = h(z) - (H(z - fj)) ;

=0
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degree considerations imply that h = 0, so f = g. We now define

(110) oj(xo,. .., xq;x) = ¢j(x) == H ; __Ix € Pa.
i#j !
Then ¢;(z;) = 0 for i # j and ¢;(x;) = 1. It follows that
d
(111) Lag(r) =Y f(z:)¢i(x) € Py
i=0

has the property that Ly s(z;) = f(x;) and so, in fact, f = L4 ;. That is, a polynomial
in 1 variable of degree d is completely determined by its value at d + 1 distinct
points. There is no such “clean” criterion for polynomials in more than 1 variable,
unfortunately.

Observe that, if we take x; = 7, then

o) =T 5= - H(x_) II (f:z)

(112) i#j i= i=j+1

() ) e

Thus, if f € Pyz, then since f(i) € Z, we have that f is a Z-linear combination of
{bo, ..., ¢4}, and conversely, any such linear combination is in P;z. This character-
ization is somewhat unsatisfactory, however. If deg(f) = k, then f € P, for every
d > k, yet the representations in terms of Lagrange interpolation are different for each
such d, because every polynomial ¢;(x,..., x4« has exact degree d. If f € Pyz has
actual degree k, we'd prefer that it only be represented in terms of polynomials with
degree < k, so that the representations don’t change as we increase d.

One way to deal with this is to look for a different basis. Define the operator A by

(113) Af() = fla+1) — f(a).

Since

(114) A9zF) = (z +1)F 3 1( )

=0
A : Py — Py_1. The telescoping sum

n—1

(115) )~ fm) =3 fa 1) - f@) = 3 AfG)

=m

8

for m < n implies that f € P,z if and only if f(0) € Z and Ap € Py_1z. If we define
AF(f) = A(A*7L(f)) as usual, we can iterate this result to say that

(116) f€Paz <= [(0), (AF)(0), (A*f)(0),...,(A"f)(0) € Z
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This is most easily visualized by writing down a difference table in which the first
row is f(n),n > 0, the second row is (Af)(n),n > 0, etc, until all 0’s appear in the
(d + 1)-st row. For example, if f(x) = x3, the difference table is

0 1 8 27 64 125
e 1 7 19 37 61
(117) e 6 12 18 24
6 6 6
0 0

We now make a 17th century set of observations. Note that for £ > 1,

Ar®) = (z4+1)® —2® = (z+1) = (z — (k—1)))a® D = fz=V

v =4 =(2)

and A(z®) =1—1=0. Thus,

d

o= So() = 1= (") = S ()

(119) k=0 ~
( — Af(z) = 2 At (i) )

Conveniently enough,

1 ifk=0
120 W = ’
(120) 7Pl {o if k> 0.
Thus, if f is given as above, then
(121) ar = (A" £)(0),
or, to write it as the traditional Newton’s formula, if f € Py, then
d
(A*f)(0)
(122) fla)y=>" TM.
k=0

Using 2° as an example, from the difference table given above, we see that

(123) 2> = 0- <g) +1- (f) +6- (:;) +6- <§) —r+3a(z—1)+a(z—1)(z—2),

as may be easily verified. The similarity to Taylor’s formula is no accident of course,
the differentiation operator D has the same matrix on P, with respect to the basis
{L 2% :0 <k < d} as does A on P, with respect to the basis {(}) : 0 < k < d}.
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In particular, we see that f € Pyz if and only if f is a Z-linear combination
of {(g),(ﬁ)}, and if deg f = k < d, then only {(g), o (z)} is needed, so the
representations do not depend on d as it increases.

It is almost obligatory here to observe that since A and ) are inverse operations,
we obtain summation formulas at virtually no cost. For k£ > 0,

"z - r+1 T n—+1 0 n+1
(124) ; <k) _Iz:; <(k+1) <k+1>> N <k+1) <k+1> B (k:+1)'

In a method that goes back to Bernoulli, this allows us to sum any polynomial, after
merely writing down its difference table. For example,

2”:%3:1.(n;1)+6_<n;r1>+6.<n11)

=0
(125) = D0 gty ) DR = D0 22
1 2 1 2
_ @(zw(n—mﬂn—n(n_z)) _ %
But this isn’t really what we are interested in! Let
(126) Poow ={f €Py: f(2") € Z, for sufficiently large r}

Clearly, if f € Pyz, then f € Pyov, and if f € Pyov, then 27" f € Pyon. Further,
we can always replace f(x) by f(2z) to assume, without loss of generality, that
f(2") € Z for r > 0. Also notice that P, v is closed under addition and multiplication
(when degrees are adjusted.)

In the rest of this section, we assume that f € P, and M f € Z[z] for an odd de-
nominator M, and M is minimal with this property, so that the gcd of the coefficients
of M f is a power of 2; without loss of generality, we can take this ged to be 1.

First, suppose d = 1, f € Pyov and M f(z) = g(x) = a1x + ap. We derive a
contradiction from M > 1. Suppose otherwise, and let p be a prime factor of M. Then
M (and so p) will divide both ¢(2) = M f(2) = 2a; +ap and g(1) = M f(1) = a1 + ay,
and so p divides both

(127) 2a1 + ag — (a1 + ap) = a1 and — (2a1 + ag) + 2(a1 + ag) = ao.

That is, (M/p)f € Z[x]. This contradicts the minimality of M, so P on consists of
the linear polynomials in Z[x].
We have seen that f(z) = (}) € Paz C Pyan, but the odd part of the denominator

may not be large. In fact, up to powers of 2, (;ﬂ) € Zlz]. On the other hand, we

have already seen that %, % € Pyon. We now show that these are essentially
the only cases.

Suppose f € Paon, and for > 0, we have f(2") € Z. Suppose g(x) = M f(x) =
asx®4a,x+ag, where M is again minimal and suppose p* is a prime power factor of M.
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We first show that p = 3 and then that £ = 1. By hypothesis, f(1), f(2), f(4) € Z,
so that

(128) g(x) := asx® + a17 + ap = 0 (mod p), for x =1,2,4.

Recall that Z/pZ is a field, and so g is identically zero if it has three distinct zeros.
Thus, if p > 3, then each a; is a multiple of p, contradicting the minimality of M.
Now suppose M = 3% with k > 2, so 32 | M. We have to be a bit careful, because
7,/9Z is not a field. (Indeed, the polynomlal 3(z%—1) has 6 zeros in Z/97Z.) However,
assuming

(129) g(x) = ax® + ayx 4+ ag = 0 (mod 9), for z = 1,2, 4.

we note that

h(4) — 3h(2) + 2h(1) = 6as = 0 (mod 9),
(130) —h(4) + 5h(2) — 4h(1) = 2a; =0 (mod 9),
h(4) — 6h(2) + 8h(1) = 3ap = 0 (mod 9).
Thus ag, a; and ay are all multiples of 3, violating minimality once again. In the end,

M = 3, and we have ayx? + a1 + ag = az(z — 1)(z — 2) (mod 3); that is, a; = 0 and
ag = —ay. It follows that

x?—1

(131) f(z) =as- 5

Thus, P¢/(Z[a]) = {0, £, 255},
This situation will clearly get messier as d increases. For example, if ¢ € Z[z]|NP,_o,

+ q(z), q € Z[x].

that if prime p | M for p € Pyon, then ord,(2) < d, hence

d
(132) p | M(d):=]J@" -1
k=1

We now present Ay € Py on which has M(d) as its denominator. We do not yet claim
that v,(M) < v,(My) for all f € Pyon, but that is a reasonable conjecture. We need
a lemma of independent interest, which is surely known in cases where the variable

[Py (AP

is “q”, rather than “x

Lemma 13. Ford,r € N, let

[T+ -1)
(133) F,q(z) = :;—
[[(z" —1)

=1

€ Zlx].

Then F, 4(z) € Zx].
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Proof. Recall that for e,n € N,

(134) n| |n-1]_ ]1 ife|n,.

e e 0 otherwise.
Recall also that the cyclotomic polynomials ®.(z) € Z[z] are irreducible and have
the property that for every n € N|

(135) = 1= ] @u(e) = ﬁ@ﬁZJ‘L g
e=1

el n

The only factors in the denominator of F, 4(x) are powers of ®.(z) for e < d, and the
net exponent in the quotient is

w22
-l

™

O
It follows from this lemma that
d
[12™ -1
_ =l
(137) Fra(2) = =— e Z.
e -1
for all d and r» > 0, and so
d .
2z — 1
(138) Ag(z) == 11 1 € Paa.
Observe that the denominator in Ay is our friend M (d). Let
d .
_ T — 21—1
(139) Ad(l‘) = ];|1: ﬁ S Pd’QN.

Observe that Ag(2") =0 for r = 0,1,...,d — 1 and that
d

i—1(or—i+1
[T 20,
i=1

d or _ 9 i—l

a10) R =] 5

i=1

Thus, Ay € Pyon as well, and s(Ag(2")) = s(Aq(2"7¢). Finally, note that

(141) Ay(27) = (2 (2__115?; 5 D _ My_1.
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Although there is a nice pattern to s(m,), if we let
2r—1Et-nE2-1

142 0, =N75(2") = ,

(142) 3(2) 2-1)(4-1)@E8-1)

then the pattern for a, = s(¢,.) is less clear, though it begins promisingly enough:
(143) az=1, ay4=4, a5=27, ag— 100, a;=256, ag= 484.

That is, 1, followed by four squares and one cube. Then a9 = 1157, which doesn’t
look like much, but factors as 13-89; both are Fibonacci numbers. A check for r < 30
yields nothing else of interest, except that 2° divides a, for r = 12,13, 14, 24, 25, 26, 29,
which seems to be rather frequently. A few interesting factorizations are:

aip =2%-13-167, a3 =2°-5%-11-29,

144
(144 apg =2°-11-31%, a9 =2"-3*-112-1579.

(If 1579 sounds familiar, it may be that Fi7; = 1597. D-oh.)
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1. THE BROCOT ARRAY

The Brocot array, which goes back to 1861, is historically at least as prominent as
the Stern sequence. It can be construed as a double diatomic array. The basic idea
was discussed at the beginning of these notes: if # and 5 are consecutive in the r-th
row, then the mediant, ZTJFE, is inserted beween them in the r + 1-st row. The full
array starts with (, 3):

—lo
=

=)

N == O
WINN| = =D
—N O
—1w

Sl =

W
| =) === =

TN W NO| -

It is clear, using the earlier notation, that the r-th row (starting with » = 0) has 2"
elements, and that the k-th element (starting with & = 0) is
2) Z(r, k;0,1) _ s(k) .
Z(r,k;0,1)  s(2r — k)
Considering the symmetry of the array and the dubiousness of ‘%”, it is customary

to write only the first half of this picture, thus starting in effect with (%, %), and call
it the Brocot array:

0 1
11
0 1 1
1 2 1
(3) 01 1 2 1
1 3 2 3 1
01 1 2 1 3 2 3 1
1 43 5 2 5 3 4 1

[
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So, in the same labeling, the k-th entry in the r-th row is

" Zk0) ) s(h)
Z(rk;1,1)  s(2rtl — k) s(20 4+ k)

(This last expression is possible for 0 < k < 2", because then (21 — k)’ = 2" + k; it

is true for k = 0,2" because s(2") = s(2"11).)

Lemma 1. The entries of the r-th row of the Brocot array are increasing.

Proof. We prove something more, that
s(k+1) s(k) 1
(5) =

s+ k+1) s +k) s+ k)s2+E+1)

Indeed, this is true in the first row; % — % = % Assuming it is true in the r-th row,
with entries ¥, &, we note that

atc a _blatc)—alb+d) bec—ad 1
©) b+d b b(b+ d) Cb(b+d) bb+d)’

c atc cb+d) —dlate) be—ad 1

d b+d d(b+ d) S db+d) db+d)
Thus the result holds by induction. U

(We also note that s(k + 1)s(2" + k) — s(k)s(2" + k + 1) = 1, which suggests that
the next problem set will contain an examination of s(m)s(n + 1) — s(m + 1)s(m).)
This property can be used to show that every rational in [0, 1] appears in the Brocot
array, but we can also use Theorem 11 from last week: If k is odd, 20 < k < 27o*!
and r > ro + 1, then
%
s(2" + k) s((2" +k))
(7) SRR :
s(k) s((2 + k) +1)
Let’s work backwards. Suppose 0 < § < 1 and suppose that the quotient in (7) is £

p
We already know that there exists a unique odd n so that s(n) = ¢ and s(n+1) =p
Suppose 2" < n < 2! and write n = 2" 4 ¢, so that n’ = 2"+ — ¢. We have

-
(8) n=(2+k) = 2 (=2 +4k = 2 (=2 4k
Thus, if we keep the same r, and define k£ by

-
(9) k=21 —0) -2,

then we have

s(k s(n+1
q s(27+k) s(n)
It is possible to derive a more explicit formula for k& from this information, but it is
actually faster and more instructive to do it from scratch.
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The Minkowski ?-function is defined on [0, 1], but for now we define it on the entries
of the Brocot array by:

We first note that ?(z) is well-defined, because s(2k) = s(k), s(2"'+2k) = s(2"+k)
and 23'j1 = 2—"1 It is also strictly increasing on each row of the Brocot array, and so

on the rationals. It will be helpful to also consider the inverse function ?~!(z)

In order to develop the closed form, we consider the continued fractions of ?_1(2%)
for small values of r.

11
_H_‘
22U
11 1
3o 1
(13) 2
11 1 3 1 1
-, — = —, - -, — = —
42 1 2 1 23 23
2+ = 14+ —— 1+ -
2 ]
2

There are several patterns implicit in this table, which we now prove. The first
lemma may well appear earlier in the notes.

Lemma 2. If0 < k < 2" is odd, s(k) = p and s(2"+ k) = q, then s(2""1 +k) = p+q.

Proof. We have seen ad nauseum that s(2"n + k) is linear in r for r > [log, k], with
coefficient s(n)s(k). Just take n = 1. O

Lemma 3.

p k p k q ol _
14 7= == ? = d 7?7 = )
( ) ((]) or - (p + (]> 2r+1 an <p + q) 2r+1

Proof. We assume that s(k) = p and s(2" + k) = ¢q. As noted above, s(2"™! + k) =

p+q. Since 2" < 2"+ k < 21 (27 + k) = 2"t — k and (27! — k) = ¢; since

2rtl < ol p k< 2r 2 (27 4 k) = 272 — L and s(277% — k) = p+¢. Thus, we have
s(k) p s -k ¢

15 - , - .
(15) TR pid @R E@T—R)  p+d
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On taking = = 2 and noting that ?7(3) =
q
that for z € (0,1) N Q,

(16)  2(@)+2(1—2) = 1, ?(I):@, ?(L>:1_@.

, it follows by induction from this lemma

N =

rx+1 2 z+1 2
It is now convenient to introduce some notation. Let a = (aq, ..., a,) € N for some
w > 1 and let
1
(17) la] =[0,a1,...,a,] =0+ .
a; + 1
n
We also define
(18) lall = ay,
j=1
and observe that if ||b]] = r + 1, then either (by,...,b,) = (1 + a1,...,a,) or
(b1,...,by) = (1,a9,...,a,) , where |la|]| = r, depending whether or not a; > 1.
Lemma 4.
(19) [0, a1, ... ap) = 2 = [0,14a1,... a0 = —2—, [0,La1,... a] = —— .
q P+q P+q
Proof. Since
1
0) R
. _l’_ J—
N
we have immediately that
1 1
(21) 0,14+ ay,...,a,] = —— and [0,1,a1,...,a,] = ——.
144 142
p q

O

Theorem 5.
1 1 (_1)w+1

(22) 20,01, ) = o e T Garer e

Proof. We first observe that there is no ambiguity in the definition arising from

(23) [07 A1y vvy Qoy—1, Qo 1] = [07 A1y ey Qy—1, Aoy + 1]7
inasmuch as

-1 w+1 -1 w2 -1 w41
o1 ) ) S o)

9a1+az+-+aw—1 9a1+az+-+aw+1-1 2ai+az+-+aw+l-1"
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To make the right-hand side look more familiar, observe that

1 1 (—1)w! k

(25) 91 gurai T T Gatartran—t gl

for some odd k. We induct on ||a||. The cases in which ||a|| < 3 are [1], [2] = [1,1],
3] =[2,1] and [1,2] = [1, 1, 1]. Referring to the previous table, we do indeed have

1 1 1
W=z D=2 (3) =5

2([3)) =7 G) = L) = (g) e ]

Suppose ||b|| = 7 + 1. There are two cases. If by > 1, then b = (1 + ay,...,ay)
with [[a[| = r. Write [0,a1,...,a,] = £ and ?(2) = & By Lemmas 3 and 4 and the
inductive hypothesis,

(26)

P k
7(]0,1 ) = —— )| === =
([ ) +a17 7a ]) (p+q> 27“+1
1 1 1 (—1)w+!
<27) 5 ' (2a1—1 o 9a1+az—1 =t a1+az+-+aw—1
1 1 (_1)w+1
— —— — =t —.
921+a1—1 21+ai+az—1 91+artaz+-+aw—1
If b, = 1, then b = (1,a4,...,a,) with ||a|| = r. Using the same notation and

arguments as above,

q 2r+1_k 1 k
?([0,1,@1,...,aw]):?< ): 2'r+1 :1—§§:

Ptq
1 1 1 1 (—1)wtt
(28) F o 5 ' <2a1—1 - 9a1+az—1 Tt 9a1+az+-+aw—1
1 1 (_1)w+2

T 9l-1 glta-1 +—

21+a1taz++aw—1"

This completes the proof. 0

It is worth noting that this proof essentially establishes the formula for 7!, and
that it does mot try to compute the continued fraction expansion of the mediant
from its component parts, which would have been the first, natural step. We could
have derived (32) from the previous formula for the Stern sequence, although the
appearance of n’ means that there would be cases depending on whether the initial
and terminal denominators are 1. (This case breakdown does not occur in the above
derivation, but see below.) One can also use this approach to derive a closed formula
for the Stern sequence, but it seems longer than what we did.

We can always specify that w is even. In this case, the binary expression of 2ﬁr
might depends on whether a; > 1 or not. If a; > 1, then this expression contains
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a; — 1 0’s, followed by ay 1’s, a3 0’s, ending up with a,, 1’s. If a; = 1, then we have
as 1’s, az 0’s, ending up with a,, 1’s.

If ™D, ... a2 are the continued fraction denominators which appear corre-
sponding to % for odd k on the r-th row, then ||a™|| = r + 1, and the corre-
sponding denominators on the (r + 1)-st row are, first, the ones from the r-th row, in
order, with a; incremented by one, and then, the ones from the r-th row, in reverse
order, with 1 appended to the left. Thus, for r < 3, we have:

71,1] 1,2]
, [1,1,1,1], [1,2,1], [1,3]

[
(29) 3] 2,1
4 B 2151 22

2. SOME FINITE COMPUTATIONS

It is worth noting that the computation of continued fractions with repeating de-
nominators is closely linked to linear recurrences. For example, suppose we consider
the continued fraction with n identical denominators equal to a.

1 pula, ..., a)
30 a + = .
(30) 1 Pn-1(a,...,a)

a+

R
a

Let z,(a) = py(a,...,a). Then:
(31) zro(a) =1, x1(a) =a, z,(a)=azx,_1(a)+ x,_2(a).
The characteristic equation and its roots are

a+vat+4 N _a—+Va*+4
2 -2

We know that z,(a) = c1 A} + c2A”, and since x_(a) = 0, at least consistently with
the initial conditions, it is not hard to show that

)\n-i-l o )\n—i-l )\n—i-l . )\n—i—l
_ I+ N -

32) XN—aA—1=0 = )\, =

33 Tp(a) = =
(33) (a) V. ——
This reminds one that z,(1) = F,,11. If a € N, then Ay > 1 and Ay A\_ = —1 imply
that A — 0 as m — oo so that as n — oo,

1 zn(a) a++Va?+4
34 n(a) = = Ap = ——M88 .
( ) x ((l) a+ 1 xn—l(a) — A4 9

a—+
1
.. + —
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Inasmuch as
1

(35) zn(a) =a+ (@)

if we knew a priori that limx,(a) = 6, for some 6, we would have 0 = a + %, which
implies that 82 — af — 1 = 0. This is true, as part of a more general calculation in
the next section.

In terms of the Minkowski ?-function, we have

?(%—M>=?([O,a,...,a]): 1 Ly

I’n(a) 2a71 o 22a71 2na71
(36) 1
I Sl G S S G
" 9a 41 ona—1 " 9a 11 (2a i 1)2na—1 :

For example, taking a = 1, we have

. (f) 2o

Foi) 3 3.201

These will be useful formulas when we look at ?'(z). It is also not too difficult to
compute explicitly

1 pala,b,a,b,...)
1 :pn_l(b,a,b,a,...) ‘
1
b+ ...
We consider the numerator first, defining y,(a,b) by:

(38) a+

b+
a+

(39) Z/O(Ch b) = 17 yl(a7 b) =a,
?J2n(a, b) = byzn—1(a, b) + y2n—2(a, b)> y2n+1(a'7 b) = ayzn(a, b) + an—l(aa b)-

This doesn’t look very promising, but if we suppress the argument for brevity, we
can note that

Yon = Yon,
Yon+1 = AY2n + Yon-1,
(40) Yon+2 = by2n+1 + Yon = (ab + 1)y2n + byanla

Yon+t3 = AYopi2 + Yoptr1 = (CLQb + 2a)y2n + (ab+ 1)y, 1,
Yon+4 = by2n+3 + Yon+2 = (CL21)2 —+ 3ab + ].)an + (ab2 + Qb)ygn_l.

This looks even less promising; miraculously though,

(41) Yon44 = (ab + 2)y2n+2 — Yon,
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and since this equation is symmetric in {a, b}, it would also have applied if we had
started at yo,11, with a and b reversed. Therefore, we can say that for r > 4,

(42> Yr = (ab + 2)3/772 — Yr—4

and in this way obtain explicit formulas. It is not accidental that this might be
helpful in some problems on the second homework. Finally, if the limit in (38) is 0,
then it is reasonable to expect that

0
and 0 would be the positive root of this quadratic. (If @ = b, this reduces to the
previous equation, as it should.)

1
(43) 0=a+b - = b0® —abl —a =0,

3. BITING THE BULLET

We would like to extend the definition of ?(z) to the entire interval [0, 1], which
means we will have to consider infinite continued fractions. This means that we really
should more standard terminology. We shall say that

1
(44) [T, X1, ... Xn) =20 + ! ,
T+ 1
To + 1
I?’l
under the convention that x; € Z, with x; > 1 for ¢ > 1. We already know that
Pnt1(Zo, - - - Tp)
45 o, L1, ... Ty =
(4) [0, 21 ] Pn(T1, ..., xp)
We should have said explicitly, but haven’t yet, that we can also write
1 1
1+ — 1 1 + 1
T2 + — cee 1
e _I_ PR :Ek _I_ - @
T [Tty .oy @)

for any k, 0 < k < n, with the acknowledgement that the last “denominator” is not
an integer.

Lemma 6. If z; > 1, then p,(x1,...,2,) > Fuyq.

Proof. Since p,, is a polynomial with non-negative coefficients, we can only decrease
it by replacing each z; with 1: p,(z1,...,2,) > po(1™) = Fri1. O

Lemma 7. Let integers x; be given as above and let &, = [xo,z1,...2,]. Then (&)
is a convergent sequence.
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Proof. For n > 2, by the very important Theorem 9 (Notes IV),

. pn—&-l(an”-axn) pn(an'”axn—l)
£n - Sn—1 — -
(47) Pul(T1, .., Ty) Pr1(T1,. o Tp1)
_ (_1)n+1

pn—l(xb s 7l'n—1)pn(x1a cee azn) .

In view of the last lemma, this implies that for n > 2,
1 1

43 n— Sn— < < )
( ) |£ 5 1| —_— Fn_an —_— 2n_]_
the last inequality coming from an easy induction (¢? = 1 + ¢ ~ 2.618 > 2.) It
follows that (&,) is Cauchy, and hence is convergent. O

We have already discussed the continued fraction representations of rational num-
bers. We now talk about irrationals. Given real t ¢ Q, define

1
49 G(t) = .
(49) )= =
Since t ¢ Q, t > [t], so that G(t) € (1,00) is well-defined, and since t = |t] + %,
we see that G(t) ¢ Q as well. We also see that

(50) t:LtJJr%:LtJJr

Let G,(t) denote the n-th iterate of G (G; = G, G, = G o G,_1) and let z,, =
x,(t) := [Gn(t)]. Then the preceding discussion shows the existence of a family of
exact formulas:

1
Gn(t)

Again, to be precise, keep in mind that G,,(¢) is not an integer, but there should be
no confusion. We need some short lemmas.

Tn—1 (t) +

Lemma 8. The function (—1)"[xg, 21, ...,z is increasing in real x,.
Proof. Clearly, x( is increasing in xq and xq + i is decreasing in x;. Since
1

(21, ... 2]

the result is immediate by induction. U

(52) [0, ..., Tn) =20 +
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Lemma 9. Provided x; > 1 for all j, we have

(53) [0, ., Tor) < [To, .., Towgo] < [To, ..., Torss] < [To, - .., Topga]-
Proof. We have
(54) ['T(b ce ,l’gk] < ['xO) oy Lok + [ka—i-lv cee 7$2k+r]_1] = [:BOa cee 7$2k+7‘]7
[0, -+, Torg1] > [To, - -, Topgr + [Torsa, - - - ,$2k+1+r]_1] = [To, ..., Toks14r)-
L]
We now prove the existence of infinite continued fractions.
Theorem 10. Ift ¢ Q, then
(55) t = lim [xo(t), ..., 2,(t)].
Proof. Let &, = &,(t) := [xo(t), ..., x,(t)], then
t—&,
1 1
=29 + 1 — To + 1
(56) x + x|+
.. + 7 e + T
Since z,, < ¢, (t) < 1+ z,, it follows from monotonicity that
[t — & < |[x0,...,xn] — [mo,...,1+xn]|
(57) | pasi(@o, s wn)  pata(®o, - 1+ T0)
Pn(T1, ..., xp) Pol(T1, .y 14 2y)
Let us write a = pu(xo, ..., Tn-1), b = pp_1(To,...,Tpn_2), ¢ = po_1(x1, "+, Tpn_1)
and d = p,_o(x1, -+ ,x,_2). As previously noted, |bc — ad| = 1. so this inequality
becomes
na+b  (1+z, b
g < zpa+b  (1+z)a+
(58) zne+d  (14+z,)c+d
B lad — be] _ 1
(et (14 3y)e+d) T OF2
It follows that &, — t and, indeed, that
(59) Eo(t) < &t) <&(t) - <t<---<&t) <&().
[

It is customary to say that the &, (¢)’s are the convergents of t.

Theorem 11. The continued fraction representation of an irrational number is unique
and infinite; conversely, every infinite continued fraction represents an irrational.
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Proof. Suppose t = [zg,z1,...] = [yo,y1,...| with z;,y; € Z, x;,y; > 1 for i > 1. We
prove by induction that x; = y;. Indeed, since

(60) $0<[l’0,]}1,...]<1+l’0, y0<[y0,y1,...]<1+yo,

we have xg = yg = my. But now,
1

t—mo

(61) = [z, 22, = [y1, 02, ],

and we may repeat the argument. Suppose on the other hand that u = [xg, z1,...] =
(Y0, Y1, - - -, Yn]. Repeating the previous argument n times leads us to [z, Tpi1,...] =
[yn], and x, < [, Tpa1,...] < 1+ x, is not an integer, a contradiction. d

We now return to some topics touched on in the earlier notes. An infinite continued
fraction is purely periodic of period d > 1 if all its denominators are repeating blocks
of length d:

(62) [ﬁo, cee ,:L'd_l] = [270, ey d—1,L0y -y Ld—1y .- - ]
Let 0y = Ox(z0,...,z4-1) denote the finite continued fraction with kd denominators,
comprising k complete cycles of the pattern (zo,...,z4_1), or, more formally, §; =
[z, x1,....x4-1] and

1

r1 +
N 1
LTd—1 T 75—
Or—1

If d =1 and z¢y = a, we have the familiar

1 xk(a)

(64) g 01 wp-1(a)
and if d > 2,
(65) 6 = Pat1(To, .. Ta—1,0k—1)  Or_1pa(xo,...,Ta—1) + pa-1(To, ..., Ti—2)
k= = .
Pd(iﬁ, <oy Tg—1, 9k71) ekflpdfl@jla . 737d71> +pd72($17 - ,l'dfz)

If d =1, this is consistent with po = 1, p_1 = 0, so we won’t distinguish that case.
Observe that (6y) is the subsequence of the kd-th entries in a convergent sequence
and so is also convergent, to, say, 0 = 04,2, ,)- By continuity of polynomials,
pa(zo, .-, T4-1) - 0 + pa—1(Zo, . .., Tq_2) : A0+ B,
Pa-1(T1,. .., q 1) - 0+ pao(T1,..., 04 2) Co0+ D, ’
and so 0 is a root of the quadratic:

(67) C,T? + (D, — A,)T — B,.

(66) 0=



12 BRUCE REZNICK, UIUC

If zo > 1, then B, > 0, so that there are two roots, one positive and one negative.
Clearly, 6 > 0. Thus, every purely periodic continued fraction is a quadratic irra-
tional; 0 € Q(y/(D — A)?2 +4BC). The uniqueness of continued fractions rules out
the possibility that 8 € Q.

Ezxample. Suppose d = 1, so that

zx(a)
68 0, == ——— .
( ) k xk71<a>

Plugging into the previous expression with = (a), we have A, = a,B, = C, =
1, D, = 0, and the quadratic above is T? — a7 — 1, as we have already seen. If d = 2,
then A=ab+1,B="0,C =a,D = 1, and we get the quadratic seen in (43).

An infinite continued fraction is periodic if it is periodic after an initial string. We
write

(69) [yOa"Wy&:EOa"wxd—l] = [y07"‘7y67$07"'axd—lvaa"'7$d—l7"']'

If 0 = [Zo, .-, T4_1) as before, and v, denotes the continued fraction with the initial
string, followed by k repeated blocks, then as before

(70) 1/1k _ pe+1(y07 cos Ye—1, Hk) _ Hkpe(y()a s 7?Jd—1) + pe—l(yOa s 7ye—2)
Pe(Yiy s Ye-1,0k)  OkPe—1(y1, .- Yeo1) + Pe—2(en, ..., €a—2)

If e =1, then we simply define

. 1
(71) (%0, T0,s -5 Ta—1) = Yo + 9
In any event, the convergence of continued fractions implies that (¢4) is convergent,
to 1), say, and the convergence of (6;) implies
(72) Q/} _ epe(y(]?"'yyd—l) +pe—1(y0a"'7ye—2)

Qpe—l(yla SR ’ye—l) + pe—Q(ela s 76d—2)

Since each of the continuants is an integer, we see that so ¢ € Q(y/(D — A)? + 4BC)
as well. Remarkably enough, the converse is true:

Theorem 12. Ift = a + bv/d € Q(\/d) is irrational, then the continued fraction
expansion of t is periodic.

This will be proved in the next section.

4. LAGRANGE’S THEOREM

Lagrange’s Theorem is the result alluded to at the end of the last section: if w is a
quadratic irrational, then the continued fraction expansion of u is periodic. The first
thing we need to do is write quadratic irrationals in a peculiar form.



STERN NOTES, CHAPTER 5 (VERSION 1) 13

Lemma 13. Suppose u € Q(y/n) \ Q, where n € N is not a square. Then there exist
(non-unique) integers m,d,q so that

_m—i—\/;l
q )

(73) u

where m,d,q € Z, ¢ # 0, d > 0 is not a square and so that q | d — m?>.

Proof. By hypothesis, we have u = a + (3/n, with a;, 3 € Q and 3 # 0. After taking
a common denominator, there exist integers c;, with ¢y, c3 # 0 so that

(74) Lot cyn _ —a+—cyn

C3 —C3

We may thus assume without loss of generality that ¢o > 0 and so that

(75) LGt \/nei _ ciles| + v/nc3c;

C3 C3|C3\

If we let m = ci|c3|, d = nc3c3 and q = c3|cs|, then m,d,q € Z, ¢ # 0, d > 0 is not a
square and

(76) d—m? = c3(nc; — c1)* = £q(nc; — c1)*

We remark that this representation is not unique: if » € N, then another valid
representation will hold under the substitution (m,q,d) — (rm,rq,r*d). U

Theorem 14 (Lagrange’s Theorem). A quadratic irrational w has a periodic contin-
ued fraction.

Proof. By Lemma 1, we may write

m+\/3

(77) u = = [Go,al,...].
q
Recall from the last section that
pn+1(a07 S 7an) Pn+1
78 Enlu) = = — U.
( ) ( ) pn(@h'--aan) qn+1

(Note that where p,11,¢,11 € N.) Also, there is an ezact expression

pn+1(a07 ceey Op_1, Gn(u)) Gn(u)pn + Pn—1
79 = N I € = = .
(79) w=lao, s, Gulw)] = = e e )~ GulwW)an + s

We claim that we can always write

_mu+Vd
G

(80) G (u)
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where m,, ¢, € Z, g, # 0 and ¢, | d — m?2. This is certainly true for n = 0 by

hypothesis, taking mg = m and ¢y = ¢, as u = G,,(u). Supposing the claim holds for
n, let a, = z,(u) = |G,(u)|. Then we have

1 dn
Gl = G —an a4V
(81) _ In ' —(mp — anqn) + Vd
My — G+ Vd  —(My — angn) +Vd
I Vd
(d = (my — ang0)?) /a0
It is clear that m, 1 := —(my, — anqn) € Z. If g,y is the last denominator above,
then

(82)  Gnnrr =d—my = d— (Mn — angn)” = (d = my) + Gu(20nm0 — 67,05)-

Since g, | d —m2, gu11 € Z; further, g,11 divides d — m2_,, as required, completing
the proof of the claim.
We can solve for G,,(u) in terms of u, using (7):

(53) Gulu) = Pt =Mt (0] 2
Pn — Ugn Gn—1 5n71<u> —Uu

We now invoke some algebraic number theory: conjugate is

—Vd
(84) g= Ve

q
Take the conjugate of both sides in (11), observing that p;,¢; € Z (so &;(u) € Q), and
keeping alert to the fact that, in general G, (u) # G, (u). Then

& 0 -

Since &,(u) — u and since u # u,
nolu)—u u—1a
na(u)—u  u—a

Because ¢, ¢,_1 > 0, we may conclude that there exists N so that for n > N,

(86) 1.

(87) Go(u) = —2—— <0.

Since Gy,(u) > 1 for n > 1 by definition, we have

2V/d

an
for n > N, hence ¢, > 0 for n > N. But now recall from (10) that

(88) Go(u) — Go(u) = 2¥2 5 0

(89) Gndn+1 + mi-t,-l =d = (qn, mi—i—l < d.
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This implies that there are only finitely many possibilities for (g,,m,) for n > N
and so there exists M > N,r > 0 so that (qar, mar) = (qarar, marsyr). It follows that
Gy (u) = Garar(u), and so, for n > M, G, (u) = Gpyr(u), implying that a, = a,,.
That is, the continued fraction expression for u is periodic with period 7. O

Ezample. Let

~ .805.

(90) w = Go(u) = +3‘/§ _3 +9‘/E

Then ag = 0 and

9
91 Gi(u) = ——= = -3+ V18 =~ 1.242.
( ) 1( ) 3—|-\/E
We see that a; = 1 and
1 1 4+ V18

~ 4.121.

(92) Gl = ST ARl Tir s 2

Therefore, ay = 4 and
1 B 2
Y15y 4418

We're almost done, because a3 = 8 and

1 1
(94) Gul) = 5 = T o = G

It follows that u = [0, 1,4, 8]. We can verify this by our earlier calculation. We have
previously shown that, if § = [4, 8], then

(93) Gs(u) = — 4418 ~ 8.243.

4+ 3v/2
(95) 802—320—420:92%\/_.
It follows that
1 1 1 4+ 3v/2
(96) w=0+ _ _Asva
1 1 2 6+ 3v2
14— 14+- 14+ —F
1 0 4432
44
1
8+ —
Just for completeness, we observe that
1++2 1 1—2 1
o s +1—1— ! ’ +1+ !
1 1
4 4 4+
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The actual continued fraction representation for u is [—1, 1,6, 4, 8], a formula whose
resemblance to the earlier one might make want you to explore more deeply in the
subject of continued fractions.

We also state a pretty neat theorem that we will not use directly. A proof can be
found in your favorite high-quality number theory textbook:

Theorem 15. The real quadratic irrational u has a purely periodic continued fraction
expansion if and only if u > 1 and —1 < u < 0.

(Note that for § = [4,8], 6 ~ 4.121 and § ~ —.121.) More generally, for § = [a, b,
0 and 6 are the positive and negative roots of the equation
(98) Pap(T) = bT? — abT — a = 0,

and pap(—1) = b+ alb—1) > 0 > —a = p,u(0), so § € (—1,0), and pa,(1) =
—bla—1) —a < 0, s0 6 > 1. All bets are off if you want to play with periodic
continued fractions whose denominators are not in N.

Corollary 16. If m € N is not a perfect square and ay = |\/m]|, then /m =
[ao, ary...,04-1, 2&0].

Proof. Observe that a +1 < m < (ap + 1) — 1. If we let u = ag + y/m, then
u > 2ag > 1 and @ = ag — /m. Thus

(99) 0>a0—\/a8+1271>a0—(a0—|—1):—1,

verifying the hypotheses of Theorem 3. U

In a few cases, the non-periodic continued fraction representations of non-quadratic
irrationals is known. Here is a very brief sampling:

e=102,1,2,1,1,4,1,1,6,1,1,8,1,1,...],

e—1

(100) e+1
tan(l) =[1,1,1,3,1,5,1,7,1,9,1,11,...],

T =1[3,7,15,1,292/1,1,1,2,1,3,1,14,2,...].

If you can find the pattern for 7w, wave to me from the stage as you pick up your
Fields Medal.

=[0,2,6, 10,14, 18,22, 26,30,34.. . .],

5. A LITTLE ANALYSIS
We will come across the same situation more than once, so I'd like to formalize it.

Theorem 17. Suppose X is a dense subset of the real interval [a,b], Y is a dense
subset of the real interval [c,d| and f is a strictly increasing bijection of X onto Y.
Then f extends to a unique continuous function F' from |a,b] to [c,d]; this function
F' 1s also strictly increasing.
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Proof. We first remark that if a € X, then f(a) = ¢. This is because f(X) =Y C
[f(a),d] and Y is dense in [c,d]. A similar argument shows that if b € X, then
£(b) = d.

We now define F(x) for u € [a,b]. If a ¢ X, F(a) =cand if b ¢ X, F(b) =d. If
u € (a,b),

(101) F_(u) =sup{f(z):x € X Nla,ul}; Fy(u) =inf{f(x): x € X N [u,bl}.

The sup and inf are finite, because ¢ < f(a), f(a') < d for a,a’ € X. If z € X,
then clearly F_(z) = Fy(z) = f(x), so F extends f. Suppose u ¢ X. Observe
that if vog < w < 2 for x; € X, then f(xg) < f(x1), hence f(z9) < Fy(u) and
F_(u) < f(zy). Taking sups or infs, we see that F_(u) < Fy(u). In fact, we show
that F_(u) = F'y(u). Suppose not, then by the denseness of Y = f(X), there exists
z € X so that f(z) is in the open interval (F_(u), F'y (u)). But f(2) > F_(z)sox > u
and f(z) < F(x) so x < u, a contradiction.
We now define

(102) F(u) = F_(u) = F\ (u).

We must prove that F' is strictly increasing, continuous and unique with these con-
ditions. First observe that F' is non-decreasing, because a < u < v < b implies
that

(103) {f(x):x e XNla,ul} C{f(z):2 € XN]a,vl]}.

This set inclusion implies that F, (u) < F(v). Since X is dense in [a, b], there exist
z; € X so that u < zy < “F¥ < 2y <v. Since f is strictly increasing, it follows that

(104) Fu) < F(wo) = f(w0) < (1) = F(21) < F(v),

so F'is strictly increasing.

The continuity of F' on (a,b) can be proved from the definition. Suppose that
F(u) =y and let € > 0 be small enough that (y — €,y + €) C (¢,d). As before, there
exist z; € X so that y—e < f(z9) <y < f(z1) < y+e. Since F is strictly increasing,
o < u < xy. Let § = min{u—zg, 1 —u}. Then |u—v| < 0 implies that zy < v < z,
so f(xg) < F(v) < f(x1), and so |F(u) — F(v)| <e.

Finally, suppose G also extends F' and is continuous, and suppose F(u) # G(u)
for some u € [a,b], say F(u) > G(u). Then by continuity, F(z) > G(z) on some
neighborhood of u intersected with [a, b]. But this neighborhood will contain z € X,
and F'(x) = G(x) by hypothesis, a final contradiction. O

Theorem 18. The Minkowski ?-function extends to a strictly increasing function on
0, 1] defined on irrational arguments by

= -y
(105) 20,0, 1,02, ) = Y oo
m=1

This function maps the rationals in [0,1] to the dyadic rationals in [0,1] and the
quadratic irrationals in [0, 1] to the non-dyadic rationals in [0, 1].
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Proof. First observe that since a; > 1, the series above converges by the ratio test.
Let [a,b] = [¢,d] = [0,1] in Theorem 5, let X = QN [0,1] and Y = Q, N [0, 1],
where Qy denotes the dyadic rationals. Then X and Y are both dense on [0, 1] and
? has already been shown to be strictly increasing on X. If ¢ = [0, ap, ay,...], then
t =1lim¢&,(t) and 7(&,(t)) is the n-th partial sum of the series, and since 7 extends to
a continuous function on [0, 1], which we shall also call 7,

. . n ( — o m 1
(106) ?(t) = nlLHOlO gn(t) = nlLHOlo Z Qa1+ +am—l Z 2a1+ +am—1
m=1 m=1
To show periodicity, we first remark that
(107> [07 b07 s 7be—17 g, - - . 7ad—1] - [07 b07 R be—la ag, .. .,0a4—1,Q9, - - - JCLd—l]?

so we may assume that any periodic continued fraction has even period. If u is a

quadratic irrational and D = ) a; is the sum of the denominators in the period and

2s is the length of the period, then there exists N = 2sngy so that for m > N, if
= (2s)n+7r, 0 <r < 2s, then

(108) ap+--+an,—1=T,+(n—ny)D
for some integers 7)., determined by the non-purely periodic part and ag, ..., a,. It
follows that
[e’e) (_1>m71 2sng—1 ( 2s—1 oo
(109) Z 9a1++am—1 - Z a1+ +am—1 Z Z QTT-HCD
m=1 m=1 =0 k=0
Since
= 1 1 2P
(110) D ons = 9m o T
k=0

?(t) is a finite sum of dyadic rationals and rationals, and so is rational.
Conversely, suppose v € (0,1) N Q is not dyadic. We may write

1 1 !
(111) v=l_-_P_ <c+3),
g ¢ 2
where ¢’ is odd, 0 < ¢ < 2" € Nand 0 < p’ < ¢. Since ¢ is odd, there exists r so
that 2" = 1 (mod ¢'), and so

m t
112 _m ‘
(112) T 5T
As before, we can write both ¢ and ¢ in the form
(113) obi _gb2 o .4 gbak—1 _ 9bak

with by > by > ... by, and since

=1
:ZQ_]

J=1

(114)
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we obtain a representation

115 _y e
(115) V=D e
m=1
in which the a;’s are eventually periodic. ([l

Corollary 19. Ifu € [0,1], then
2w)+7(1 —u) =1, ?( “ ) O ?( ! ) )

u—+1

v 1
? = 9k.? <p< —.
<1—kv> W), 0svsi7m

Proof. The equations on the top row hold when v = z is rational. If u ¢ Q, write
t 1

(116)

u = limw, with z, — wu. Since 7 is continuous and ¢;(t) = 1 — ¢, 5, 57 are
continuous, simply replace u with x, and take the limit.
For the bottom first observe that if 0 < v < 4, then v = 5 [0, 1],

and u = (2) = 33, then the k-th 1terate is Ty(z) = 357, so that
u ?(u) v %
(117) (ku+1> ok (1—@) (v);

€ [0, 1]; that is, v € |0, k%l]

Ezample. We have seen above that 1+‘[ =10,1,4,8]. Tt follows that
?(1+‘/§>: NN S S S
3 9l-1 ~ 9I+4—1 ' 9l44+8-1  9l+4+8+4—1

1 1_( 1) 212 154096 256

(118)

gitoE o T \' T %) 2m o1 164095 273
Ezample. We have already seen in Notes, V(37), that

(119) 7(Fn) 2y (31)n+1

Fn+1 omn 1
By taking the limit, we see that

(120) ? <ﬁ2_ 1) = %

More generally, since

(121) 0y = ————— =[a],
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by taking the limit in Notes, V(36) we see that for a € N,

?<\/4+a2—a> 2

122 = .
(122) 2 20+ 1

It is useful to note a shortcut. define v, so that

(123) () = — :>?( Yo ): 2 91— ~a).

2¢ 41 1—av, 20 41

It follows that ~, is a root of the equation

X a+2—+Va*+4
124 =1-X = aX’— X +1=0 = v, = :
(124) T—~ a (@a+2)X+1=0 Ya 5
(Since the polynomial has a root between 1 and 2, 7, must be the smaller root.) Since
Ya
125 = 0a,
( ) 1— Ya

this is consistent with the earlier calculation.

Remark. We remark that there is an implicit algorithm at work here. If § is a

non-dyadic rational, keep doubling until you get past % Then take 1 — z to get
below %, keep doubling again, etc. These fractions all have denominator ¢ and lie in
(0,1), hence eventually you get repetition. By solving the resulting equation, you can
compute ?’1(5) without having to compute dyadic expansions and continued fractions
explicitly. (This information is implicitly contained in the ordering of doubling and
folding back.) This ought to be a theorem. Later.

Ezample. A more complicated object is 0, = [a,b]. We already know that

ab + vV a?b? + 4ab 4, —ab+ va?b? + 4ab
(126) Oup = = 0, , = ,
’ 2b “ 2a
The computation of 7(6,,) is easy because the period has even length. We have
(127)
, (—ab + Va2 + 4ab> B i ( 1 1 ) 2(20 — 1)
: = 5

2% j+Datjb—-1  9(G+Da+(G+Db—1 ) — 9atb _ 1 °

J=0

Example. Tt is a little-appreciated fact that every integer < 10 can be written in the
form 2¢(2° £ 1). It is also little-appreciated that the inverse to the ?-function is also
a continuous and strictly-increasing function. Based on the results on the previous
pages, we can compute ?~'(%) for every proper fraction in (0,1) with b < 10. For
b=2,4,8, see Notes V(13). In view of (33) and (36) above, we find immediately that

(128 ?<3—\/5>_1’ ?<5—\/5>_17 ?<5+\/5)_§.
2 3 10 6 10 6
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Taking a = 2 in (38), we get

2 3 2-v2\ 1 V2) 4
12 (V2—1)=- 2—-V2)=—=, 7 =— ===
(129 <f>5:»<f>5,<2>5, (2)5
Working backwards from the right-hand-side of (55), with (a,b) = (2,1) and (1, 2),

we see after some simplification that

-1+v3\ 2 6
(130) ? (T) o (-1+v3) = =

More use of Corollary 7 implies that

3-V3 5 1 V3 4 3-43 3
(131) ?( 5 ):?, ?(2—\/§)=?, ?<?>:?, ?( . >:?.

Here’s a preview from the next homework set: compute 77! (%) for reduced fractions
in (0,1) with b =9 and b = 10.
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6. RETURN TO THE FIRST SECTION

It turns out that it will be useful to have a proof of Theorem 3, and more.

Proof of Theorem 3. Suppose u = [ag, - . -, Gn_1). By repeating the block if necessary,
we may assume that n > 3. Then we’ve seen in the earlier notes that

1 ey Oy,
w=ap+ _ pn+1(&07 y p—1 U)
1 pnla, ... Gp_1,u)
a; +
1
(132) I
Ap—1 + -
U
_ u - pn(ao, e ,an,l) —l—pn,l(ao, . ,an,Q)
u - pn,1<a1, RN ,an,l) —|—pn,2<a1, RN ,an,2>
If, as before, we write this as
Au+ B
133 - =
(133) YT CurD

then we’ve seen that wu is a (positive) root of the quadratic

A—D+./(D—- A2 +4BC

2C ’
and the other root of f must be 4. We have u > ag > 1. Note that f(0) = —B <0
and f(-1)=(A—-B)+ (C — D), and

(134)  f(T)=CT*+(D—- AT -B = u=

A—B=npulag,...,an-1) — pn_1(ag,...,a, 2)

135
(15) = (ap—1 — 1)pp_1(ao, ..., an—2) + pn—2(ao, ..., an—3) > 0.

Similarly, C' — D = (ap—1 — )pp—2(a1,...,an—2) + pn_s(ai,...,a,—3) > 0. Thus,
—1 <@ < 0. (Alternatively, one can show that v = 2 € (—1,0).)

The converse is somewhat harder. We suppose that v > 1 and @ € (—1,0). Since
u is a quadratic irrational, its continued fraction expansion is periodic. Thus there
exist ng,r so that G, (u) = Gpo4r(u), and so that G,(u) = G, (u) for n > ny.
Assume without loss of generality that ngy is minimal with this property. Our goal is
to show that ng = 0.

To do this, we first wish to show that for all n > 0, we have G,,(u) > 1 and
Gn(u) € (—1,0). The first is easy to establish, because, Go(u) = u > 1 by hypothesis,
and G, (u) > 1 for n > 1 by construction. For the second, again, G,,(u) = u € (—1,0)
by hypothesis. We have

(136) Gp(u) =ap + 5——
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and this implies that

1 — 1
= Qp + = = Gn+1<u) N
Gr+1 (U) Gn(“) — an

~—

(137) Gh(u

By hypothesis, G, (u) € (—1,0) and a,, > 1, hence

(138) Gn(u) —a, < =1 = Gpyi(u) = G—(u)

This completes the induction. Observe that we have now shown that
1

(139) —Qy — m = —Gn(U) S (0, 1),

and since a, is an integer, this means that

(140) 0, — {—ﬁJ

Suppose that Gy, (u) = Gp4r(u) and ng > 1. It follows from this last equation that
Upg—1 = Qpgir—1- But now, applying (64) with n =ng— 1 and n = ng+r — 1, we see
that Gpy—1(u) = Gpyir—1(u), contradicting the minimality of ng. Thus, u is purely
periodic. ([l

—a, € (—1,0).

The next result is interesting in its own right.

Theorem 20.
(141) u=[ay, .-, 0n_1] = —U ' =[Gn_1,..-,00)
Proof. Keep the notation of the last theorem. Then u,u are the roots of f(T") = 0.
By the same reasoning, if v = [@,_1,.--, ag|, then
(142) v = v'pn(anfla"WQO)+pn71(anfl>"'7a1) .
v - pn—l(a'n—Qa cee ,(Io) +pn—2(an—2a cee 7a1)

But by the reversability of the arguments of continuants, this means that v and v are
the roots of the equation

(143) g(T) = BT*+ (D — A)T — C = =T*f(-T71).

Thus {v,v} = {—u"!,—u"'}. Since u,v > 1, w,v € (—1,0), it follows that v
o1
—u

Ol

We now improve Corollary 4.

Corollary 21. If m € N is not a perfect square, and ag = [\/m], then /m =
lag, ay,...,aq_1,2a9|, where a, = aq_y for 1 <k <d-—1.
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Proof. We have already proved that uw = ag + \/m is purely periodic, and since
|u| = 2ap, we have

(144) u = [2a9,a1,...,aq_1]
for some denominators a;. We now take away the first denominator and observe that
1 1
(145) u = 2ap + = 2a9 + :
1 [a17"'aad—172a0]
ay +
N 1
1
ag—1 +
2@0 + —
Thus
(146) [ 2ay| L L
w:=lay,...,aq-1,2aq] = = .
1 y Ud—1, 0 u—2a0 \/E—CLO
It follows from Theorem 8 that
1
v = [2a9,a4_1,...,01] = —wW " = — 1

= ap +vm = [2a9,a4,...,aq_ 1] = u.
Since continued fractions are unique, we conclude that a, = aq_ for 1 < k <
d—1. O
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7. BONUS LEFTOVERS

This accidental section consists of a few items that should have been in section two.
The first is a definition of the Minkowski ?-function which is seemingly independent
of anything connected with the Stern sequence.

Corollary 22. The Minkowsk: ?-function is the unique function F satisfying the
following properties:
(1) F is continuous on [0, 1];
(2) F(0) =0, F(1) = 1;
(3) F(z)+ F(1—xz) =1 for all x € [0,1];
(4) F

4 (z):F(Qx)foralle[O,l].

x+1

Proof. Properties (2), (3) and (4) iterate to showing that F'(x) =?(x) for any = € Q,
and so by (1), F' must be the unique continuous extension. U

Example. The approach in the last remark on p.8 is less useful than perhaps it seems.
What it amounts to is a way of quickly determining the repeating portion of the binary
representation of y = £, and then translating that into finding ?771(y). If ¢ = 2°m for

odd m, then the number of steps is v plus the smallest k so that 2¢ = 41 (mod m).
Recall that if 2p < ¢, then

_ -2
199 2(3) =v o2 (17F) =1om 2 () =22 (7)) =1

We apply this repeatedly to one not-so-easy illustrative example. Suppose

13 31
14 Nx) = — 201 — ) = ==
(149) (r)= 3 =M-0)="
Since the first of these is less than %, we “use” it:
T 13 1 -2z 9
1 ? = — ? = —.
(150) (1—x> 22 7 (1—x> 22
Now % < %, SO
1—2x 9 3r—1 2
151 ? = = ? - =
(151) ( x ) 11 = ( x ) 11
We can already see from this that = € (%, %) Here, % < %, SO
3r—1 4 2—bx 7
152 ? = — ? = —.
(152) <1—2x> 11 — (1—2x) 11
Repeating,
3z —1 8 3 —8x
1 ? = — ? = —
(153) (2 — 5x> 11 — (2 — 5x) 11
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Don’t give up!

3—8x 6 11z —4 5
154 ? = — =7 - =
(154) <3x—1) 11 (Bx—l) 11
We now know that = € (5%, 3). Almost there!

11x — 4 10 7— 19z 1
155 ? = =7 ——
(155) (3—835) 11 (3—835) 11
(Thus, 1~ = .3636.. < = < .3684.. = 15.) Finally:

7—19x 2 30z — 11 9
1 ? =— =7 —)=—.
(156) (1193—4) 11 <1lx—4) 11
At last, a match!

3r—1 7—19x 2 3r—1 5—1lz

157 ? =7 -2 = _ .
(157) ( x ) (1135—4) 11 x Trx —3

This gives a quadratic, which is good:
(B3x —1)(7x = 3) = 2(5 — 112) = 522° — 30z +4 =0
(158) 15 4 /17 15 — /17
== T r=——

R 52
There are two roots, but they imply that

3x—1_il7—3:>? +17 -3\ 2
x 4 ' 4 11

We must choose the “+”7 sign; it’s also the only one that is in the correct range
(otherwise the formulas above are not accurate.) We conclude that

, <15+\/ﬁ> 13

~ 36775, ~ .20917.

(159)

(160) =0

52 -

Interestingly, it turns out that

15 — /17 3
(161) ] =—.
52 44
To confirm these formulas, we make some Mathematica calculations:
15+ V17 —
(162) 2—2 =10,2,1,2,1,1, 3

A calculation similar to that found in the proof of Theorem 6 shows that

13 1 52 1( 2) 1 1 186
— - 1+ =

44 4 44 4 11 441023
1 1 28_97496_93 91
2 210 _ 1

(163)

= [.010010111010]; .



STERN NOTES, CHAPTER 5 (VERSION 1) 27

These match up. It is worth noting as well that one obtains the following result from
a more careful examination of this algorithm. If ¢ is odd and a = £2*b (mod ¢), then
?_l(g) and ?_1(2) belong to the same quadratic extension of Q. The smallest odd
number ¢ for which there exist a,b not satisfying this condition is ¢ = 17. It’s not

hard to show that

3—+5 1 4 —+/10 3
o0 (=0) x5

Finally, we sketch the proof of a theorem, which I have given a somewhat disparag-
ing name. It is quite striking but is really a trivial extension of what’s already known.
I don’t remember having seen it before but would not be surprised to learn it was
100 years old.

Theorem 23 (Low hanging fruit). Suppose
2
(165) 2z) = 2L,

Then p and q are both odd if and only if x is a quadratic irrational and T < —1.

Proof. Let w = 1/x € (1,00). We have seen that u has a purely periodic continued
fraction if and only if w € (—1,0), and zu = 1 implies zu = 1, hence £ < —1. We
now want to show that ?(z) = % with odd p, ¢ if and only if u is purely periodic.

First suppose u = [ag, - - ., @g_1). As remarked earlier, by repeating the period, we
may assume without loss of generality that d is even. Let

J
(166) Ty=> a, 0<j<d-1.
i=0
By the periodicity of the a;’s, if n =dk + 5,0 < j <d—1, then
n dk+j
(167) doai=) a=ku1+T,
i=0 i=0

and from (33),

) =3 i

n=0

(168) B L B ‘

d—1 (1) 1 d—1 (—1)] oTi s

Z 2Tj—1 Z 2]€Td71 - 2Tj_1 2Td—1 _ 1 .

Jj=0 k=0 =0
The proof is complete upon the identification

d—1

(169) p= (—1)72Ta1~T5 g=2T1 _ 1.

=0
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(Note that Ty > T} for j < d — 1, hence p is odd.)
Conversely, suppose 7(x) = %, where p and ¢ are odd. Since ¢ | 27 — 1 for some

T, we may write

2p 2m
170 e
for some odd m. We can now write
d—1
(171) m=Y (=1)27"%
=0

where d is even and the T}’s are strictly increasing, with 7, > 1. Since m is odd,
T,_1 =T. The argument of the last paragraph reverses, and we find that z is purely

periodic. This proves that £ < —1, completing the proof. O

Remark. Checking against the examples on p.9, we see that for 1/3, 2/3, 1/6, 5/6,
—vbH—1 3 5) 5EV5

(172) — < -1, +2\/_ > 1, 10\/_ > 0.

In checking ?*1(%) with b = 5,7, we see easily that only %, %, g are the only ones fitting
the hypothesis of this theorem, and their images are the only ones whose conjugates
are < —1. L
Moreover, we’ve seen that for 6,, = [a, b],
2(2° —1)
-1 .
(173) 1000) = Serp 1

fortunately,

—ab — Va?b? + 4ab - —2ab <

174 L =
( ) ab 2a 2a

—1.
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8. THE DIFFERENTIABILITY OF ?(z)

First, an important correction — the error was noted by Jason Benda after class.
I had made a mistake in an earlier draft and not completely replaced it in the final.
You should read (85) and (86) as

3r—1 7— 19 2 3r—1 7—19x
175 ? =7 = = — _
(175) < x ) (11x—4> 11 x 11z — 4
(176) 3z —1)(11z — 4) = 2(7 — 192) = 522> — 30z +4 = 0.

Before talking about the differentiability of ?'(x), we need a more general consid-
eration. Let F denote the set of continuous, strictly increasing functions from [0, 1]
to itself. Observe that f € F implies that the inverse f~! € F and that both ? and
, are in F. (Another nod to Jason for finding the way for me to write the inverse.)
As is well-known, if f € F, then f’ exists almost everywhere on [0, 1].

For f € F, We define
D(f,0) = {xo T4l (G :0},

T—T0 T — o

D7.00) = {0+ iy KIS _ o

T—To T — X

(177)

Obviously, D(f,0) is the set of points at which f* = 0; but D(f, 00) is not just the
set of points at which f’ does not exist. It is possible for the difference quotient to
oscillate; we are interested in the set where it goes to co. Inasmuch as

(178) v —x0 <= f(z) = f(z0), y =y <= [T (y) = [ (o),
we have the immediate lemma.

Lemma 24. If f € F, then

zo € D(f,0) <= f(x0) € D(f*, 00);

T € D(f,00) <= f(x) € D(f71,0).

Proof. Simply observe that if y = f(x), then

(180) fla) = M) _ (f—%y) - f‘l(yo>)_1.

T — o Y —Yo

(179)

O

Because f’ exists ae, we must have u(D(f,00)) = 0. However, it does not follow
that f(D(f,00)) = D(f™!,0) also has measure 0. This would imply by symmetry that
w(D(f,0)) =0 as well. But this is false in general. (For example, the Cantor function
maps the Cantor set to [0,1].) In fact, as Salem proves in his paper, u(D(?,0)) = 1.

Let us say that if v, T , u,, | = and there exists A > 0 so that z—v,, 11 > Mz —v,,)
and U1 — x> ANu,, — ), then (u,,) and (v,) slowly approach .
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Lemma 25. Suppose (u,,) and (v,,) slowly approach x and suppose f € F. Then

fn L) 2 g, L 2T g e g0,

(181) m—0oo Uy — T m—oo Uy — T
tn L) = S0y, Som) 2 I8 o e o0,
M—00 Uy — T m—oo Uy — T

Proof. Observe that if u > x is sufficiently close to z, then u € (2,41, %,,) for some
m and, by the monotonicity of f,

F) = @) _ flum) = @) _ 1 flum) = (@)

u—z U1 — T A Up — T
. F0) = F@) _ Fn) = F@) _ flue) = f2)
U—2 Uy — T Um+1 — T

Similar inequalities apply if v < x. We see that if y is sufficiently close to x, then
the “slow” sequential limits to 0 or oo imply continuous limits. It is easy to give
counterexamples when the difference quotient is finite and non-zero, or when the
sequences don’t slowly approach z. The reverse implication always holds of course.

U
Lemma 26. (i) If xo € D(?,0), then 1 —xo, 2= € D(?,0); if zo € D(?,00), then
1 =g, 7%= € D(?,00).

(it) If 7o € D(4 ,0), then 1 — z, 3x9 € D(4,0); if zo € D(5,00), then 1 —
X, %.1'0 S D(& ,OO).

Proof. Suppose r — xy5. Then 1 —x — 1 — 2y and

271 — —?2(1 — 7 —(1="°
L) m) (1) — (1-2(a))
z—zo (1 —x)— (1 —x0) -z (1 —x) — (1 — )
(59 Yo =2a) _ . 2w)=2ao)
= lim —%2 = lim - ASalUA
T—T0 To— X T—T0 T — X
Similarly, if # — @, then {37 — % (since x € [0, 1]). Observe that
0 < T ) o < o ) _ Nw)=(wo)
1 1 B 2 ’
x ro (v —m0)

142 l14zo (I+z)1+x0)
Thus, upon taking the difference quotient, we find that

. ?(%)—Nfg) iy DA+ 70) ?(2)=2(z0)
(185) TR Tg T T T 2 T2
(1420)* . 2(x)=7(x0)
= lim .
2 z—z0 T — Xy

The second set of implications follow from Lemma 12. O
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Theorem 27. Ifu € (0,1)NQ, thenu € D(?,0); that is, ?'(u) = 0. Ifv = £ € (0,1),
then v € D(; ,00).

Proof. We first consider u = % Let

1 m 2om) 1 1
Um = = = Um) =5 — 500>
[0,2,m] 2m+1 2 omtl
(186)
. 1 m+ 1 ) 1_1_ 1
U — — = = :> fu = — .
" "o0,1,1,m] 2m+1 me g gmAt

Observe that . — = = 27t — 2ml (]

3= amys(Um = 3) and 5 — Vg = FE5(5 = Um), 50 (up) and

(vm,) slowly approach % Further,

2u)=2(3)  2(vp)=2(3)  Am+2
187 22 = 22 = 0.
( ) Uy — Uy — % 2m+1 -
It follows that 1 € D(?,0).
As we have seen earlier in these notes, every rational number can be constructed
1 . . xT .
from 3 by repeated application of the maps * — 1 —z and v — ¢, and this
completes the proof by Lemma 14. Alternatively, we have % € D(; ,00), and every

dyadic rational is derived from % by repeated application of t — 1—z andx — £. [

2
Theorem 28.

N[

1 5—1 2
(188) — = V5 € D(?,00) = - € D(s,0).
P 2 3
Proof. We have already shown in (47), (48) that
F, 9 (=1)"t 1\ 2
(189) o (I )2, B0, (1) 2
Fo) 3 3201 o) "3

We note that, like all finite continued fraction approximations, the sequence F,,/F, 1
alternates above and below its limit:

FO F2 1 F3 Fl
190 e G S G e i
( ) F1 F3 ¢ F4 F2
Recall the Binet formula for F,,, and the identities ¢ = —¢~"' and ¢* + 1 = v/5¢, so
F, 1 F@"+ (=)o) 1
Zp = —— — — = - =
n E, A (An+1 —1)n+2H—(n+1)
o a6 R ()

B ¢2n+1 4 (_1)n+1¢ 1 B (_1)n+1\/3

o ¢2n+2 4 (_1)n+2 o - ¢2n+2 4 (_1)n+2'

It follows that

1
— — > 0.

(192) e
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and so if
F: 2m 1 o F. 2m—+1 1

T 57 Uy, = F2m+2 l 57

then (u,,) and (v,,) slowly approach é We also have

193 Uy, =
(193) Fomt1

() () o
En % 3\/5 . 9on—1

Fn+1

(194)

— 00,

since ¢? = %3 > 2. The result now follows by Lemma 13. The divergence isn’t
particularly rapid. With n = 10, we have

55 1

(195) ()5 S5 -3 —.000651 153
55 1 55 1 . :
z_1 217 — 000056

O

Corollary 29. If x = [0,aq,...,a,,1] for any a; € N, then x € D(?,00). If u =

557 € (0,1) with ged(p,3) = 1, then u € D(; ,0).

Proof. This is a direct consequence of Lemma 14. The first part may be clearer than

the second. If u < %, then u = 3, where v = ;50=. If u > %, then u =1 — 7, where
v = i’é:if. O

Corollary 30. The Minkowski ?-function is nowhere continuously differentiable.

Proof. The rationals of the form 3% are dense in [0, 1], hence so are the quadratic
irrationals of the form [0,ap,...,a,, 1]. It follows that every open interval of (0, 1)

contains points where 7" = 0 and points where 7’ is not differentiable. O

We sketch a stab at generalizing Theorem 16. Fix a,b € N and let

1 —ab i @ T ddb
(196) Oup = o — 0T NVAT D
@0 2

(This was discussed on p.9 of this supplement, see (54) and (55).) More specifically,
define sequences (u,), (v,) as above, with

1 Pom
up =1, Uy = = ;
1 dom
a+b+u
(197) mel
1 1 Pom+1
Vo = —, Um = =
a 1 Qom41
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Then, as before v, T 0, and u,, | 0,5. Further, as these are consecutive approxi-
mants, we have

1

& o Pn+1 _
Gndn+1

Qn Gn+1

(198)

As consecutive approximants are on alternate sides of their limit, we have

Pn
— — Vab

4n

& _ Pn—2
Gn Gn—2

& o Pn—1

199
( ) qn Gn-1

<

It is (and shall be!) an exercise to show that there exists a constant c,; > 0 so that

ab+ 2+ Va2b® + dab \
GnGn+1 = Cab ( ) (1+o0(1)).

(200) 5

(Hints: see equation (41) of these notes, V. You need to look at gargor+1 and gog1¢ok+2
separately. This formula is valid for the product; ¢or and gopy1 have a different
constant in the asymptotics. Note also that if a = b, then

2
ab+2+\/a2b2+4ab_ a2+2+a\/a2+4_ (a—l—\/a2+4>
— — 5 ’

(201) ; 5

so this result is consistent with Theorem 16. In any case, this is a fairly routine
computation. It follows that (u,,) and (v,,) slowly approach 6,,, and after a bit
more work, that

Pn
— — Vab

(202) ”

y <ab 24 Va2 + 4ab> -
; .

It is also easy to see that

(203) ~ 2 atb)/2

Thus, 6, € D(?,00) if and only if

ab + 2 + Va?b? 4 4ab o glarb)/2
2

(204)
In our earlier case with a = b = 1, this condition reverts to 3+T‘£ > 2. Because of
the exponential growth on the right-hand side in (a,b), it is easy to believe that this
inequality is satisfied for only finitely many pairs (a, b). Noting the symmetry in (a, b),
a Mathematica check shows that the inequality holds precisely when 1 <a < b <4,
together with (2,5) and (3,5). This gives several more countably infinite families of
elements in D(7,00) as well as irrational elements in D(?,0).
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There is an extensive literature on the differentiability of ?(x), and it is not our in-
tention to cover it all. Salem, in his paper, first cites the result from metric continued
fraction theory that, for x € (0,1),

(205) xr = [ag(x),a1(z),...],
if we let
(206) A={x: liznﬂs;zlp an(x) = 0o},

then p(A) = 1; alternatively, the set of x for which a,(z) is bounded has measure
zero. He then proves that if x € A and if 7 is differentiable at z, then ?'(z) = 0.
Since 7’ exists a.e., it follows that u(D(7,0)) = 1.

There are two fairly recent papers by Paradis, Viader and Biblioni, preprints of
which will be distributed. the main result of interest is a generalization of the fore-
going. Let

. ap(z) + -+ + an(z)
207 T(z):=1 :
(207) () := limsup —
If 7(x) exists and T(x) > ko =~ 5.31972..., then = € D(?,0); if ?(x) exists and
T(x) < k1 ~ 1.38848..., then x € D(?,00). Here,

(208) 2og,(1 + ko) = ko, ki = 2log, (1 +2‘/5> .
These conditions would resolve the behavior of ?'(6, ;) when a+b > 11 and a+0b < 2,
under the condition that we knew that 7’ existed.

I believe, but have not been able to find yet in the literature, or prove, that there
exist points x with the property that the difference quotients oscillate arbitrarily
close to zero and arbitrarily large. To make such a point, we consider first consider
a sequence of positive integers nj which grows very rapidly. (I don’t know yet how
rapidly.) We then consider

(209) Uk = [O, 1”1,77,2, RN ,ngk];quH = [0, 1"1,712, Ce ,n%ﬂ];

The intuition is that in s, the behavior is dominated by the large final denomi-
nator, which makes the difference quotient very small, but in wugxy1, the behavior is
dominated by the large number of 1’s in the denominator, which makes the difference
quotient very large.
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1. THE SUMMATORY FUNCTION
The fact that there is such a simple formula as

2'r+1

(1) S sm) =3

k=27

suggests that it might be interesting to see if there is an underlying measure on [0, 1]
induced by the Stern sequence. To this end, we define the function f on [0, 1] by

| L)
(2) fA) = TILIrOlO§~ Z s(n).
k=2"

Except for the trivial values f(0) =0, f(3) = & (by symmetry) and f(1) = 1, there
is no a priori reason that this limit should exist, although the pictures of the Stern
sequence distributed earlier suggested a regular pattern.

We first consider dyadic rationals. Suppose \ = so that the upper limit in (2)
has a simple expression for r > v:

21)7

i 1 27427k T 21270 (G +)
0 () mge Z g | 2 e
fe=2r j=0 \ k=2rt2r—v;j
Recalling our earlier notation
2 (m+1)
(4) S(fimr)= > f(n),
n=2"m

this becomes

(5) f(Q—k;)—TILI?O?)— ZE ;2° + 4,1 — ).

1
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Further, recall that we observed that

s(2m)
2

s(2m + 2)
2

Y(s;m, 1) = +s(2m+1) +

_ s(m) s(m+1)

3
=2 (s(m) + s(m + 1)) = 35(s,m,0),
hence X(s;m, t) = 3'3(s;m,0), and the limit in (5) is that of a constant sequence (at
least for r sufficiently large). We find that for r > v,

Y 37 A 1
f(2—> =5 D N2 450 =50 ) s(n)

(7) 7=0 n=2v

2 4k—1 2V 4k—1

1 s(n)+s(n+1) 1
=5 Z 5 T Z s(2n +1).
n=2v n=2v
It’s also useful to observe that for k& > 1,
k E—1\ (2 42k — 1)

) ) - (55) -5

and since f(0) = 0, this can serve as an alternate definition of f.
To compute this function, we need to look at the odd elements of the Stern se-
quence. In the table below, the first row is s(3), the second is s(5), s(7), etc.

2
3 3
(9) 45 5 4
5o 7 8 7T 7T 8 7 5
6 9 11 10 11 13 12 9 9 12 13 11 10 11 9 6
Reading from the bottom row, f(15) = 135, f(&) = 55 = & = f(3), f($) = E5H

and so on. We also can easily see that

1 v+ 2
1 — ) = .
(10) Hz)-57
It is worth noting here that this table of the odd Stern sequence can be generated

autonomously. We have s(2" +1) = s(2"*' — 1) =r + 1,
s(An+1) 4+ s(4n +3) = (2s(n) + s(n+ 1)) + (s(n) +2s(n + 1))

(11) =3(s(n)+s(n+1)) =3s(2n+1)
and
12) s(An+5) —s(An+3) = (s(2n+2) + s(2n+3)) — (s(2n + 1) + s(2n + 2))

=s(2n+3) —s(2n+1).
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Thus, if you have a row of odd terms, then you can make the next row by starting
appropriately and then following these rules. To be specific,

s2n+1)=a, s2n+3)=0b, sdn+1)=c

(13) = s(dn+3)=3a—c, s(dn+5)=s(4n+3)+ (b—a).

Theorem 1. The function f defined above extends to a continuous, strictly increasing
function F from [0,1] to itself, satisfying F(1 —z) =1 — F(x).

Proof. We apply Theorem 5, from the Notes V, supplement. It is certainly the case
that f is defined on a dense subset X of [0, 1], namely the dyadic rationals, and that
f is strictly increasing on its image. We need only show that the image, Y, is dense
in [0,1]. But it follows from (8) that

k k=1\ _ Fos _ ¢° (¢’
o)) B2 ()

which goes to 0 as v — oo. Thus, Y is indeed dense in [0, 1].
The mirror symmetry of the r-th row of the diatomic array implies that f(1—z) =
1 — f(x) for any dyadic rational x, and this is inherited by F' by continuity. O

In the notation of the last notes, F' € F. There are now two natural questions.
What is the formula for F'(\) when X is not a dyadic rational? What can be said
about the differentiability of F'7 We can answer the first question more easily than
the second.

We begin by rephrasing the definition of f. Let (r;) be a strictly increasing sequence
of positive integers and let A\ = 0 and

1 1

5. We see from (8) that

so that A\, = A1 +

(16) FO) = Fh) = 22 )=l
and since f(0) = 0, it follows that

s - 1)
(17) f () = E_j >3 .

Since every z € [0, 1] is a limit of dyadic rationals x,, given as above, we now have

our definition of F:

1 , L s(20H (TN — 1)
$m22§> xzrilinooxm:>F(x): 2-3”] .
j=1 j=1

(18)

We note that this gives a peculiar recurrence satisfied by F.

Theorem 2. We have F'(z) — 6F(5) +9F(F) = 0 for x € [0,1]; that is, 3"F(5%) 1is
linear in n.
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Proof. Let x be given, with r; and A; as above, then for ¢t = 1,2

19 5= gome M=y = Fla) =67 (5) +9F (7) =L 5

Jj=1

where
Wy = s(27H (L4 Ay) — 1) — 26(27 (1 4+ 4/2) = 1) + (273 (1+ X, /4) - 1)

20
(20) = 5(20T 4 27N — 1) — 25(279F2 4 25N — 1) + 5(279F3 4 25N — 1),

But we have already seen that s(2" + k) is linear in n, when 2" > k (as is the case
here), and if g is any linear function, then g(r; + 1) — 2g(r; +2) + g(r; +2) = 0.
Thus, W; = 0 for all j, completing the proof of the identity. If a, = 3"F(55), then
Qpio — 2ap11 + @, = 0, S0 a,, is linear in n. ]

There is already enough information to prove the following theorem.
Theorem 3. If x is a dyadic rational, then F'(x) = 0.

Proof. We will use the “slowly approaching” lemmas of Notes, V, supplement, pp.
17-18. Let x = 2%, and for m > r, define

k 1 k 1
21 w=———, m=—+—.
(21) Um T Tom Mm T T ogm
Then x — vy 41 = %(x — V) and Uy — T = %(um — x), so Lemma 13 applies. Now
observe that

F(z) — F(v,) = F (;) _F ( k_ 1 ) s(2m*! +21~c‘23”;—r+1 - 1)7

ko1 B\ os(2mt! 4 k2morel 41

(22)

But
s(2MH L p2m T £ 1) = s (2NN 4 k) £ 1) =
(23) s(2m = 1)s(2" + k) + s(1)s(2" + k£ 1)
=(m—-r+1)s(2"+k)+s(2"+ k1),
so, for appropriate constants ¢; we have
F(upy) — F(z)  2™(eym + c3)

F(z) — F(vm) _ 2™(erm + ¢g) 0. _ o0
T — Um 3m Uy — T 3m

(24)

completing the proof. O

We shall show later that, if ged(k,3) = 1, then £ € F(f,00). But in order to do

this, we need a way to calculate F' at non-dyadic rationals.
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2. ' AT NON-DYADIC RATIONALS

(Please disregard pp. 5 — 7 from the last handout; lots of typos!)
It follows from the geometric series that

(25) S U
3 22 24 26 ’
and so from the discussion above, we have

1 23 +1 2°+23+1 2T+ 25 +23 +1
(26) r(1 _s( +)+s( +2°4+1)  s(2"+224+2°41)
3 2. 32 2. 34 236

The numerator of the r-th term is s(w,), where
w, =22 422 p 1) 1 =22l 03 ol
=274 428 41

(27)

By a stroke of luck (I can’t plan things this well!), we have already calculated this
expression: w, = ng,.+1 — 2 in the notation of equations (71)—(73) on p.11 of the
Notes, IV (keeping the typos in mind), and

(28) s(w,) = 3Fy, + Fy,_4.

(We have another computation of this later in the section.) It follows that
1 =\ 3Fy, + For g

2 Fz) =522t 2

2 G)->%5%

In one sense, this is a routine computation, if one breaks down the Fibonacci numbers
via the Binet formula. It’s also interesting to see how this can be done without using
“\/5” at all, but entirely via the even and odd parts of generating functions:

- n Z - n n —Z
(30) HZ:Oan :m = Z(_l) Foa"= ——

n=0

By adding and subtracting these equations, we find that

iFMCQn:l( g 3 - )Z - ;
o 2\1—z—=x 1+ a2 — 22 1— 322+ 24

> 1 T T x—x3
F 2n+1:_ — ]
HZ:O 2n 1% 2 1—:13—:E2+1—|—a:—x2 1 — 322+ 24

Since Fy = 0, a mild amount of reindexing gives

(31)

— 3 1-1/3+1/81 55 SEXZINST)
<32) i - [ele) . [e'e}
Fonin 1/8 —1/21 24 Foq Foria 8
nZ:O?)Qn—I—l 1—1/3+1/81 55 ;2.327‘ ;2.327"—1—2 110
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We conclude that

1 27 8 35 7T
F — = — _— — = —,
(33) (3) 1o "10 10 22

You may be forgiven for not quite believing this. As a nod towards the skeptical,
216 = 65536, § - 2'6 = 873813, and a Mathematica calculation shows that

87381
*

727391903 7 8057
Y. osn)— o5 =

4 . —_——— — — =
(34) 92~ 86003442 22 473513931

n=65536

if I've copied right. The difference is in the fifth decimal place, which is pretty close.

What does this mean? Since F(3) = 55, we must have F(3) = 3, so there is

slightly more Stern “stuff” in the middle than at the ends. This is also shown by
F(;)=%and F(3)=L.
We generalize, and reaffirm these numbers. Suppose & > 2. Then

1 1 1 1
(35) Qk—lzﬁ_’_ﬁ—i_ﬁ—}_.”'

It follows that

F( 1 ) B S(2k+1 + 1) 5(22k+1 +2k+1 4 1)

36
(36) 2k — 1 2. 3k 2. 32k

We have made a very similar computation recently. If we take m = 1 in the “Bonus
round” Theorem of HW2 solutions, and define a, = 20— gk(r=1) 4 ... 4 ok 4 1,

2k—1

then since s(m + 1) + s(2¥ —m) = s(2) + s(2¥ — 1) = k + 1, we have that
(37) s(ag) =0, s(a) =1, s(ary2) — (k+1)s(ary1) + s(a,) = 0.
In this notation, if we let ¢; = 27%*1 ... 4+ 2M1 41 = 2q,,, — 1, then

(38)  s(e)) = s(ajp) + s(aj — 1) = s(aj4a) + 5(2°a;) = s(a;41) + s(ay),

and so s(c¢jp2) — (k4 1)s(cjs1) + s(¢;) = 0 as well. That is,

(39) r (2k1— 1) N ‘°° 28.(0;')“

(40)
= (1-(k+1)X + XHP(X) = s(c1)X + (s(ca) — (k+1)s(cy)) X2,
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Now s(c1) = s(ag) +s(a) = (k+1)+1 =k + 2 and s(c2) = s(az) + s(az) =
(k* +2k)+ (k+1)=k*+ 3k +1, so
(k42X - X?
1= (k+1)X + X2

= F (le— 1) - % ¢ (317) - 2(3%(k—JElj)fkl)_:3’34r 1)’

As a check, for k = 2, this becomes

1 36 —1 35 7
42 F - = = = —.
(42) (3) 2081 —27+1) 110 22

o(X)

(41)

_2
2F -1
23

3 will give us F'(57—) for all integral j < k, including negative j. We don’t need this

for k = 2, because % =1- % Let

1 2
4 Z=3"F(—.2).

Theorem 3 shows that a,, is linear in n, and since ap = F(3) = 55 and a; = 3F(3) =

21 _ 1546n
55> we have a, = =", Thus,

1\ 1 27 3 1 133 1 1 742
wy p(LE o3 ply_ L3 14 _ e
6) 9 22 22 12) " 27 227 18 3.27) " 2.3

We now wish to show that I is not differentiable at A\ = 3, provided ged(3,m) =
1. In the interest of time, and interest, we shall only write out the details in one
direction. Recall our notations from p.3 of these notes.

The next step would be to calculate F'( ), because then the recurrence in Theorem

Lemma 4. If

o L (21 4+ Ay) — 1
(45) lim 2Tt =D

n—o0 3rn

then I 1s not differentiable at x.

Proof. We have the following inequalities:

S(2 (14 \,) — 1)
FO\) = F(Ay) > o

1 1 1 2

27'71, + 2rn+1 27‘11“1’2 = 2Tn ’

(46)

x_)\n—l <

If (45) holds, then it follows that
FOA) = F(\1) 2 -s(2mTH 1+ ),) = 1)
4
(47) N 13 o

as n — 00, and hence F' is not differentiable at \. U
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A more careful argument can show that the difference quotient goes to oo as A is
approached from the left. (Note that there is no guarantee here that \,, converges
slowly to A, because the difference between the r,,’s might be unbounded if \ is
irrational.)

Theorem 5. If A = 5 and ged(3,m) = 1, then F is not differentiable at .

Proof. First suppose A = 2% + . We have

329
k 1

(48) )\Zﬁﬁ—w"—wﬁ—"',
S0

2% 492224 ... 41
(49) A= T :
If
(50) oy = TR 92t | 92l 93 4
then

k = s(zj)
(51) F(\) =F (2—> + Z; T
J:

However, z; = [---(10)7721001]s, so 2z; ~ [---127321], and so s(z;) > Fy; — a very

crude bound! Applying the lemma, we have

2Tm3(27'm+1(1 + /\m) _ 1) S 2v+2mF2m B (2>v 22mF2m

Jrm = 3ut2m 9

(52) 3

32m

The numerator grows like (1 + \/5)2’", and since 1+ 5 > 3, it follows that the
quotient goes to oo and F' is not differentiable at .

IfA= 2%%—3%, then A = 1— )X, where \' = 21)_2’5_1 + 3,121,, and F’ is not differentiable
at A'. But since F(1 — x) = 1 — F(z), it follows that F' is not differentiable at A

either. O

We conclude this section with a more careful computation of F'. Let s(2°+ k) = a
and s(2"+k+1) = b and recall the definition of w, from equation (27) of these notes.
We have

2 =222"+k)+1 = s(21) =s(T)a+s(1)b=3a+b,
(53) 29 =22+ k) +2° +1 = s(20) = 5(23)a + s(9)b = Ta + 4b,
23 =27(2" + k) +2°+2° +1 = s(23) = 5(87)a + s(41)b = 18a + 11b.

Much of this should look familiar: these are elements of the Lucas sequence (recall:
Ly=2,Ly=1,and L, =L,y + L, o forn >2 or L, = F,,;1 + F,,_1.)
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There are many ways to prove this (I'm sure it follows from earlier notes), but here’s
a different way, using the basic recurrence. We see directly that 2,7 = 4z, + 5, so
Znyo = 162, + 21 and z,,3 = 64z, + 85. Thus,

$(znt1) = 28(2 + 1) + s(2z, + 2),
$(2n42) = 55(2, + 1) + 3s(2, + 2),
$(znts) = 13s(z, + 1) + 8s(z, + 2)

= $(2Znt3) — 38(2n42) + S(2ns1) =0

(54)

Any sequence (z,,) which satisfies x,, 1o = 2,11+, will also satisfy x,,,4 = 3z, 10—,
and so it follows from the last two equations that

(55) S(Zj) = szCL + L2j—1b-
The next step is to form the generating function
U(X) =) s(z)X

J

— (1 -3X +X*)U(z) = s(21)X + (s(22) — 35(21)) X

(56) (3a 4 )X + (—2a + b) X?
— ¥(X) = 1-3X + X?
() 9(Ba+b)+(—2a+b)  5a+2b
:; 3 8l—271+1 11

Theorem 6. Suppose a = s(2" + k) and b= s(2 +k+1). Then
I E n 1 _F E _ ba + 2b;
20 3-2v 20 22 - 3v
k 2 k 1 4a + 4b
Pl _F(E il
(57) (2v+3-2v) (2v+3-2v) 2230
1
7 k + _p ﬁ N 2 _ 2a + 5b‘
v 2v 3-2v 22 . 3v
Proof. The first equation follows from (56), applied to (50). The third follows from
symmetry by considering F(1 — x) = 1 — F(z). Finally, the second follows from

subtracting the sum of the first and the last from (8), when rewritten in the way it
will appear in the second draft:

kE+1 k a+b
F —F(=) = .

It seems surely possible to continue this work for any odd division of a dyadic
interval, but we’ll stop here.

O
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We close this section with some numbers. We have already seen that when [0, 1]
is broken up into %—ths, the fraction of the Stern mass is divided in ratio 5 : 7 : 8 :
7:7:8:7:5. Using Theorem 6, we can compute the mass when [0, 1] is broken up
into 2—14—ths. By symmetry, we only pressent the first 12: is divided in ratio

(59) 13:20:22:26:28:23:25:32:31:29:28:20.

The denominator here is 11 - 54 = 594. Thus, F(3;) = 22, F(&) = F(5) =
33 _ 1

=i = 15> as we have seen, etc. And in the largest six 24-ths of the interval —

x € (55, 3] U[43, 5], we find w ~ 31% of the total mass. In other words, it’s

pretty well distributed, at least on this level of granularity.

3. MORE TO DO

We bid a farewell to F' with these notes, but there is more work to do.

e The closed form for F' is unsatisfactory in some ways, and it would be good to
find a version in which the infinite sum did not involve unevaluated elements of the
Stern sequence.

e It is almost certainly true that if z € Q, then F(x) € Q. This would follow
from the eventual periodicity of the binary expansion of x, when combined with the
(unproved) lemma that if (y,) is a sequence given by the recurrence y, 11 = 2"y, + a,
with 0 < a < 2", then s(y,) satsifies a second order recurrence. This can be proved
using a version of the bonus round theorem, which will undoubtedly have a more
dignified name in the second draft.

e ['ll put the computation of F' (%) on the homework. Once this is done, it is also
possible, if tedious, to write a version of Theorem 6 for 5-ths.

e It is totally natural to define the measure pup on [0, 1] by “differentiating’ F':

(60) u([0,2]) = F(z) = / e

It is also totally natural to make a pun out of a cliche and call this the Stern measure.
[ have not found (yet) anything really interesting which will let me say that the ”Stern
measure must be applied.” The most natural questions about this measure would be
to find its moments; that is

1
(61) / t* dup.
0

e A picture of F' was given in the first day’s handout. Some questions which come
to mind there are these: what is the maximum of f(z) — z7 where does it occur?

what can be said about the places where f(z) = z, besides x = 0, %, 17
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4. F(3) AND MORE
We really ought to work out F'( %) First observe that

(62) 1_3_21+20_1+1+1+1+1+1+
5 15 24—1 23 924 97 928 9l  9I2 '

We define the sequence of consecutive dyadic approximations to é:

1 1 1 1
(63) Ao =0, )\1=§, )\22)\1+?, )\32)\2+?, )\42)\3+?~-;
that is,
1 1
(64) Ao = Aam-1+ Sim A2mt1 = Ao + Simt3”

As we’ve seen before

F (%) _ g Fw) — F1)

L2 4 Agng1) — 1) o= S22 (1 4 Ag) — 1)
:Z 2.34m+3 +Z 234m

m=0 m=1

(65)

Let
(66) am = 2" 14+ X)) =1 =2y —1, B =2"" 1+ Ngpy1) — 1 = 22, — 1.
Then

1
Ym = 22" (1 + Agpn) = 247 (1 + Aot + %—m) =22, +1
(67)

m m 1
Zm = 2" (1 4 Ay ) = 20712 (1 + Ao + W) = 8Ym + 1.

Thus, Ymi1 = 22m + 1 = 16y, + 3 (S0 Yma2 = 256y, + 51), and 2,41 = Yy + 1 =

162, + 9 (80 zpma2 = 2562, + 153). We have, in a disturbingly familiar calculation:

(68) $(Yms1) = 58(Ym) + 28(ym + 1), $(Yma2) = 298(Ym) + 125(ym + 1),
$(zZmt1) = 3s(2m) + 4s(zm + 1), $(Zmi2) = 17s(2m) + 24s(2, + 1).

It follows that the sequences {s(y.,)} and {s(z,)} each satisfy the recurrence
(69) Tmao — 6Tpy1 + @y = 0.
Observe as well that

s(am) = 8(2ym = 1) = 5(ym) + $(Ym — 1) = s(Ym) + 5(22m-1),

(70) S(Bm) = 5(22m — 1) = s(2m) + $(2m — 1) = s(2m) + 5(8Ym)-



12 BRUCE REZNICK, UIUC, MATH 595

Returning to the task at hand, we have

Mo () D p e )
Finally, let
i $(Ym) + 8(2m))X™ =5+ 31X + 181X° + ...
(72) m=0
v(X) = Z( (Ym) + 5(2m_1)X™ = 11X + 65X + 379X3 +
m=1

The coefficients of ® and ¥ each satisfy the recurrence (69), and so when they are
multiplied by 1 — 6X + X? yield a polynomial:
5—X X - X7
1-6X+ X% ( >—1—6X+X2'
A final computation gives

1 d(371) W34 87 445 17
5 o4 2 868 6076 98

I can assert with some confidence that someone some day will find a more direct
way of computing F' (%) without needing denominators as large as 6076. Perhaps this

would follow from

(73) O(X) =

(74)

1 1 1 1
75 —=—= - — 4 — —
(75) 5) 22 24 * 26 +
In any event, some skepticism is appropriate, and we again check numerically:
8.2 =78643.2, and another Mathematica calculation shows that

78643
1 * 17 7467080 17 20417
(76) > s(n) =

60 22 PV 08 T 43046721 98 4218578658
if I've copied right. The difference again is in the fifth decimal place, which is pretty
close, so this is probably right.
We have now by symmetry that F(3) = 1 — F(3) = 5. Theorem 2 says that
F(3),3F(2) and 9F(}) are in arithmetic progression, hence 3F(2) = 4f and so

98
F(2) =2 and F(2) = 2. Thus the Stern division by fifths is

(77) 17:22:20:22:17,

which is both regular and irregular enough to hint at some deeper structures.
More generally, and in a nod towards the second draft of these notes, let

[e.e] n

1 1
(78) $2227k7 )\":ZQTk’ op=r1, Op=rp—Tp1 (k=2).
k=1 k=1
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Then as usual,

& Pl =)

n=1

Following the pattern for 1 ,forn >1, let

(80) 2y, — 1= 2”"“(1 +A) -1
It then follows that for n > 2,
(81) U = 2 (14 Ny) = 20221 (1 4 Ny +27™) = 209,y + 1.

Since y; = 2™ 4+ 1, this recurrence is also valid if we set yo = 1. Now, we have

(82)  s(2yn — 1) = 5(yn) + 5(yn — 1) = 5(yn) + (2 Y1) = 5(yn) + 5(Ya-1);
and the expression for F' simplifies:

o0

$(Yn-1) + 5(yn))
n=1

We have s(yp) = s(1) = 1 and s(y;) = s(2"" +1) = 6; + 1. In general, if 27 = 2%z +1

and xo = 2%z + 1 = 2970z, + 2° + 1, then since

(84) s(20T0—20—1) = 5(2°(2°—1)—1) = 5(2°—1)s(2"—1)+5(1)s(2*—2) = ab+a—1,

we have

s(x1) = as(wo) + s(xo + 1), s(x2) = (ab+a—1)s(xg) + (b+ 1)s(xo + 1)
= s(z2) = (b+1)s(z1) — s(zo).

It follows that the sequence s(y,,) satisfies the recurrence

(86) $(Ym) = 0mS(Ym-1) — $(Ym_2), for m > 2.

If z is irrational, then the dyadic expression for x is not repeating, but if z € Q, then
eventually the ¢,,’s are periodic, with period p say. It follows that each sequence
s(ypt4+4) will satisfy a second-order recurrence of some kind and the method shown
above will allow a computation of F'(x) via a number of generating functions. Also,

(85)

$(Ym) 1
(87) ——— =0 — =
(ymfl)
5(Ym—-1) =
Every positive integer can be written in this way:
(88) n=2"4 . 42" 41 =22 . 2T L

and so this gives a less canonical form for s(n) as hte numerator of a (non-simple)
continued fraction. If n has this form, then

(89) ne~Lry—rm—1L1.. . ,rg—r — 1, 1,7 — 1,1]5

If r, = rp_1 + 1, then the 1’s are consecutive. However, as we have observed, the
continuant is smart enough to notice: see Notes, IV, Theorem 6.
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Abstract. Let A be a finite subset of N containing 0, and let f(n) denote
the number of ways to write n in the form 3 €;27, where ¢; € A. We
show that there exists a computable T' = T'(A) so that the sequence
(f(n) mod 2) is periodic with period T Variations and generalizations
of this problem are also discussed.

Mathematics Subject Classification (2010). Primary:11A63,11P81, Sec-
ondary: 11B34, 11B50.
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1. Introduction

Let A={0=ap < aj <---} denote a finite or infinite subset of N containing
0, and fix an integer b > 2. Let fa;(n) denote the number of ways to write

n in the form
o0

n=>Y &bt eacA (1.1)
k=0
The uniqueness of the standard base-b representation of n > 0 reflects the fact
that fa,(n) =1for A={0,...,b—1}. For non-standard bases, the behavior
of fap(n) has been studied primarily when A = N or b = 2, in terms of
congruences at special values, and also asymptotically. In this paper, we are
concerned with the behavior of f4;(n) (mod d), especially when b =d = 2,
and when A is finite.
We associate to A its characteristic function x 4(n), and the generating
function

gale) =) xama" =3y a®=1+a" 4. (1.2)
n=0

acA

Anders and Weber Lansing received support from National Science Foundation grant DMS
0838434 EMSW21MCTP: Research Experience for Graduate Students.
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Let
Fyp(x Z fap(n (1.3)

denote the generating function of f A,b( ) Viewing (1.1) as a partition prob-
lem, we find an immediate infinite product representation for Fl4 ;(x):

FA,b(x):ﬁ(Hxalb ) H¢>A . (1.4)

k=0
Observe that (1.1) implies that n = € (mod b). Thus, every such rep-
resentation may be rewritten as

(oo} (oo}
n = ZEjbj =e+b Z€j+1bj . (15)
7=0 j=0
Since fap(n) =0 for n < 0, we see that (1.5) gives the recurrence
fas(m)= > fap("5%), for n>1 (1.6)
a€cA,

n=a mod b

Alternatively, decompose A into residue classes mod b and write

b—1
A= U A;,  where A; := AN (VZ+1). (1.7)
i=0
If we write A; = {bvy; + i}, then for m > 0and 0 <7 <b—1:
fAb (bm+1) = ZfAb —UJM‘). (1.8)

The initial condition f4,(0) = 1, combmed with (1.6) or (1.8), is sufficient
to determine f 4 (n) for all n > 0.

We say that a sequence (u,,) is ultimately periodic if there exist integers
N >0, T > 1 so that, for n > N, up4pr = u,. The period of an ultimately
periodic sequence is the smallest such T'. By extension, we say that the set A
is ultimately periodic if the sequence of its characteristic function, (y4(n)),
is ultimately periodic. Equivalently, A is ultimately periodic if there exists
T, and k > 1 integers r1,...,7%, 0 < 7r; < T — 1, so that the symmetric set
difference of A and U(TN + ;) is finite. In particular, if A is finite or the
complement of a finite set, then A is ultimately periodic.

Theorem 1.1. As elements of Fa[[z]],
Fan(@)éa@) = 1. 9)

This theorem also appears as [5, Lemma 2.2(ii)], although the impli-
cations we discuss here for digital representations are not pursued there in
detail. Theorem 1.1 has an immediate corollary.
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Corollary 1.2.

1. If A is finite, then there is a computable integer T = T(A) > 0 so that
for alln >0, fa2(n) = fa2(n+T) (mod 2).
2. If A is infinite, then the following are equivalent:
(i) The sequence (fa2(n) (mod 2)) is ultimately periodic.
(ii) ¢pa(x) is the power series of a rational function in Fy(x).
(iii) The set A is ultimately periodic.

It will follow from Corollary 1.2(1) that if A is a finite set, and T' = T'(A),
then there is a complementary finite set A" = {0 =by < by < ---} so that

faz2(n) isodd <= n=b; (modT) for some by; (1.10)

fara(n) isodd <= n=a; (modT) forsome ag.
Complementary sets needn’t look very much alike. If A = {0, 1,4, 9}, then
T =84 and | A'| = 41, with elements ranging from 0 to 75 (see Example 4.3).
One instance of Theorem 1.1 in the literature comes from the Stern

sequence (s(n)) (see [13, 8, 11]), which is defined by
S(O) =0, 5(1) =1;
s(2n) = s(n), s(2n+1) =s(n) +s(n+1) forn>1. (1.11)

It was proved in [10] that s(n) = fro,1,2},2(n — 1), under which the recurrence
(1.11) is a translation of (1.8). It is easy to prove, and has basically been
known since [13, p.197], that s(n) is even if and only if n is a multiple of
three. A simple application of Theorem 1.1 shows that in Fo(z),

1 1 .
= S e B SIS SHIp p R (1.12)
1+z+22 1423
This result was generalized in [10, Th.2.14], using the infinite product (1.4).
Here, let Aq ={0,...,d —1}. Then ¢ 4,(x) = %, so in Fa(x),
1+

Fu,2(x) = 1124
Thus, fa,2(n) is odd if and only if n = 0,1 (mod d).

We also show that there is no obvious “universal” generalization of
Theorem 1.1 to f4,(n) (mod d), except for the case b=d = 2.
Theorem 1.3.

L. If (f1o,1,23,2(n) (mod d)) is ultimately periodic with period T', then d = 2

F{0,1,2},2(I)

=1+x+al 424§ o2 42 o (1.13)

and T = 3.
2. Ifd>2 and b > 3, then (f{o,1},5(n) (mod d)) is never ultimately peri-
odic.

Thus, the Stern sequence has no periodicities mod d > 3 and, there
exists a set A with the property that the number of its representations in
any base b > 3 is never ultimately periodic modulo any d > 2.

Let v5(m) denote the largest power of 2 dividing m. In 1969, Church-
house [4] conjectured, based on numerical evidence, that fy2(n) is even for
n > 2, that 4 | fyo(n) if and only if either v5(n — 1) or ve(n) is a positive
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even integer, and that 8 never divides fy2(n). He also conjectured that, for
all even m,

va(fu2(4m)) — va(fiv2(m)) = [5(3va(m) + 4)]. (1.14)

This conjecture was proved in the next few years by Rgdseth, and by Gupta
and generalized by Hirschhorn and Loxton, Rgdseth, Gupta, Andrews, Gupta
and Pleasants, and most recently by Rgdseth and Sellers [12]. We refer the
reader to [10, 12] for detailed references. The statements in Theorem 1.3 about
the non-existence of recurrences do not apply to formulas such as (1.14). On
the other hand, ¢n(z) = (1 + 2)~!, so Theorem 1.1 implies that fya(n) is
even for n > 2.

The paper is organized as follows. In section two, we review some fa-
miliar facts about polynomials and rational functions over Fy. Most of this
material can be found in [9], and is included here for the sake of complete-
ness. In section three, we give two proofs of Theorem 1.1 and then prove
Corollary 1.2 and Theorem 1.3. In section four, we present several examples
and applications of Theorem 1.1.

Portions of the research in this paper were contained in Dennison’s
UIUC Ph.D. dissertation [6] and in the UTUC Summer 2010 Research Ex-
periences for Graduate Students (REGS) project [1] of Anders and Weber
Lansing. These projects were written under Reznick’s supervision.

The authors thank Bob McEliece and Kevin O’Bryant for helpful cor-
respondence, and the referee for an insightful report.

2. Background

There is an important relationship between rational functions in Fs[[z]] and
ultimately periodic sequences. (For additional information about most of the
material in this section, see [9], especially Chapter 8, “Linear Recurring Se-
quences”.) We first recall some familiar facts about finite fields, identifying
Z/pZ with F,, for prime p. The binomial theorem implies that for a,b € F,,
(a + b)P = aP + bP, hence (3 a;)? = > a¥. It follows from this fact and
Fermat’s Little Theorem that for any polynomial f € Fp[z],

f(@)P = f(a?). (2.1)

If f € Fo[x] is an irreducible polynomial of degree d > 2 (so f(0) # 0),
then it is well-known that f(z) | 1+ 22'~1. Repeated application of (2.1) for
p = 2 shows that (1+2)2" = 1+22"M hence if f € Fy [x] is irreducible and

j < 2k then f(z)/ | 1+ 222" This leads immediately to the following
lemma (see [2, Thm.6.21]):

Lemma 2.1. Suppose h € Fa[z], h(0) # 0 and h can be factored over Fa[z] as

h= H i (2.2)
=1
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where the f; are distinct irreducible polynomials with deg(f;) = d;, and sup-
pose 2k > e, for all i and some k € N. Then

h(z) | 1+ 2™, where M := M(h) =25 -lem(2¥ —1,...,2% —1). (2.3)

Suppose h € Fa[z] and h(0) = 1. The period of h is the smallest T' > 1 so
that h(z) | 1+ 27; this definition does not assume that h is irreducible. The

period of h can be much smaller than M (h), however it is always a divisor
of M(h).

Lemma 2.2. If h has period T, then h(z) | 1+ 2V in Fa[z] if and only if
TV,

Proof. We first note that (1 + 2T) | (1 + 2*T), proving one direction. For
the other, suppose h(z) | 1 +2V; then V > T. Write V = kT + r, where
0 <r <T —1. Then h(z) also divides

2 (1+2*)+ 142V =142, (2.4)

which violates the minimality of T" unless r = 0. (]

If h € Fa[x] is irreducible, deg h = r and the period of h is 2" — 1, then
h is called primitive; see e.g.[9, §3.15]. Primitive trinomials have attracted
much recent interest, especially when 2" — 1 is a Mersenne prime (see [3]);
Lemma 2.1 implies that all such irreducible h are primitive. In coding theory,
h is called the generator polynomial and

1+a2T
o) = s (25)
is called the parity-check polynomial.
Consider a rational function in Fo(z):
9@) _ oy 4 1) (2.6)

h(z) h(z)’

where g, h,a,r are polynomials, and degr < degh. We make the additional
assumption that h(0) # 0. Lemma 2.1 leads to an important relationship
between rational functions and ultimately periodicity.

Lemma 2.3. Suppose b(z) = > by,z™ € Fo[[z]] with by = 1. Then b(x) is a
rational function if and only if {n : b, = 1} is ultimately periodic.

Proof. First suppose there exists T, N so that b, = b, for n > N. Then
the coefficient of "7 in

(1+27) (i bm:") (2.7)
n=0

is bper 4+ b, = 0 for n > N. Hence, b(z) is the quotient of a polynomial of
degree less than N and 1427, and is thereby a rational function. Conversely,
suppose b = g/h is rational and is given by (2.6) with h(0) = 1. Then by



6 K. Anders, M. Dennison, J. W. Lansing and B. Reznick

Lemma 2.1 and the division algorithm, there exists ¢(z) € Falx] and T so
that

r(z) r(z)q(z)
_ _ 2.
ba) = ale) + 1 = ae) + 124, (2.9
hence (1+x7)b(z) is a polynomial of degree less than M (say), so b, = by, 41
forn > M. O
3. Proofs

We start this section with two proofs of Theorem 1.1. The first one is some-
what longer, but yields a recurrence of independent interest.

As in (1.7), write

A={0:a0<a1<---}:A0UA1;

1
A0={0=2b0<2b1<"'}, A1:{201+1<'~'}. (3 )

We will write fa2(n) as f(n) when there is no ambiguity. By (1.8), we have:
n):Zf(nfbi), f@n+1) Zf n—c;). (3.2)

Theorem 3.1. For alln € Z, n # 0,

= fln—ax)=0 (mod?2). (3.3)
k

Proof. If n < 0, then f(n) = 0, so this is immediate; also ©(0) = f(0) = 1.
Suppose n > 0. We distinguish two cases: n = 2m and n = 2m + 1, and put
(3.2) back into itself. We then diagonalize the double sums below; for each
fixed m, these sums are finite:

m) = Zf(zm —ay) = Zf(zm —2b;) + Zf(zm —2¢; - 1)
—zzf b+ LY flm = =1

=" f(m—2b) +2me—b,»_bu) (3.4)
i <u
—1—me QCJ—]_—i—QZf m—c;—cy,—1)
j<v

:@( ) (mod 2).
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Similarly,

O@2m+1)=> f2m+1—ax)
k
=Y f@em+1-2b) +Zf 2m — 2¢;)
:ZZf(m +ZZf m—c; — 1)

:QZf(mfbifcj) =0 (mod 2).

(3.5)

Since O(2m)

©(m) =0 for m

O(m) and O(2m + 1) = 0, it follows by induction that
>1 O

We give two proofs of Theorem 1.1. The first uses Theorem 3.1; the
second uses the generating function (1.3) and is also [5, Lemma 2.1].

First proof of Theorem 1.1. Write out the product in (1.9) and use Theorem
3.1.

Faao(x (Z fln > 1+ Zx“i = Z O(n)z" =1. (3.6)
n=0

i>1
U
Second proof of Theorem 1.1. By repeated use of (1.4) and (2.1),
k
Pa(x)Fao(x) = pa(z)Fas(a?) = H da ( 2 ﬂ) = Faa(z). (3.7)
O
The second proof generalizes to primes p > 2 via (2.1).
Theorem 3.2. If b= p is prime, then Ff‘;l (x)pa(x) =1 € Fplz].
Proof. As before, we have
OA(@) G, (2) = da(2) Fap(a’) H da@@” ) = Fap(x). (38)
U

This result may fail if b is not prime. For example, if 4 = {0,1} and
b =4, then ¢4(x) = 1+ z and the coefficient of z* in F} ,(z)¢p.a(x) is 6 # 0

mod 4. Theorem 3.2 implies that F4 ,(z) = gb;‘l/(p_l)(x) as an element of
Fyp[[z]].
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Proof of Corollary 1.2(1). Suppose A is finite and T is the period of ¢ 4(x).

Then by Theorem 1.1, we have in Fa[x]
1 q(z)

Fps(r) = —— = ——, 3.9

A =@ T Tt )

where (1+2T)F 4 9(x) = q(z) = 1+ 2% and deg ¢ < T'. Since the coefficient

of 2" T in qis f(n+T) — f(n) =0, (f(n) (mod 2)) is periodic with period

T. O

Let A" ={0=by < by < ---} denote the (finite) set of exponents which
occur in ¢ in (3.9); q(z) = ¢ (). It follows from Theorem 1.1 that

1 1 galx)

oa(x) qlz) 14z
Equation (1.10) now follows from (3.9) and (3.10). One might hope that
(A"Y = A, but that will not be the case if A’ has a smaller period than
A. For example, if Ag = {0,...,d — 1}, then ¢4,(2)(1 + x) = 1 + 24, so,
regardless of d, A, = {0,1}. In terms of (1.10), fa,2(n) is odd if and only
if n = 0,1 (mod d) (as proved in [10]) and fa, 2(n) is odd if and only if
n=0,1,...,d =1 (mod d). That is, fa 2(n) is odd for all n > 0, which is
true, because it always equals 1.

Since (fa,2(n) (mod 2)) is periodic, it is natural to ask for the pro-
portion of even and odd values. It follows immediately from (1.10) that the
density of n for which f4(n) is odd is equal to |A’|/T. Computations with
small examples lead to the conjecture that |A’'| < % This conjecture is
false. The smallest such example we have found is Ay = {0,1,5,9,10}. Tt
turns out that the period of Ag is 33 and |A)| = 18 > 33 On the other
hand, it is well-known that if ¢4 is primitive, then |A’'| = %; see [5, §4]
and [9, p.449].

Fu o(x)

(3.10)

Proof of Corollary 1.2(2). By Lemma 2.3, if A is infinite, then the sequence
(fa2(n) (mod 2)) is ultimately periodic if and only if Fl42(z) is a rational
function, and by Theorem 1.1, this is so if and only if ¢ 4(x) is a rational
function. Suppose

q(z)
1+ 27T

da(z) = a(z) + € Fa(z), (3.11)

where a,q € Faz], dega < N and degq < T and g(x) = 1 + >, z%. Recall
that m € A if and only if 2™ appears in ¢4(x). By (3.11), this holds for
m > N if and only if there exists b; € A’ so that N =b; (mod T'). O

We conclude this section with proofs of Theorem 1.3(1) and (2).

Proof of Theorem 1.3(1). Let f(n) := f{o,1,2},2(n) and suppose f(n +T) =
f(n) (mod d) for all sufficiently large n, where T is minimal. By (1.8),

f@2m)=f(m)+ f(m—1) and f(2m+1)= f(m) (3.12)
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for all m. If T'= 2k is even, then for all sufficiently large m,
f@Cm+2k+1)=f(2m+1) (modd) =
flm+k)=f(m) (mod d),
violating the minimality of T, since k = T'/2.
If T =2k + 1 is odd, then for all sufficiently large m,
f@Cm+2k+2)=f(2m+1) (modd) =
fm+k+1)+ f(m+k)= f(m) (mod d),

(3.13)

(3.14)

nd
¢ f@Cem+2k+3)=f(2m+2) (modd) =

fm+k+1)=f(m)+ fim+1) (mod d).
Together, these imply that for all sufficiently large m,
fm+k)=—-f(m+1) (modd) =
fm+1)=f(m+1+(2k—1)) (modd),

which implies that f has a period of 2k —2. If £ > 1, then 0 < 2k —2 < 2k+1
gives a contradiction. If k = 1, then T = 3.

We now show that d = 2. First, f(2" — 1) = f(2"~! — 1) and so by
induction, f(2" — 1) = f(1) = 1. Thus, f(2") = f" )+ f2""1 - 1) =
f(2771) + 1 and so by induction, f(2") = r + 1, implying that f(2" + 1) =
fr=Y =rand f(2"+2) = f(2" 1)+ f(2""1+1) = r+r—1. Thus, d divides
each f(2" +2) — f(2" — 1) = 2r — 1 — 1 for sufficiently large r. Therefore,
d=2. O

(3.15)

(3.16)

Proof of Theorem 1.3(2). Suppose A = {0,1} and b > 3. Then f(n) :=
fap(n) =11if nis a sum of distinct powers of b, and 0 otherwise. Suppose
that for n > U,

f(n+T)= f(n) (mod d) (3.17)
and d > 2. Then, f(m) € {0,1} implies that f(n + T) = f(n). Choose j
so large that &/ > T, U and suppose that f satisfies (3.17). Then f(/) = 1
hence f(b/ +T) =1, and so T = Y, b"* with distinct r;, < j. But then
f(¥ +2T) = 1 by periodicity, and so » + 2>, b™ must be also a sum
of distinct powers of b, violating the uniqueness of the (standard) base-b
representation. O

4. Examples

Ezample 4.1. The periodicity of fa,2(n) was established in [10], motivated
by the interpretation of the Stern sequence. In her dissertation, Dennison [6]
studied a variation on the Stern sequence defined by flipping the recurrence
(1.11) to a two-parameter family of sequences. The periodicities discovered
in [6] for A ={0,1,3} and A = {0,2,3} led Reznick to suggest that Anders
and Weber Lansing look at generalizations as the topic for their 2010 summer
research project [1].



10 K. Anders, M. Dennison, J. W. Lansing and B. Reznick

For a, B € C, define by g(n) by

ba,@(l) =, b%ﬁ(2) =0,
ba,3(21n) = ba,g(n) + ba g(n + 1) for n > 2, (4.1)
bo,3(2n + 1) = by, g(n) for n > 1.

(In order for the recurrence to be unambiguous, it cannot be applied to
ba,3(2); the value of b, g(0) plays no further role.) It is proved in [6] that
bo,1(n+2) = f{o,2,33,2(n) for n > 0. It was also proved there by an argument
similar to the proof of Theorem 3.1 that by 1(n) = by1(n+ 7) mod 2, and
is odd when n = 0,2,3,4 (mod 7). This suggested looking at f{o1,31,2(n),
which is also periodic with period 7, and is odd when n =0,1,2,4 (mod 7).

The proofs of these facts are now straightforward in view of Theorem
1.1; we have in Fa(x):

1 Q+z+2®)(1+2) 1+a?+a%+at
Foem@) =155 = 1+a7 - 1+a47
F 1 _(+e*+a(+a) _1+z+a’+at
{0,1,3}(95) T 1tz+23 1+ 27 o 1427

Thus, {0,2,3} = {0,2,3,4} and {0,1,3} = {0,1,2,4}.

Ezample 4.2. For r > 2, define the sets A, = {0,1,2,...,2"} and B, =
{0,1,3,...,2" — 1}, and let g, = ¢4, and h, = ¢g, for short. Then g,(z) =
1+ zh,(z), so in Falz],

gr(2)he(2) = hp(x) + hi(2) = he(2) + 2hy (2?) =

" 2t _q " ¢+l _o941 or+1_q (42)

l—l—zgc +£L‘+Z;E =142 .
=1 =1

This in itself does not establish that A,., B, are complementary, or that they
both have period 2"+ — 1. If either period T were a proper factor of 271 —1,
then since T is odd, T' < %(T+1 —1) < 2" —1 < 27, a contradiction. Thus g,
and h, each have period 27! — 1.

We may interpret this result combinatorially: fa, 2(n) is the number of
ways to write

n= Zeﬂ”ki, (4.3)
=0

where ¢, € {0,1} and 0 < k; < r, and fa, 2(n) is even, except when there
exists £ < r so that n = 2 — 1 (mod 2"*! — 1). The infinite version of this
example can be found in [5, §5].

Ezample 4.3. We return to A = {0, 1,4, 9}; in Fa[z],
dalr)y=1+z+2" +2° =1 +2)* (1 +z+2%)(1 + 2%+ 2°). (4.4)

Note that 1+2 has period 1, 14z 422 has period 3, and we have already seen
that 1+ x + 23 has period 7. Since the maximum exponent in (4.4) is < 22,
Lemma 2.1 implies that the period of A divides 4-lcm(1,3,7) = 84. Another
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calculation shows that ¢ 4(x) does not divide 1+a% for p=2,3,7,and so 84
is actually the period. A computation shows that A’ = {0,1,2,3,...,70,75}
has 41 terms, as noted earlier. Thus f4(n) is odd 3711 of the time and even g—i

of the time. The infinite version of this example can be found in [5, §6.1].

Ezample 4.4. Although Theorem 1.1 does not generalize to all A if (b,d) #
(2,2), there are a few exceptional cases. Problem B2 on the 1983 Putnam [7]
in effect asked for a proof that for A = {0,1,2, 3},

n
fazm) = |3|+1. (4.5)
This can be seen directly from (1.4), since ¢a2(z) = (1 + z)(1 + 2?) =
11_79;4 , hence F42(z) telescopes to m It follows immediately that

fa2(n+2d) = fa2(n)+d, and hence f4 2 is periodic mod d with period 2d,

for each d > 2. A similar phenomenon occurs for A, = {0,1,...,b% — 1}, so
b2 . .

that ¢4,(2) = 5 and Fu,5(2) = g7y, implying that fa,(n) =

L%J + 1 and fAb,b(n + bd) = fAb,b(n) +d.

Ezample 4.5. Let A = {0} U (2N + 1) (all non-zero digits in (1.1) are odd).
Then

2 1+ 2 — 22
1 21 _ | r__ 4.6
¢A(x) +§$ +17(E2 1 _ 22 ( )
Working in Fy(z), we have
1— 22 (1+ )2 x x + 2?
F pr— fr— = ]_ —_— = ]_ . 4.7
4.2(2) l+z—22 14+z+42? +1—|—J}—‘rl‘2 +1—|—$3 (47)
Thus, fa2(n) is odd if and only if n = 0 or n is not a multiple of 3.
Ezample 4.6. Let A*} .= N\ {k}. By Theorem 1.1,
1 P e L
i
1+
= Faw () = 49
1+ (14+z)? 1427

= Fam (@)= l+x+22 1423  1+23

Thus fy\{13,2(n) is odd precisely when n = 0,2 (mod 3). This may be con-
trasted with fro 1,2},2(n), which is odd precisely when n = 0,1 (mod 3).
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STERN NOTES, CHAPTER 8 (FIRST DRAFT)

BRUCE REZNICK, UIUC

1. GENERALIZATIONS

The generalizations of any mathematical object are limited only by semantics and
the imagination. We are interested here in presenting some situations which can be
specialized to the Stern sequence and which preserve some of its properties.

Here is one which keeps the binary nature. Define two functions

(1) f:C—C, g:C*—C,

and define the sequence (a,) by

(2) Qon = f(an)v Agny1 = G(n, an+1)> n =1,

with (ag,a;) to be determined as initial conditions. If we now define L, R : C* — C?
by

(3) L(u,v) := (f(u),g(u,v)),  R(u,v) = (g(u,v), f(v)),

then the fundamental dyadic nature of the Stern sequence is preserved, inasmuch as
(4) (a2na a2n+1) - L(ana an+l)7 (a2n+17 a2n+2) - R(a’m an—i—l)

The value of a,, is determined by encoding the binary representation of n into a word
of operators taken from the alphabet {L, R}, as applied to the initial conditions. This
is nice as far as it goes, but probably too general to be very interesting.

If we assume that f and g are linear; specifically,

(5) Qon = Qy, Aon+1 = Py + Vi1,

then so are L and R, and we can copy a picture from the early notes: the mappings
of the consecutive pairs has the repeated pattern

SN P
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The analysis of this situation depends on the semigroup of 2 x 2 matrices generated by
L and R. The most interesting cases would seem to occur when all entries are roots
of unity. Even this appears to have too many cases to support a unifying analysis.

We shall discuss here two somewhat more restrictive generalizations of the Stern
sequence. In the first, we define the sequence by its power series and work backwards
to find the recurrence. For a, 3 € C, let

(8) ‘I)a,ﬁ<X) = Zaaﬁ(n)xn _ XH(l +OZX2j +ﬁX2j+1).
n=0

§=0
By the same reasoning as before, a, 3(0) = 0 and, for n > 1,
(9) tap(n) = Y cro(n)a’ B,
r,s>0

where ¢, 4(n) is the number of ways to write

o0

(10) n-1=Y 2,  ¢€{0,1,2},

=0

using exactly r 1’s and s 2’s.
To find the recurrence, observe that

(1+aX + XD, 5(X?) = X, 5(X)

(11) = (140X +8X%)D aqpn) X" =X Y das(n)X"
n=0 n=0

= Qa0 3(2n) = aaqs(n), anp(2n+1) = Bagp(n) +1-aqns(n+1).

In other words, this is (5) in the case that v = 1. (Of course, if we set « = 3 = 1,
we recover the Stern sequence.) If v # 1, we have neither a reasonable power series
factorization, nor a reasonable combinatorial interpretation.

The second general class in which we can say something is when we can retain part
of the diatomic array structure by taking o = 1. Consider

a b
a PBa+~yb b
(12) a Pa+~Ba+~b) PBa+~b [B(Ba+~b)+~b b
More formally, let Z(r, k) = Z(r, k;a,b; 3,7) for r > 0 and 0 < k < 2" be defined by:
Z(0,0) =a, Z(0,1)=b;
(13) Z(r,2k) = Z(r — 1,k), for r > 1;
Z(r,2k+1)=0Z(r—1,k)+~Z(r—1,k+1), for r > 1.
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As with the simpler diatomic array, the entries are still linear in the initial con-
ditions and have the same self-similarity, but the mirror condition flips the new
parameters as well:

(14) Z(r,k;a,b; 8,v) = Z(r, 2" — k; b,a;7, ).

This is important as we look for the “eigenarrays” that reduce the analysis of that
array to a sequence.

First observe that if Sa+ b = b, then Z(0,1) = Z(1, 1), and as before, this means
that the rows of the array will nest, with the first half of each reproducing the previous
row. We can realize this by taking (a,b) = (1 — 7, ), so that the first few rows of
the array are

l—vy B
l—v B B

(15) l—y 8 8 P18y 8

If 3 =~ = 1, this recovers the standard Stern array. In any case, the underlying
sequence is given by:

ton(0)=1=17, tg,(1) =0
tey(2n) =tgq(n),  ts4(2n+1) = Btgy(n) +yig,(n +1).
The eigenarray is trivially zero only if 4 = 0 and v = 1, but the analysis of
Z(r,k;a,b;0,1) is also trivial: Z(r,0) = a and Z(r,k) = b for k > 1. This gives
what might be called the forward eigenarray. Eventually, we’ll give a closed formula,

but not in these notes. (It probably makes sense to divide by (3.)
The backward eigenarray comes from solving fa + vb = a; so that we might take

(a’vb) = (’77 I 6)

(16)

v 1-8
vy oy 1-p

17
(17) v By oy oy 18

This nests from the right, not the left, and again, with 3 = v = 1, is familiar in the
Stern situation as the reversal of the basic array.

The mirror symmetry connection of these two eigenarrays is clear and will not be
elaborated on. We remark that (1 —~, ) and (7,1 — () are linearly independent
unless # + v = 1, in which case an alternate approach is useful.

In the rest of this section, we shall discuss three specific cases:

(1) Hellinger’s Function: Z(r, k;a,b,1 — p,p);
(2) Stern Polynomials: S(0;A) = 0,5(1;\) = 1 and S(2n;A) = AS(n;\) and
S2n+1;0) = S(n;A) + S(n+ 1;\);
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(3) The sullen cousin (name subject to change) : w(0) = 0,w(1) =1 and w(2n) =
w(n) and w(2n 4+ 1) = w(n + 1) —w(n).
The labeling of these sequences is inconsistent and ought to be corrected in the

“second edition”. I will also refer to class handouts in some cases without directly
putting them in.

2. HELLINGER’S FUNCTION

In this section we discuss the arrays Z(r, k;a, b, 3,7) with 3+« = 1. For reasons
that will become clear, it is sensible to write § = 1 — p and v = p. It follows from
linearity that

(18)  Z(r,k;a,b;1 —p,p) =aZ(r,k;1,1;1 —p,p)+ (b—a)Z(r, k;0,1;1 — p, p),
and it is trivial to verify that for all (r, k),

(19) Z(r,k;1,1;1—p,p) = 1.

This leaves Z(r, k;0,1;1 — p, p), for which we give the first few rows:

1
2 —p® 1
2p> —p® p p+p’—p° 2p—p® 3p-3p°+p’ 1

(20)

o o O O

1
p
P op
P’

At this point it makes sense to exploit the recurrence and explicitly define a family
of functions f, : [0,1] — C by

(21) Ip (;) = Z(r,k;0,1;1 —p,p).

This is well-defined, as we have seen in other cases, because 2% = 23%, and the
recurrence gives

(22) h(5) = -0 () o (5.

Furthermore, the self-similarity gives for 0 < k < 2":
Z(r+1,k;0,1;1 = p,p) = Z(r, k;0,p; 1 = p,p)

k k
== fp (ﬁ) =p-Jp (;)7
(23) Z(r+1,2"4+k;0,1;1 —p,p) = Z(r,k;p,1;1 — p,p)
=Z(r,k;p,p;1 —p,p) + Z(r,k;0,1 —p;1 —p,p) =

2"+ k k
o (W) =p+(1-p)-f (5)
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In other words, for dyadic z € [0,1], we have

24 B(3) =m0 6 (5) = -

It is a routine exercise to prove by induction that

(25) fo (k; 1) — I (;) =p"*(1—-p)",

where a is the number of 1’s in the binary expansion of k. Thus, for example, in the
third row of the array, the differences are, in order

(26) p*, p*(1 —p), P*(1 —p), p(1 —p)*, P*’(1 —p), p(1 —p)%, p(1—p)* (1—p)°

In the special case that p € (0,1), the preceding argument is enough to show that
f» extends to a continuous strictly increasing function from [0, 1] to itself, which is
singular for p # % In this case, there is also a probabilistic interpretation. Consider a
game in which you start with = € [0, 1] units and are allowed to bet y < max{z,1—=x}
units, with the goal of reaching “1”, and loss if you hit “0”. With probability p you
win, and have z 4 y units, and with probability 1 — p you lose, and have x — y units.
The “bold” strategy (a technical term) is to bet z when you have x < % and to bet
1 — 2z when you have x > % (This is the optimal strategy for reaching “17, if p < %)
In this case, reference to equation (24) shows that the probability of victory starting
with x units is exactly f,(x).

For 0 < j <r, let

(27) A, ={2" 4 4290 —1>4 > >i; >0}

be the integers in [0,2" — 1] with j 1’s in their binary expansions. We then have

(28) Ajr = k; (fp (k; 1) —f» (;)) = (;)p”(l —p).

It follows from the Law of Large Numbers that this increase is concentrated on A;,
where j ~ r(1 — p). In fact, it can be proved that the measure df, determined by f,
is supported on those = € [0, 1] for which the density of 1’s in its dyadic expansion
isl—p. Ifp# %, this set has measure zero and if p; # ps, the corresponding sets
of support are disjoint. There is a fair bit of literature on this topic, and references
will show up in the later versions. In particular, the first person to have studied it
appears to have been Ernst Hellinger.

3. STERN POLYNOMIALS

We define the Stern polynomials by
S(0;A) =0, S(L;N) =1,

(29) S@n:A) = AS(n:N),  S@n+1:A) = S(n; \) + S(n+ 13 \).
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This is (5) with o = A\, § =~ = 1, and so has the generating function

(30) S(XiN) =Y SmNX" =X [J(1+AX¥ + X277,

n=0 5=0
These polynomials can be explicitly evaluated for several values of A\. Of course,
S(n;1) = s(n). We have already seen that

(31) S(3n;—1) =0, SBn+1;-1) =1, S(Bn+2;—1) = —1,
and two easy inductions (or an appeal to the generating function) show that
(32) S(2n;0) =0, S(2n+1;0) =1

and

(33) S(n;2) =n.

This last identity implies that the S(n, A)’s are distinct for distinct n.

The Stern polynomials satisfy many identities which might be considered the “ex-
planation” for identities satisfied by the Stern sequence. For example, it is easy to
show by induction that for 0 < k£ < 27,

(34) S22+ k;N) =5(12" —k;N)S(n; A) + S(k; A)S(n £ 1; N).

It may be more helpful in understanding this to note the analogy to the Stern se-
quence: the Stern polynomials can be construed as coming from a modified diatomic
array in which consecutive terms are added, but the previous row is multiplied by A
before coming down.

a b
Aa a+b M\b

35
(35) Ma (1+Na+b Ma+b) a+(1+A)b Nb

As before, if (a,b) = (S(n; A), S(n+1; A)), then the r-th row above lists S(2"n+ k; \)
for 0 < k <27,
It is also easy to prove by induction that

(36) SR =LA =1+ A+ + X" i= (N,

(We view (X), € Z[A]; if it is to be evaluated at A = 1, we simply replace it by r.)
Thus, we have the following specializations of (33):
(37) S2'n+1;0) = (AN, - Sy \) + S(n£1;N).

Another family of identities generalizes. Let t, = w; then as we have previ-
ously seen, t, = 2t, 1 — (—=1)" = t,_1 + 2t,_o. This implies that

(38) S(tn; ) = S(tn_1;A) + S(2tn_2;X) = S(tn_1; \) + AS(tn_2; N).
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For fixed ), this is a linear recurrence with characteristic equation X? — X — ), and
since S(to; A) = 0 and S(¢1;A) = 1, we obtain a closed form. If X # —Z, then

1 <1+\/1+4)\>” <1+\/1—4>\)”
V144X 2 2
and S(t,; —1) = 5. (In this case the characteristic equation has a double root.)

One of my favorite Stern identities generalizes:
S((2 = D)%) = S (2 = 1)+ 1A) = At Ay + 1N

(39) S(tn; )‘) =

Y

(40) (1-— )\r+1)(1 _ )\r—l) + )\r—l(l _ )\)2 (1- )\T)Z ) e
= TS = TESNE =S5(2" = 1; M)~
Since
(41) S(2'n+n;\) =Sn; AN)(S(2" —n; A\) + S(n£1;0)),

it follows that each S(n;\) is a factor of infinitely many other ones. (We won'’t prove
it here, but this is also true for S(n; A\)*, where k is any positive integer.)

There are two closed forms for S(n;\). Both are based on assuming that n is
odd. We have previously written n ~ [ag,...,as.1] to indicate that the binary
representation of n consists of a; 1’s, as 0’s, ag 1’s, etc. It is convenient for the first
case to say that n = [[aq, ..., a]] is defined recursively by:

(42) [[a]] = 2% —1; a1, ..., a]] = 297779 —[[ag, ..., a]
If t =2v+1is odd, then [[ay, ..., az11]] ~ [a1, ..., a2,41], but ¢ could be even.

Theorem 1. Using the preceding notations, if n = [[ay,...,a] and r =" t;, then

SN S(lla... @il V) Ao
L—y - a a:ll: - <)\)a1 + az

(43) S(2 ;A S([[ag, . ad]]s A) (Vs + A -

BRNPYS

Proof. The first inductive step is for t = 1. If n = [[a]] = 2* — 1, then 2" —n = 1,
and, indeed,
S(n; A SR2*—1; A
(44) T(_ ) _ 3 : ) _ (Aa.
S(2r —n; A) S(1; M)
For t = 2, we have 29%° — 20 + 1 = 2%(2¢ — 1) + 1, so that

S([[a, b]l; ) S(2¢F0 — 20+ 15 0)

(45) S({[b]]; A) S(2—1; )
B S(2° — 1;0)5(2% — 1;0) + S(1;0)S(2% \) o \@

as desired.
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Now assume the inductive hypothesis, let n* = 2" —n and n*™* = 2"7* —n*. Then
(46) n=2"—2"% 4" =2"102% — 1)+ n".
It follows that
S(n;A) =82 —n™; N)S(2" — 1;A) + S(n™; N)S(2%; N)

47
7 = (AN)a, S A) + A" (0™ ),
and so,
S(n; A) A%

48 = (A al A % A\
(48) Sty ~ Wa T 55

S(n*; \)
as is needed to complete the induction. O

Of course, if A = 1, then (\), = a, and this reduces to one of the formulas earlier
in the notes, from the Brocot array.

The second formula is both more familiar and considerably messier, and we omit
the proof. Let

(49) (Ao = A""(N)a;

once again, for A = 1, this reduces to a, and we have to omit A = 0. We again write
n~ [017 e 7a2v+1]:

SN A~
(50) St v 1)~ e g
Dess + ——
T
e

This gives S(n; A) and S(n+ 1; A), once the negative powers of A have been cancelled
out. We remark in support of this formula that

5(2(1 - 1; >‘) (A)a

(51) S2u ) A

and, as in (45) above,

(52) S(20 — 2 ;N = S(2°(2* — 1) + L A) = (A)p(N)a + A°
Further, 2¢+0+e¢ — 2b+¢ 4 9¢ 1 ~ [a, b, c]. We note that

(53) S(20tbte _gbte 4 oe \) = \°S(2°(27 — 1) + 1; \)

and
S(20rre — 22 420 — 1) = S(2°2° " — 2"+ 1) — 15 \)
(54) = (N)eS(29F0 — 20 4 1; \) 4+ 52970 — 2% ))
= (N)eS(2 — 2P 1, 0) + AP (N,
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Thus,
S(2mHre _ghte Lo 1\)  (0)8(20 — 2 4 1;0) + A(N),
S(20tbte — 2bte 4 2e; )) - ACS (204 — 26 4 1: \)
e ATC
(55) TN sy
A (N
A€ A€
A (A)c‘i‘m—/\ (>\)c+/\b)\ N0
(N Wt =

The general proof runs much the same way.

It is easy to show that ged(S(n; ), S(n+ 1;A)) = 1, but this is less impressive for
polynomials than it is for integers.

For n > 1, let

(56) d(n) := deg(S(n; N)).

Since all coefficients of S(n;A) are non-negative integers, there can be no cancella-
tion of the leading terms when two Stern polynomials are added. Thus it follows
immediately from the recurrence that

(57) d(2n) =d(n) + 1, d(2n + 1) = max{d(n),d(n £ 1)}
Lemma 2. Forn > 1, we have d(n+ 1) —d(n) € {—1,0,1}.

Proof. As the distributed tables show, this is true for small n. Suppose it is true
inductively, and d(n) = d, say. Then d(n £ 1) = d—1,d or d + 1 by the inductive
hypothesis, so that d(2n) =d+1 and d(2n+1) = d,d or d+ 1, respectively, and the
proof is complete. (l

Lemma 3. For alln > 1, d(4n+1) =d(n) + 1.

Proof. By the recurrence, we have

(58) SAn+1;0) = (1+X)S(n;A) + S(n+ 1; M),

and since deg((1+ X)S(n;\)) =1+d(n) > d(n+ 1), we are done. O
Now let D(d) := {n : d(n) = d} be the set of Stern polynomials of degree d.

Theorem 4.

(59) |D(d)| = 3¢, > n=10"
neD(d)
Proof. We first observe that D(0) = {1}, and then note that by the last lemma,

each n € D(d) induces 2n,4n — 1,4n+ 1 € D(d + 1). Since every integer m can be
expressed as exactly one of {2n,4n — 1,4n + 1}, all cases are accounted for. 0
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The most strikingly interesting fact about the Stern polynomials is the fractal-like
nature of its zero set, as shown in a handout. Let

(60) Z:={AeC:S(n;\) =0 for some n}.

Theorem 5. The set Z contains the unit circle and the interval (—oo, —1].

Proof. The first assertion follows from the fact that every root of unity ¢ = /™ £ 1
is a root of S(2" — 1, \). (It is a bit counterintuitive that 1 € Z, to be sure.)

For the second, we use the formula for S(t,; A). We have seen that S(t,; —%) > 0
for n > 1 and that for A\ # —}L, with

27

(61) Cﬁ =en,

sin-s o (4T (104570

(62)

k
—1
= 1+VI+A=C1-V1I+4)\) = \/1+4>\:C”

Ck+ 17
with the understanding that (¥ # 1 (because A # —1) and (¥ # —1 (because A € C).
A bit of algebra shows that

—1 1—26+¢2 —1
(63) mz%@HM:HQ—é;@A:m
In particular, with & = ¢*, we have
-1 -1
B 2+ 2 cos(2T) - 4 cos?(kx)”
The restriction & # —1,1 implies that cos?(X%) # 0,1. For n € N, the union of the

points {¢*} is dense in the unit circle, and so the roots of S(t,;\) are dense in the

real interval [—oo, —1]. O

(64)

4. STERN’S SULLEN COUSIN

Finally, we collect some information about the sequence (wy,), defined by
(65)  w(0)=0, w(l)=1, w(2n) =w(n), w2n+1)=wh+1)—wn).

I call this the sullen cousin, because none of the proofs are exciting (so far).
The previous techniques combine to show that the generating function is

(66) W(X) =Y wn)X" =X +X¥ - x¥"),

n=0 7=0
so that w(n) is the number of representations (10) with an even number of 2’s, minus
the number with an odd number of 2’s. It follows immediatedly that

(67) [w(n)| < s(n),
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and this can be seen on the class handout. The associated diatomic array shows some
interesting patterns:

a b

a b—a b
(68) a b—2a b—a a b
As before, if the first row is (w(m), w(m + 1)), then the r-th row will be
(69) w(2'm), ..., w(2"m + 2").

Since w(2) = 1 and w(3) = 0, this array can be used to prove a peculiar addition
formula for 0 < k£ < 2". We turn the proofs of the remaining properties into homework
problems!

Lemma 6. If0 < k <27, then
(70) w2'm+k) =w(2-2" + k)w(m) + wk)w(m + 1).
An immediate consequence is the following:

Lemma 7. If w(m) = w(m’) and wim + 1) = w(m' + 1), then w(2"m + k) =
w(2'm' + k).

Observe that w(4n+3) = w(2n+2)—w(2n+1) = w(n+1)—(w(n+1)—w(n)) = w(n)
and w(4n 4+ 4) = w(n + 1). Thus, for each n, n’ = 4n + 3 satisfies the hypotheses of
the lemma. An almost immediate consequence of this is

Theorem 8. If n' is derived from n by the deletion (or addition) of two consecutive
“17’s in its binary expansion, then w(n) = w(n').

Corollary 9. If, in the binary expansion of n, “17’s occur only in blocks of even
length, then w(n) = 0. (In fact, this is an “if and only if” result.)

In view of the preceding results, it suffices to find a closed formula for w(n) when
the binary expansion of n does not have consecutive 1’s. For this reason, we consider

(71) noe (1,01, 10000, 1] i=]by, .0 by

Put recursively,

(72) b[=2"" 1, by, b= 22T by, L b [
Theorem 10. In the preceding notation, we have

(73) w(lby, ..., b)) = pe(—b1,...,b) = (=1)'py(by,. .., b).

Here, we return to the continuant notation from earlier in the semester. This
formula has some interesting consequences. Let do(n) be the sum of the binary digits
of n. Then
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Corollary 11. If dy(n) is even, then w(n) > 1; if da(n) is odd, then w(n) < 0. In
particular, exactly one of {w(2n),w(2n + 1)} is > 1 and the other is < 0.

It is certainly the case that ged(w(n), w(n+1)) = 1 for all n, but it’s clear from this
that not all pairs of relatively prime integers occur. A relevant fact in this direction
is:

Theorem 12. For all n, if w(n) # 0, then
w(n + 1)
w(n)

(74) <1

One can also parallel the summation formulas for the Stern sequence and show
that

Lemma 13. Forr > 1,

2rtl_1
Z w(n) =1,
n=2"
) Sty - VR A=
n =
n=2" 2 ’
2rtl_1
Z w(n)Q _ 37"71
n=2"
Further, if
2rtl_q
(76) Z w(n)® = ¢,
n=2"
then ¢, = 3c¢,_1 — 4¢,—9 — 4c,—3.  (The exact formula for ¢, involves roots of an

irreducible cubic.)
We also showed in class using elementary estimates that
Theorem 14. As a complex function, W(z) is bounded as z = x — 1—.

Finally, we remark that my 1985 paper Some extremal problems for continued
fractions contains a theorem equivalent to the assertion that, if 2" < n < 2", then

r/4
1
(77) lw(r)] < (%) A~ 1.348",

and this is best possible.

Much of the description of the Stern sequence can be carried over to its sullen
cousin. Usually, it isn’t quite as interesting, but I hope to have more to say in the
next iteration of these notes.
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