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INTERPOLATING CLASSICAL PARTITIONS OF THE SET OF
POSITIVE INTEGERS

WEIRU CHEN AND JARED KRANDEL

ABSTRACT. We construct an easily described family of partitions of the positive integers
into n disjoint sets with essentially the same structure for every n > 2. In a special case, it
interpolates between the Beatty % + %2 = 1 partitioning (n = 2) and the 2-adic partitioning
in the limit as n — oco. We then analyze how membership of elements in the sets of one par-
tition relates to membership in the sets of another. We investigate in detail the interactions
of two Beatty partitions with one another and the interactions of the ¢ Beatty partition
mentioned above with its “extension” to three sets given by the construction detailed in the
first part. In the first case, we obtain detailed results whereas the second case we place some

restrictions on the interaction but cannot obtain exhaustive results.
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1. INTRODUCTION

Beatty’s % + % = 1 theorem [1] provides uncountably many partitionings of the set of
positive integers. Among these are partitionings that encode winning strategies for variations
of Wythoft’s game [10]. Particularly relevant is the partition given by

1
¢ ¢?

with the members of the two distinct sequences
a(k) = [k¢] and b(k) = [k¢?]

giving the two sets of the partition. Another significant partition, this time into infinitely
many sets, is the 2-adic partition. Here, the sets are 2¢ - M for e = 0,1,2,..., where M is
the set of all positive odd integers. This partitioning is, for example, the key to showing that
the partial sums of the harmonic series are (with the trivial exception) never integral. See
[p. 32, problem 36| of [§].

We construct an easily described family of partitions of the positive integers into n disjoint
sets with essentially the same structure for every n > 2. In a special case, it interpolates
between the Beatty golden ratio partitioning (n = 2) and the 2-adic partitioning in the limit
as n — 0o.

Next, we study how specific examples of partitions in the constructed family relate to one
another. If we define A = {|k¢|}2° | and B = {|k¢?|}2° ,, then the positive integers can be
described as AU B or Dy U Dy U D3 where the former is an n = 2 partition and the latter
is an n = 3 partition to be described (see Section 2.4) which “extends” the A, B partition
to 3 sets. In order to carry out this analysis, we write D; as a sequence {dy;,da;,ds;j, ...}
with dj; < di11);, 1 < j < 3. Then the n = 3 partitioning corresponds to the 3 infinite
columns of an co x 3 matrix shown in Table 1. We now take the transposed point of view and

=1

D3 | Dy | Dy
112 4
316 |11
519 |15
7113 |22
8 | 17| 29
10 | 20 | 33

TABLE 1. An enumeration of the first few values of Dy, Do, and D3

examine the rows of this matrix. They form an infinite collection of 3-vectors (dg1, dg2, dg3)-
Each such 3-vector has, a priori, 22 = 8 possible classifications depending on the A or B
membership of its individual components. For example, (d11,d12,d13) = (1,2,4) € AxBx A
while (do1,dao,dog) = (3,6,11) € A x A x A; these are two of the 8 distinct possibilities.
We perform a detailed technical analysis to determine which of these cases occur. The result
seems non-obvious: exactly 6 of the 8 cases can occur. This leads to a natural question that
we have been unable to resolve: With what frequencies do each of these 6 cases occur?
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We preface the above investigation by a similar but more tractable problem. Consider the

Beatty partitioning associated to

1 1 1

FER
and let C and D be the two sets in this partition. One can ask how each of C' and D
splits into A and B elements and vice versa. In this case, we derive a summary of fractional
parts identities which gives fairly complete information about the problem. We then extend
this to a more generalized case involving the Fibonacci numbers that can be used to further
investigate such classification problems. This Beatty partitioning case is of special interest,
as the Beatty sequence |n¢®| plays a role (“Long’s conjecture”) in the theory of additive
partitions, a type of partitioning that is not of Beatty type, but is closely related to Beatty-
type partitions. Specifically, it is of interest with respect to the unique partitioning of the
positive integers into disjoint sets A* and B* such that sums of distinct elements of A*, and
also of B*, never equal a Fibonacci number. See [2] for the proof of Long’s conjecture and
[3] for further background information.

Two main tools for our investigations are the KLM formula (see [5][p. 256] for a proof) and
Theorem 3.2, a proof of which is available in [9]. For general information on Beatty sequences
and especially explanations as to why the naive generalization of Beatty’s theorem to sums of
3 or more irrational reciprocals is false (Uspensky’s theorem) see [4], [7], and [12]. Interesting
ways of partitioning the set of all real numbers into n disjoint subsets are described in [6].

2. N-SET PARTITION THEOREM
2.1. Statement of Theorem and Examples.

Definition 2.1. Let r;,i = 1,2,3,..., be real numbers and S a set of real numbers. Define

Stri={s+ri:seStU{s—r:s€ S}
5:1:7‘1:]:7‘2:(5:&7’1):]:7‘2,
and S+r£...xrp=(SEtr ... £rpm_1) Erm.

Theorem 2.2. Let n > 2 and define
n
G={2t vt pon 2y iy
i=1
Let 1 be a non-decreasing integer-valued sequence such that (1) = 2"~ and l[(k+1)—1(k) € G
for all k. If we set D1 = {l(k)}32, then the sets
Di,Dy=D; £2" 2 D3 =D;+2" 241273 . D,=D; £2"2+2" 3+ +2+41
are a partition of the set of all positive integers into n disjoint sets.

Corollary 2.3. Let h(k) be a non-decreasing integer-valued sequence with h(1) =1 and
1 < hlk+1)—h(k) <2. Putl(k) =tk) = 2" ! —1Dh(k) + k for n > 2.Then the sets
Dy, Ds,...,D, defined in Theorem 2.2 with Dy = {t(k)}3>, partition the positive integers.

Proof. We need to check that #(1) = 27! and t(k + 1) — t(k) takes on values in G. The
former is clear from the definition of . To prove the latter, consider the two cases where
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h(k +1) — h(k) = 1 and where h(k + 1) — h(k) = 2. In the former case, we have
tk+1) —tk) = 2" ' —1)(h(k+1) — h(k)) +1
=@ -n+1=2""1
which is the first number in G. In the second case, the same calculation gives

tk+1)—tk)=2"1-1)2-1

n

=2"—1=) 2"

i=1
which is the final number in G. O

Example 2.4. Let t(k) be as in Corollary 2.3 and set h(k) = k and n = 2. This simply gives
the partitioning of the positive integers into even and odd numbers. For n = 3 it gives

Dy = {4k + 4},
Dy = {4k + 2},
Dy = {2k + 1},

where k =0,1,2,...

Remark 2.5. Our partitioning into n sets is of interest in part because of Uspensky’s The-
orem , which states that the sequences {|kx1]|},{|kx2]}, ..., {|kzn]} where x1,29,... 2, are
wrrational numbers satisfying

give a partitioning of the positive integers only when n = 2.

Corollary 2.6. Let 1 < a <2 and let n € N with n > 2. Put t(k) = (2"~ —1)|ka] + k for
k € N. Then the sets Dy, Do, ... D, as defined in Theorem 2.2 with Dy = {t(k)}3, partition
the positive integers.
Proof. Clearly t(1) = 2"~L. Since
|(E+1)a] — |ka] = (k+1)a— {(k+ 1)a} — (ka — {ka})
=a+{ka} —{(k+ 1)a}
<240

where 8 < 1, so the difference is strictly less than 3. Since the difference is an integer, it
must be at most 2, and the result follows from Corollary 2.3. g

Example 2.7. Let h(k) = |k¢|, where ¢ is the golden ratio, and n = 2. Then Dy =
{12 = D]ko] + £k} = {|k(o + )|}, = {[k?]}32, because ¢* = ¢ + 1. This implies
Dy = {|k¢]}32,, so D1 and Dy form the % + # Beatty partition.

Example 2.8. Let h(k) = |k¢| and n = 3. Then we have a possibly new partitioning given
by

Dy = {3a(k) + k} = {4,11,15,22,29,33,...}

Dy = {a(k) + 2k — 1} = {2,6,9,13,17,20, 24,27, ...}

D3 = {N/(D; UD,)} ={1,3,5,7,8,10,12,14,16,...}
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The set Do does occur in OFILS as sequence A054770. It is of interest in connection with
properties of Lucas numbers. This is the aforementioned n = 3 case “extension” of the A, B
partition to be studied in later sections.
Example 2.9. Let h(k) = |kv/2] and n = 2. This gives

Dy = {2,4,7,9,12,.. .},

D ={1,3,5,6,8,10,11,...}.

Unlike in the golden ratio case, this is not the Beatty % +5 +1 7= 1 partition which consists

of the sets

S;={3,6,10,13,17,...},

Sy ={1,2,4,5,7,8,9,11,...}.
2.2. Proof of Theorem 2.2. The proof will be split into two parts. First, we show that
the sets Dy, Do, ..., D, contain every positive integer. Second, we show that these sets are
pairwise disjoint, i.e., D; N D; = &, © # j. We begin by developing a series of lemmas from
which the first part of the proof will follow easily.

Lemma 2.10. Suppose that a;,b;,c,n, N, and m are integers with n > ¢ > O, N > n +
m, and m > 1. If the b; are odd, then

n+m

Zn:ai N7 N 2N
i=c i=c

Proof. Suppose equality holds. Then

n n+m
§ :ai X 2n+m—z — § : bz X 2n+m—z,
1=c 1=c

and all terms in these sums are integers. Since m > 1, all terms on the left side of the
equation are even. On the other hand, all terms on the right side of the equation are even
except for the last term which equals b,,+,, and is odd. This is a contradiction. O

Definition 2.11. Let ¢ be an integer and let the (n — 1)-vector E be defined by
E=E,_1 ={e,€1,...,en-2}

where we make the restriction €¢; € {—1,1} for the remainder of the paper. Define n inhomo-
geneous linear forms Ly = Lo(t, E), ..., Ly—1 = L,—1(t, E) in the variables {t; €p, €1,...,€p—2}
by

LO(tv E) =1,
Li(t,E) =t+epo-2"7%
Ly(t,E) =t+en9-2"" 4 ey3-2"7,

Lj(t, E) =t+e€p_2- on—2 +...t+en—j1- 2n—j—1’

Ln_l(t,E) :t+€n_2'2n_2+...+61-2+60.
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Thus, for j > 1,
j+1
Li(t,E) =t+ Z nes - 2775,
s=2

Lemma 2.12. Fizt € N. As E varies over all of its 27" possible values, the above collection
of linear forms {Lg, L1,...,Ly,_1} takes on each value in the closed interval of integers

It)=[t— (2"t =1),t+ (2" 1 - 1)

and no other values. Moreover, each integer in I(t) is the value of exactly one of the linear
forms as E varies over all 2"~ possible values.

Proof. The linear forms {Lg, L1, ..., L,_1} assume respectively
1,2,2%,... 2"t

possible values, hence Z?:_()l 2! = 2" — 1 possible values in all. Let 4,j be distinct integers
between 0 and n — 1. By Lemma 2.10, we have that L;(t, E1) # L;(t, E») for any E, Es.
In addition, we claim that for any j, L;(t,E1) # L;(t,E2). That is, for fixed t, no two
values taken on by L;(t) as it varies over E are the same. For proof, suppose two such

values are equal. Then there exist a collection {€g,€1,...,€,—j—1} and a distinct collection
{60,01,...,0n—j—1} each taking values in {—1,1} such that
J+1 Jj+1

t+ Z nos 2" =t + Z S - 275,
s=2 s=2

Thus
j+1
D (en—s = 6n-s) - 2"° =0.
s=2
Since €,_s — 6,,—s must be -2, 0, or 2, we can divide the equation by 2"/ to get
J+1
Z M L9itl=s _ .

s=2 2

If €,—j—1 — dp—j—1 # 0, then all the terms of the equation are even except for the last term,
which equals 1 or -1 and is odd. This is a contradiction. So €,_;j_1 — d,—;—1 must be 0. Now
we have ‘
J

D (en—s—6n-s)-2"° =0.

s=2
Repeating this process, we obtain €, _s—9,_s = 0 forall s € {2,3,...,7+1}. So the collections
{€o0,€1,...,en—j—1} and {do,61,...,0,—j—1} are exactly the same. Therefore, for fixed t € N,
the form L;(t) is injective for any j € N. Hence the linear forms {Lg, L1,...,L,—1} assume
all possible

-1+t -1)=2"-1

values between their minimum and maximum values. These values are
n—2
thy 2=t (2" 1),
i=0
and the result follows. O
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Remark 2.13. We shall next allow t to vary. But it will be useful to bear in mind that if at
any point we fix t, distinct forms will take on distinct values.

Lemma 2.14. Let ] be a sequence satisfying the hypotheses of Theorem 2.2 and set
I(I(k)) = [I(k) = (271 = 1),0(k) + (2" = 1)),
Then |J I(l(k)) is the set of all positive integers.
k=1

Proof. By the hypotheses of Theorem 2.2, I(k) — oo as k — oo, and I(1) — (2"71 — 1) = 1.
Thus, we need to show that for k > 2, any given interval I(I(k)) elther overlaps with I(I(k—1))
or begins at the first integer outside I(I(k — 1)). This condition will be satisfied if

e+1) — @' =1 <i(k)+ (2" ' = 1) + L.
Rearranging this inequality gives
l(k+1)—1(k) <2"—1.
Since

n
maxG:Z2"—i:2"—1

this inequality is satisfied for all k. O
Corollary 2.15. Let t be as in Corollary 2.3 and set h(k) = |ka| where 1 < a < 2. Then
U I(t(k)) is the set of all positive integers.

k=1

Proposition 2.16. Let the sequence | and the sets D;j,1 < j < n, be as in Theorem 2.2 with
n

Dy = {l(k)}2,. Then | Dj is the set of all positive integers.
j=1

Proof. First, fix k € N and let the set of all values of the form L;_1(I(k), E) as E varies varies
over all possible choices for €y, €1,...,€,_2 be denoted by

U{Lj—l(l(k)vE)}'
E

Each Dj is defined such that it is the set of all values taken on by L;_i(l(k), E) as k varies
over all positive integers and E varies as above. With this characterization of D1, Do, ... Dy,
we can write

UD—UU(U{LH ) UU(U{LH })=Df<l<k>>=N

Jj=1k=1 k=1j=1 k=1

where the second to last equality follows from Lemma 2.12 and the last equality follows from
Lemma 2.14. ]

Proposition 2.16 shows that the desired collection of sets contains every positive integer.
We now need to show that no integer belongs to two of the sets simultaneously. In other
words, we need to show that for any sequence [ satisfying the hypotheses of Theorem 2.2 and
positive integers i # j

Li(l(k1), Er) # L;(U(k2), E2)
for any ki, ko, E1, Eo. If [(k1) = l(ke), then by Lemma 2.12, the forms must be the same, so
i = j. On the other hand, if (k1) and [(ke) are sufficiently far apart (note that n is fixed),
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Li(l(k1), E1) and L;(l(k2), Eo) cannot be equal. Thus a more careful analysis will be needed
when (k1) and [(kq) are unequal but close.

Lemma 2.17. max I(I(k)) < min I(I(k + 2)).
Proof. We need to show that
I(k4+2)— 2" —1) > 1(k)+ (2" = 1),
i.e., that
l(k+2)—1(k)>2"—2.
Since min G = 2"~!, we have
k+2)—1(k)=1k+2) —I(k+1)+1(k+1) —I(k) >2-2""1 =27 > 2" 2,
O

We are now ready to finish the proof of Theorem 2.2. Since increasing k makes the smallest
element of I(I(k)) larger, it is now clear that

IA(K) NIk + b)) =0

for all b > 2. Thus if L;(I(k1), E1) and L;(l(k2), E2) with ¢ # j and ks > ki take on the same
value m, it must be the case that ko = k1 + 1 and

m € I(l(k1)) N I(I(k1 + 1)).

Of course, we are done if the above intersection is empty.
We first consider those k for which I(k+ 1) — I(k) = max G = 2™ — 1. In this case,

I((k)) = [I(k) = (2"7" = 1), (k) + (2" " = 1)),
Ik +1) =[I(k) +2" —1— (2" —1),l(k) +2" =1+ (2" ' —1)]
= [1(k) + 2", U(k) + 3(2") — 2].

Thus the smallest integer in the interval I(I(k + 1)) is at least I(k) + 2"~!, which is larger
than the largest integer in I(I(k)). Hence the intersection is empty.
We now consider those k for which I(k + 1) — (k) = 22:1 2" for 1<b<n-—1
In this case, we can write the intersection I(I(k)) N I(I(k + 1)) as

IAR) NIk +1)) = [I(k) =2 + 1,0(k) + 2" = 1] 0

b
k) +> 2 —2n 1,
a=1

b
I(k)+ > 2m — 2" 4 1 (k) + 27 — 1]

a=1

b
(k) + 14> 2" (k) +2"" - 1] .
a=2
Suppose that for some Eq, F5 we have

m = L;(I(k), Ey) and m = Lj(I(k + 1), E3).

This means that m has a representation in terms of both L; and L;. From the fact that
m = L;(I(k), E1), we have
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i+1
m=1I(k) + Z €n—s - 2" 7%
s=2

But since m € I(l(k)) N I(I(k + 1)), we must have m > (k) + 2222 2"~ We claim this
forces ¢ + 1 > b as well as

€En—2 = €3 = ... = €p_p—-1 — 1.
For proof of this last fact, suppose that there is some non-empty subset I of the integers 2
through b 4 1 such that for d € I, ¢,_4 = —1 while for e & I, we have ¢, . = 1. Using the
lower bound for m, we write

i+1 b
m=1(k)+> ens2"" > (k) + Y _ 2"
s=2 a=2

Canceling (k) and the common terms in the sums gives

i+1 i+1
D A I e N A ) DT AR Y L
del s=b+1 del del s=b+1

Now, choosing any a € I allows us to write

i+1 n
gn+l—a < Z gn—d+1 < Z 2" < Z gn—s _on=b 1 _ 2n+1—(b+1) 1
del s=b+1 s=b+1

But since a € I, a < b+ 1. This is a contradiction. Therefore, we have shown that the €,_;
with n <n —b—1 are 1 and so the L; representation of m must have the form

b+1 i+1
m=1(k)+Y 2"+ > e 2"
a=2 s=b+2

Since m = L;(I(k + 1), Ey) we can additionally write

J+1 b j+1
m=1k+1)+ > 0o s2" = 1(k)+ Y 2"+ G2
s=2 a=1 s=2

because we have assumed [(k + 1) = I(k) + 2221 2"~%  Next, we equate these two represen-
tations and cancel common terms, resulting in

i+1 Jj+1
Z 2" 4 2n—b—1 — on—1 + Z Sy g2 5,
s=b+2 s=2

Rearranging this identity, we get

i+1 Jj+1
Z €25 = 2n—1 - 2n—b—1 + Zan_s2n—s
s=b+2 5=2
n n j+1
— (Z n=e 4 1) - ( P 1) +) 2
c=2 c=b+2 5=2
b+1 Jj+1

— Z on—c 4 Z 5n_82n—s
c=2 5=2
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We now wish to show that d,,_9 = §,_3 = ... = §,_p—1 = —1. Suppose that there is a
nonempty subset I of the integers 2 through b 4+ 1 such that for d € I, §,_4 = 1 while
0n—s = —1 for s € I. Then, continuing from the above equality, we have

i+1 Jj+1

Z €25 = Zzn—d + Zzn—s + Z Sy s2 5.

s=b+2 del sel s=b+2

Rearranging, we have

i+1 J+1
Z gn+l—d _ Z 2" — § : 525,
del s=b+2 5=b+2

Consider the absolute values of both sides of the inequality. The absolute values of both
sums on the right side are strictly less than 27~?~! while the sum on the left is greater than
any individual member of the sum. So, choosing any a € I gives the following inequality

gntl—a _ 2n—(a—1) < 2n—b—1 + 2n—b—1 _ 2n—b

9

but since a € I we have a — 1 < b, which gives a contradiction. Therefore, §,_o = d,_3 =

... =0p_p_1 = —1. Using this fact and equating the two representations of m, we find that
i+1 J+1
D 27T = > 5,20
s=b+2 s=b+2

But 7 # j, so by Lemma 2.10 this is a contradiction. Hence L; and L; have no common value,
and Theorem 2.2 follows. (In particular, when we are considering t(k) = (2"~! —1)|k¢| + k,
this forms the general n-columns ¢-partition. The properties of this partition for the n = 3
case are analyzed in Section 4.)

2.3. Limiting Behavior of the n-Set Partition. We now examine the limiting behavior
of our n-set partitions as n — oo.

Theorem 2.18. Let (I )ren be a sequence of sequences such that each l; satisfies the hypoth-
esis in Theorem 2.2 withn = j. Let (D;)jen be a sequence of partitions of the kind considered
i Theorem 1 where Dl = {Dl} = {N}, Dg = {D172,D272}, Dg = {D173,D273,D373}, . ,D' =
{D1;,D2;,...,Dj;},... where we put {Dy ;} = {l;(k)}32,. That is, the n-th partition in the
sequence is a partition into n parts of the kind in considered in Theorem 2.2. Additionally, let
M ={1,3,5,7,9,...}, the set of odd positive integers. Then we have the following pointwise
convergence properties of the sets within each partition as n — oco:

Dy, — M
Dn—l,n —2-M

Dy —2°-M



INTERPOLATING CLASSICAL PARTITIONS OF THE SET OF POSITIVE INTEGERS 11

Proof. Let n € N. The first (smallest) element of Dy, is 277!, and it is easy to see that the
first element of D;, for any 1 < j < n is 27=J . In particular, the first element of D, is
simply 1. For further insight into the small values of the various D; ,, we determine the range
of the linear forms L;(2""1, E), 0 < j <n —1 as E varies for any D,,. For any particular j,
L;j(2""1 E), can lie between a minimum of

on—t _on=2 _gn=3 _  _gnmi—l_gn=l _on=i=l(p 4904924 427
— 2TL—1 _ 2n—j—1(2j _ 1) — 2Tl—j—1
and a maximum of
2n—l + 2n—2 + 2n—3 + . + 2n—j—1 — 2n—1 + 2n—j—1(2j _ 1)

Dividing the value of the form by 2"~7~! yields

Jj+1 Jj+1
Lj(2n—1’E)/2n—j—1 _ (2n—1 + Z En_s2n—3)/2n—j—1 — 2]' + Z En—32j+1_s-
s=2 s=2

Here L;(2" !, E)/2"7771 is odd, and can take on a total of 2/ values as E varies. The
minimum value is 1 and the maximum is 27! — 1, a range in which there are exactly %(27 +l_
1+ 1) = 27 odd numbers. Therefore, L;(2"~1, E)/2"77~! takes on exactly the numbers

{1,3,5,7,...,27T —1}
as E varies over all possible values. Thus, since the first 2/~! numbers in Dj,, are exactly
those possible values of L;_1(2""!, E), the first 2/~! numbers in D;,, are exactly
2"79(1,3,5,...,20 —1).

Now set j = n — e. We see that the first 2"¢~! numbers of each Dy, are exactly

2¢(1,3,5,...,2"¢ — 1).
O

2.4. Consequences of Theorems 2.2 and 2.18 Regarding Beatty Sequences. Beatty
sequences and the theory surrounding them are a major motivation in establishing Theorems
2.2 and 2.18. Recall that given irrational «, 5 > 0 which satisfy

1

1
a+5 ’

Beatty’s Theorem states that the sets
{lka]}iZ, and {|kB]}3%

partition the positive integers. Using this and Corollary 2.6, we can establish an interesting

way of "extending” these partitions in the context of Theorem 1. If we let o be irrational
such that 1 < o < 2, then applying Corollary 2.3 gives that the sequence

t(k) = |ka) + k= [k(a+1)]

satisfies the hypotheses of Theorem 2.2 and generates a 2-set partition. The sequence ¢ is a
Beatty sequence with 2 < a+ 1 < 3, so, by Beatty’s Theorem, the set Dy is composed of the
elements of the complementary Beatty sequence Lk:aT“J The given partition {Dq, Dy} is a
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Beatty partition. This itself is nothing new, but Theorem 1 gives a natural way to construct
a potentially new, related partition.
For any n > 2, we can use « to form

t(k) = (2" ' = 1)|ka] + &

from which Corollary 2.6 gives an n set partition. In addition, Theorem 2.18 tells us that as
n — oo, the sequence of partitions (D,,) with Dy, = {(2"7! — 1)|ka| + k}3°, approaches
the 2-adic, giving an interpolation between the 2-adic and any Beatty partition with one of
«, B between 2 and 3. The rest of this paper is a study of interactions of the specific Beatty
partition given by a(k) = |k¢| and b(k) = |k¢?| with other partitions, one of which is the
n = 3 extension of this partition given above.

To see that the Beatty partition involving a and b is in fact one of our partitions, notice
that if we set h(k) = |ko|, we get

t(k) = ko] + k= k(6 +1)] = [k¢?|

since ¢? = ¢ + 1. In particular, we study the n = 3 extension in which we define d(k) =
t(k) = (22 —1)a(k)+k = 3a(k)+k. It is interesting to note that ¢ is the only positive number
such that {h(k)}?2, = {|ka] ]}, is exactly the set Dy when we put Dy = {h(k) + k}?2 | =
{lk(a+1)]}32,. This follows from the fact that

1 1

a+a+1

=1 < ad>—-a-1=0.

3. THE INTERACTION OF TwO BEATTY PARTITIONS

It is of interest to explore how the classification of integers into A and B numbers relates
to the classifications given by other partitionings of the integers. Here A and B represents
the specific Beatty partition described in section 2.4: A = {a(n)}>2,; and B = {b(n)}>2,
where a(n) = [n¢| and b(n) = |n¢?|. We examine this question for one of the partitions
already discussed here (the case n = 3), but begin with a simpler case that serves as a model.

Also, in this simpler case we can provide a more complete description.

3.1. Column Classifications for Beatty Partitions.
Theorem 3.1. (The KLM formula). For integers K,L and M we have
{no} |
¢
The following important result is known, but we include a proof for the sake of complete-
ness.

a(Ka(n)+ Ln+ M) = Kb(n) + La(n) + |[M¢ + (L¢ — K)

Theorem 3.2. o)
{a(n)gb} =1- ¢ 3
(b} = .

For the proof we use the KLM formula and a precise form of the fact that b(n) is approx-
imately ¢a(n).
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Lemma 3.3.
a(a(n)) =a(n)+n—1="0b(n) —
a(b(n)) = a(n) + b(n).
Proof. We use the KLM formula, first with K = 1,L = M = 0 and then with K = L =
1,M =0. O
Lemma 3.4. b(n) — ¢a(n) = {"¢}

Proof. Since ¢ =1 +3 1 the left side

b(n) — da(n) = a(n) +n — da(n) = n — X

¢
_n—a(n) _ {no}
5 6

We may now prove the above theorem.
Add a(n)¢ to both sides of —a(a(n)) =1 — b(n) to obtain

{a(n)¢} = a(n)¢ — la(n)¢] = a(n)¢ — a(a(n))

=1—bmy+mm¢=1—“ji
Next, add b(n) to both sides of —a(b(n)) = —a(n) — b(n) to obtain, since ¢ — 1 = 1,
{B(n)6} = b(n)o — [b(n)6] = b(n)o — a(b(n)) = b(n)6 — b(n) — a(n)
— —a(n) +b(n) - (6 — 1) = —a(n) + %l) _ {Zs—f}

This proves the theorem.

Corollary 3.5. {a(n)¢} + ¢{b(n )gb} =1

Beatty’s Theorem applied to + # = 1 shows that the infinite sequences

¢2/2
en)=|n- %2J and d(n) = [n¢®|,n =1,2,3,...

partition the set of positive integers. Call these two sequences (we may also call them sets)
C and D. We shall investigate how the elements of C' and D are distributed among the sets
A and B, and vice-versa. The following result illuminates this subject.

Theorem 3.6. For anyn > 1 the fractional part {d(n)p} is in the interval (3= %) if {n¢} >

, and in the interval (4 /5 1) if {ne} < 2 Each interval clearly has length \/__

For any n > 1 the fractional part {c(2n)¢} lies in the interval (0, _2\[) while the fmctional

part {c(2n+1)¢},n > 1, lies in the interval (3, 4_2\/5). FEach of these last two intervals clearly
h 3—5
S

has lengt

Remark 3.7. These intervals are all disjoint and their total length is 1. It is curious how
the criteria for interval membership is defined by an inequality for d(n) and by parity for

c(n).

We first establish a lemma.
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Lemma 3.8.

[ 2-a(n)+n, z'f{ngb}<l,
d(n)_{Z-a(n)—l-n—l—l, z’f{ngb}>§

Proof. By the KLM formula,

d(n) =|n+2¢n| =n+a(2n) =n+2a(n) + [(2¢) - @J

¢
=n+2a(n) + [2{ne¢}|
where we set K = M = 0 and L = 2. The result follows. O

We can now prove the assertions about d(n). First, say {n¢} < 3. Then

(d(m)} = {no+2-a(n)o} = {{né} +2- {a(n)s}}
— (o} +2- (1 22} — {2 - VB o))
— 14 2 VB){no).

so {d(n)¢} lies in (4_2\/5, 1). Next, say {n¢} > 5. Then

indhy 1

{d(n)¢} ={no+¢—-1+2-a(n)¢} = {{né} +2- (1 - 3 )+¢}

={@—¢®mw+%}

This has the form {p} where 0 < p < 1. Thus {d(n)¢} = % — (v5—2){n¢} and thus {d(n)¢}

lies in (3_2\/5, 2).

The case of ¢(2n)¢ is straightforward.

{no}
¢2

0 35

2
{e2mo) = {l2n) - 210} = Bimo} = 2 € 0,27

A more detailed consideration is needed for {¢(2n + 1)¢}. Set A = 5_4‘/5. Since %2 = %
Wehave)\<1and%2+/\:2.

Lemma 3.9.

¢, if {no} <A,
1,

3 _
¢ {c(2n+1)p} — p{no} = { if {ng} > A.

Proof. Let

1, if {ne} <A,
e(n) = { 2, if {ng} > .
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Since 0 < {n¢} <1< d’ <2=2 4 and 1 + d) < 3, we have that {n(é} + d) is strictly
between 1 and 3. So the above equahty 2= + )\ shows that [{n¢} + J = e( ). Now
2 2
c2nt1)=|@n+1):T] = [0+ ]

2 2
=L<>+{n¢2}+¢J L(n)+{n¢}+%J

=b(n) + [{no} + EJ =b(n) + e(n).

In the case {n¢} < )\ (e(n) = 1) we have {c(2n + 1)¢} = {b(n)p + ¢} = {{b(n)¢} + ¢} =
{{nd)} + %} = {n¢} + since % + # = 1. Thus in this case ¢3{c(2n + 1)¢} — ¢{nep} = ¢*.
In the case {nqﬁ} > )\ (e(n ) = 2) we have {c(2n +1)¢} = {b(n)¢ +2¢} {{nd)} + 2 } Now
1< % < {ZZ’} —I—% < ¢ + ¢ =¢ < 2,50 {c(2n + 1)p} = {"¢} + 5 — 1. This implies that
FHe(2n + D)6} = 0{nd} + 26 — 6%, so ¢*{e(2n + 1)0) — H{nd} = 262 — 6" = 1 and the

result follows. O

Now observe that ﬁ—k# = % < é < ﬁ—i—é: 4_2‘/5.

In the ¢? case ({n¢} < A) this shows that 1 < é < A{c(2n+1)¢} < 4_2\/5 where in particular
the upper bound is achieved. In the 1 case ({n¢} > A) this shows that 3 < {¢(2n + 1)¢} <

¢ < 4= \/_ where in particular the lower bound is achieved.
ThlS proves the theorem.

Summary of Fractional Parts Identities:
¢{a(n)o} +{no}t = ¢
¢*{b(n)¢} — {n¢} =0
1, if{n¢}<i
dn)ot + (V5 — 2){ng} = S 7
{dm)} + (V5 — 2){ng} { Y oo ]
0, if m = 2n,
¢*{c(m)o} — p{no} = ¢ ¢% it m=2n+1,{ng} <A,
1, ifm=2n+1{ng} > A
We may now use Weyl’s Theorem on uniform distribution which asserts that for « irrational
the sequence {na}o° ; is uniformly distributed in (0, 1).
Divide the unit interval (0, 1) into 4 parts (I3, I3, I3, I;) that are respectively

1.,1 1 14-+5 4-+5
¢ ) (¢27_)7( ) 92 )( 92 71)’

(0,

Our results imply that
{n¢} €, <=neB
{noy e LbUI3Uly<—=necA
{ney e hUI3<—=neC
{ng} € LUl <= neD.



16 WEIRU CHEN AND JARED KRANDEL

From this we see that
(c(n),d(n)) € (Ax A)U (B x A),
(a(n),b(n)) € (C x C)U (D x C).
Note that for arbitrary two integer vectors (h, k), a partitioning of the integers into 2
sequences gives 4 membership classifications for (h, k), so it is notable here that for the (A, B)

and (C, D) partitionings we have for the Wythoff pairs (a(n),b(n)) and the (¢(n),d(n)) pairs
only 2 possibilities.

We can also be a bit more quantitative. Since 4_2\/5 — l = ¢2, we see that the set of
integers n for which ¢(n) € A has density 5 and the same for c(n) € B. Smce 1- ¢2 = l we
see that the set of integers n for which a(n) € C has density (512') / (é) 5. Hence the Set of

integers n for which a(n) € D has density #

3.2. Extension of Fractional Parts Identities. In connection with the fractional parts
identities, we also have the following result related to Fibonacci numbers which can be used
to solve more interaction problems.

Theorem 3.10. Define Fj as the k-th Fibonacci number for any k € N. Let r be an odd
positive integer and let m and n be any positive integers. Then we have ¢" {m¢}—¢"~2{no} =
1 if and only if m = a(n) +n + F,.

Before we prove the theorem, we need to establish the following Lemmas.

Lemma 3.11. When r is an odd positive integer, |Fr.¢ + (¢ — 1) - {"Tf}j = Fr41.

Proof. First we will prove that F.¢ + (¢ — 1) - % > F,4+1. Note that Fibonacci numbers

have a closed-form solution (often known as Binet’s formula): Fy = %(qﬁk —(=1)k- (%)k) for
all k € N. Since F.¢ + (¢ — 1) - % > F.¢+0=F,.¢, and

. 1
ﬁ(qﬁ o ¢T+1)’

L r+1 1
\/5(¢ + ¢7’—1

which must be true because # > 0 for all k € N, we have F,.¢ + (¢ — 1) - M > Fryg.

Next, we will prove that F.¢ + (¢ — 1) - {”¢} < F,41 + 1. Since F.¢ + (¢ 1)- {“ff} <
Fré+(¢—1)- 1, and

Fr¢ > Frypy <~

) >

1 1 1

FT¢+(¢_1).$SFT+1+1<:>F¢—$§F7«+1<:>\/— ] ¢r+1
vliihlch Hiust be true because \/*((br——f—i_(b'k‘ﬁl) < \1/(14‘(;):% we have Fr¢+(¢_1)‘M <
7"+1+ .

Since Fr¢+(¢p—1)-1%} € (Fo, Fry1+1), it is obvious that | Frp+(¢—1)-122 | = By O

(Z=

Lemma 3.12. ¢* = Fj,¢ + F;,_1 for all k € N.

Proof. Fibonacci numbers are recursively defined such that Fj,0 = Fj11 + Fj for all kK € N,
and Fo=0,F, =1,F, =1,F3=2F;=3,F5=5,.... Sowhenk=1, ¢* = ¢p = Fi¢p + Fy =
Frd+ Fi—1.
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Suppose that ¢* = Fy¢ + Fj,_; for some k € N. Then
¢ =" ¢ = (Fid + Fio1)d
= Fp¢” + Fyo10 = Fp(¢+ 1) + Fr19
= (Fi + Fi—1)¢ + Fi = Fi16 + Fj,.
So by induction, we have ¢* = Fj,¢ + Fj,_; for all k € N. O

Now, we may proceed to the proof of Theorem 3.10. Suppose that m = a(n) + n + F, for
some odd positive integer r. Using the KLM formula with K = 1,L =1, M = F,., we get

o},

{mo} = (a(n) +n+ F)¢ — (b(n) +a(n) + [Fro + (¢ = 1) - "

Now, since |Fr¢+ (¢ —1) - {"Tf}j = Fy41 by Lemma 3.11, we have

{m¢} = [n¢|¢ — [n¢*| + {no} + Fr¢ — Frpa
= (n¢ — {ng})¢p — [n¢p| —n+{ng} + Fréd — Fr 1
= (2 - ¢){no} + Fr¢ — Frya,
which means
¢"{mo} = (2— ¢)¢"{ng} + Frd™™ — Frpr¢”

= (1-1/¢)¢"{no} + Frg™ — Fri19”
= ¢" o —V){ne} + F¢" — Fry19”
= ¢ Hno} + B¢t — Frag'

From Lemma 3.12, we know that ¢" ™' = F,.1¢ + F, and ¢" = F.¢ + F,_1. So F.¢"+1 —
Froi1¢" = F? — F,,1 - F._1. Cassini’s identity (see [p. 41] of [I1] for proof) states that

(_1)n = Fot1 - Fno1 — FS

for n € N. Using this and the fact that r is an odd positive integer, we have F,¢"+! —
F.+1¢" = 1. Therefore, when m = a(n) + n + F, for some odd positive integer r, we have

¢"{me} — ¢"*{ng} = 1.

On the other hand, if ¢"{m¢} — ¢""2{n¢} = 1 for some odd positive integer r, then we can
assume that m = Ka(n)+ Ln+ M, where K, L, M € Z, and M is some constant independent
of n. Using the KLM formula, we have

{me¢} = mo — |m¢| = Ka(n)p + Lnd + Mé — Kb(n) — La(n) — |[M¢ + (Lo — K) - {n(;ﬁ}J
= L{ng} + Ka(n)(¢ — 1) — Kn+ M¢ — LM¢+(L¢_K),{”T;¢}J
= L{ng} + K (ng — {né})(¢ — 1) — Kn + M¢ — | Mo + (Lp - K) - {”Tf}
:L{”¢}—K{n¢}‘(¢—l)+M¢—{Mqﬁ—i—(L(ﬁ—K)-@J

7
= {n}- (L= K(6— 1)+ Mo — (Mo + (20— ) 122
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From Lemma 3.12, we know that ¢"*! = F,,1¢ + F, and ¢" = F.¢ + F,_1. So,
ng

o)

¢
= (ROHEL — K(6— D) + M(Frao+ B — (Mo + (20— ) V2 (g 1),

¢"{me} = {ng} - (L — K(¢ —1))¢" + M¢"™ — [M¢ + (L$ — K)

We also have ¢"{m¢} = ¢""2{n¢} + 1 by assumption. So, as M - F, — [M¢ + (Lp — K) -
{"Tf}JFr_l is an integer and {n¢p}(L — K(¢—1))¢" + M - Fry1¢— | Mo+ (Lo — K){%}J -F.¢
is irrational, we have the following two equations:
0" 2nd} = (nd}(L — K(¢— 1)¢" + M- Frp16— [ Mo + (Lo — K) 12| . F,
1=M F,— [M¢+(Lo—K) 1| F_y.
From the first equation above, we have
_ . n
60} = (6}~ K (o~ 1) 4 M Fyga — Mo + (1 K) 293
Since M - Fr11 — [M¢ + (Lo — K){an)}j - F, is an integer and {n¢}(L — K(¢ — 1))¢" ! is
irrational, we have the following two equations:

{ 0=M-Fry — Mo+ (Lo — K)2 | F,

|- F,.

¢ =(L-K(p—1)¢" "

From the second equation above, we get
K 1
b @
With L = K = 1, we now have
L=M-F - |Mo+ (-1 12 .k,
{ 0=M - Fry — M6+ (6~ 1) 122] . .

L-K(p—1)=L— — L - Kp=1= (L-K)p+L=1<=L=K=1.

By multiplying F). on both sides of the first equation and multiplying F,_; on both sides of
the second equation, this is equivalent to the following:

Fo=M-F?— [M¢+(p—1)- 28] . F_F,
0=M FFoy— Mo+ (p—1)- 22| FF_).

Subtracting the two equations gives M (F? — F.,1-F,_1) = F,. By Cassini’s identity and the
fact that 7 is odd, F2 — Fy41 - F,y = 1. So M = F,. By Lemma 3.11, | K¢+ (¢ —1)- 22 | =
F,11, the above equations are satisfied.

Therefore, when 7 is an odd positive integer, ¢"{mo¢} — ¢"2{n¢} = 1 if and only if
m = a(n) +n + F,, where F, is the r-th Fibonacci number.

Remark 3.13. In section 3.1, we presented the following results in the summary of fractional
parts identities: ¢*{c(k)p}—d{ne} = ¢* if k = 2n+1,{ne} < A, and ¢*{c(k)p}—p{ns} =1
if k =2n+ 1,{n¢} > \. Here A = %. The first identity is equivalent to ¢{c(k)p} —
dHnel =1 ifk=2n+1,{ng} < A\

Note that these are the special cases of the result in Theorem 8.10, where r = 1,3 re-
spectively. In these cases, m = c(k) can be written as ¢c(2n + 1) = [(2n + 1) - %2J =
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(o + 1) + 2] = a(n) +n + [{no} + &2 ], which equals a(n) +n +1 (Fy = 1) when
{n¢} < X and equals a(n) +n+ 2 (F3 = 2) when {ng} > .

4. THE INTERACTION OF THE A,B BEATTY PARTITION AND ITS 3-SET EXTENSION

Now, we take a look at the interaction between the partition given by the sequences
a(k) = |k¢] and b(k) = |k¢?] and the 3-set partition where I(k) = t(k) = (2"~1 — 1)h(k) + k
and h(k) = |k¢]. It will be useful from this point on to consider the sets of these partitions
as columns. For any n-set partition, we will call Dy the first column, D5 the second column,
and so on, paralleling the presentation in Table 1. We first prove some important results
of 3-set partition which will turn out to be useful in the computation for the densities of
classified columns later on.

4.1. Finding the Second Column of the n-Column Extension. Any partition of the
type described in Theorem 2.2 is determined by the sequence [ used to define the set D;. In
the n-column extension of the A, B partition, we use Corollary 2.6 to construct the following
sequence

t(k) = (2" — Da(k) + k,

and we set I(k) = t(k) so that Dy = {t(k)}72,. It turns out that, in this case, we can find a
simple closed form for the sequence which gives the elements of the set Dy. We develop this
in the next theorem. First, we need a simple lemma.

Lemma 4.1. AU (A+1)=N
Proof. This follows from the fact that a(1) =1 and 1 < a(k+ 1) —a(k) < 2 for all k. O

Theorem 4.2. Let Dy, Ds,...,D, be the n-set partition generated by Di(k) = (2"~ —
Da(k) + k. If we form a sequence Do(k) by placing the elements of Dy in increasing order
d271 < d2,2 < d273 ... and deﬁning Dg(k’) = d27k, then

Dy(k) = a(k) + (2" = 2)k — (2772 —1).
Proof. First, we will show that
{D2(a()} = {D1(k) —2"7%},
{D2(a(l) + 1)} = {Di(k) +2" %}

This will be of use because it will be easier to define Dy on each of these domains separately
and combine them. Since the union of the domains is all of the positive integers by Lemma
4.1, we will have the formula for all positive integers. When [ = 1, we have

Da(a(l)) = Da(a(1)) = Da(1) = Di(1) = 272 = D1 (I) — 2" 7%,

Dy(a(l) +1) = Da(a(1) + 1) = Dy(2) = Di(1) + 2772 = Dy (1) + 2" 2
We also have
Dy(a(l +1)) = Da(a(l) +1) <= a(l+1) =a(l) +1
— 2" - Dal+1)+(1+1) =22 = 2" —Da(l) +1+ 2"
— Di(l+1)—2""2=Dy()+2"%
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Le., If a(l)+1 is the next A number, a(l+1), then Dy (1)+2""2 = Dy(a(l)+1) = Da(a(l+1)) =
Dy(I+1)—2""2 TIfa(l) + 1 # a(l + 1), then a(l) + 2 = a(l + 1) and we have
Dg(a(l + 1)) = Dg(a(l) + 2)
= (2" = Da(
£ (27— 1)

I+1)+(14+1)—2"2 =Dy(1+1)—2"2
D) +1+2"% =Dy(I) + 22
This implies
Dy(a(l)) = Di(l) —2"2
Da(a(l) + 1) = Dy(1) + 2" 2

2" —1)a(l) +1—2""? and
2"t —Da(l) +1+ 272

for all I € N.
In the a(l) case, Do(a(l)) = D1(I) —2" 2 = (2"~ —1)a(l) + 1 —2"2. On the other hand, we
have

a(a(l)) + (2" = 2)a(l) — (2" 7% - 1)
= (2"~ Da(l) — 2" %+ a(a(l)) — a(l) + 1.
From KLM formula (K =1,L =0, M = 0), we have a(a(l)) =b(l) =1 =a(l) +1—1. So
Dy(a(l)) = a(a(l)) + ("' = 2)a(l) — (2% = 1).
In the a(l) + 1 case, Da(a(l) + 1) = D1(I) + 2772 = (2"~1 — 1)a(l) + 1+ 2"~2. On the other
hand, we have
ala(l) +1) + (2" = 2)(a(l) + 1) — (22 - 1)
= (2"t —2)a(l) +aa(l) + 1) +2"2 1
= (2"~ Da() +2"2 +ala(l) +1) —a(l) — 1.

From KLM formula (K =1,L =0, M = 1), we have a(a(l) + 1) =b() + 1 =a(l) + 1 + 1.
So

Dy(a(l) +1) = a(a(l) + 1) + (2" = 2)(a(l) + 1) — (2"72 = 1).
So, since AU (A + 1) = N, the formula is valid for all k. O

4.2. Fractional Parts Identities with respect to the 3-set Partition. Let D be column
D1, C be column Dy, and S be column Ds in the definition of 3-set partition.

From the definition of h(k) and t(k), we already know that D = {d(k)} = {(2"~ ' —1)a(k)+
k} and that C = {c(k)} = {d(k) — 2"2} U {d(k) + 2"~2}. From Theorem 4.2, we get the
formula c(k) = a(k) + (271 — 2)k — (2772 — 1) for column C. So in the 3-set case, we have

D ={d(k)} = {3a(k) + k},
C={ck)} ={alk) + 2k — 1},
S ={s(k)} = {c(k) =13 U{c(k) + 1}.
Now we will derive some fractional parts identities with respect to d(k), c(k), and s(k), which

will be of use in the investigation of the interaction between the A, B Beatty partition and
the 3-set partition.

Theorem 4.3. {d(k)¢} = 1 — L {ko}.
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Proof. Using the identity ¢? = ¢ + 1 and the KLM formula with K = 3,L = 1,M = 0, we

can write

{d(k)o} = d(k)¢ — [d(k)¢] = (3a(k) + k)¢ — a(3a(k) + k)

= 3a(k)o+ k6~ 30(8) — a(h) — (6~ 3) - L2,
Now, since &= < (¢ — 3) - % < 0, we have that [(¢ — 3) - %J = —1. This gives
{d(k)o)} = 3(k¢ — {ko})¢ + {ko} — 3(k¢ — {ko}) — 3k + 1

(k)4 —30)+1—1— g{m}.

Theorem 4.4.

Bkg}+ 152, if {ko} > &
Biko} + 355, if {k¢} < %
Proof. Using the KLM formula where K =1,L =2, M = —
{c(k)o} = c(k)¢ — |c(k)o] = (a(k) + 2k — 1)¢ — ( (k) + 2k —1)

= a(k)p + 2k¢ — ¢ — b(k) — 2a(k) — |~ + (29 — 1) - {kj}J

Since —p < —p+ (29 — 1) - £ <2 ¢ — 1 =3 2¢, where —¢ = —1.6180339... and
3 —2¢ = —0.2360679.. ., we need to consider two cases: —¢+ (2¢ — 1) - {kd)} € (—¢,—1) and
—p+(20—1)- {ka)} € (—1,3—2¢), which are equivalent to {k¢} € (0, \/—) and {ko} € ( , 1)

respectively.
In the first case, we have |—¢ + (29 — 1) - {k }J = —2, 50

{c(k)o} = (k¢ —{ko})o + 2kd — ¢ — (k¢ — {ko}) — k — 2(k¢ — {ko}) +2

— (3 )¢} +2— 6= £{1<:<z>}+ 5= f

{c(k)o} = {

In the second case, we have |—¢ + (2¢ — 1) - %J = —1, so {c(k)p} = ?5 -1,

and the result follows. O
Corollary 4.5.

L if {no} >
{c(n)qﬁ} + ¢{d(n)¢} = { 2, if {n¢} < %Z
Theorem 4.6. {s(k)p} = ‘2/75{1@@5} + b, where b € {0, 1_4‘/5, 5_4\/5} if k is even, and b €

—%, %, 3-/5 ,1— i 5} if k is odd. In each case, the value of b depends on the value

of {ko}.

For the proof, we need to write s(k) as a function of ¢(k). Define A as the gap function of
column C' such that

A(k) =clk+1)—c(k) = [(E+1)p] — ko] + 2.
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Then since [(k+ 1)¢] — ko] € (¢ —1,¢ + 1) and A(k) € N, we have A(k) = 3 or 4. So
c(k+1)—1> c(k)+ 1, which means {c(k) — 1} N {c(k) + 1} = 0. Now since S = {s(k)} =
{c(k) — 1} U {c(k) + 1}, each two of the elements in S are exactly generated by one element
in C, and we have

(k)+1 if k is even,
s(k) = k41 . .
(1) -1, if kis odd.

So we can see that to obtain the fractional properties of {s(k)¢}, we need to investigate
the fractional properties of {£¢} and {¥1¢}, which can be written in the form of {k¢}.
These are established in the following lemma.

Lemma 4.7. When k is an odd positive integer, {¥1¢} = 2¢+ L{ke} or L(¢—1) + 3{ko}
$(¢p—2) + 2{k¢}. When k is an even positive integer, {£¢} = 1{k¢} or 3(1+ {k¢}).

37_“00]‘. When k is an odd positive integer, since {k¢} = {%gb + %gb — ¢} = {2{%@5} —
51
2

}, we need to consider the following three cases:

k+1 1
2{ + 8} — \f € (1,2) or (0,1) or (—1,0).
In the first case, where {k“qb} € (1,2), we have {k+1¢} = 16+ i{k¢}. In the
second case, where 2{¥tL ¢} — ‘[ 1 (0 1), we have {&1¢} = 3(¢ — 1) + 2{k¢}. In the
third case, where 2{%H ¢} — \/_2 : € (—1,0), we have {£:1¢} = (¢ — 2) + L{k¢}.

When £ is an even positive integer, {k¢} = {%qb—l— %(ﬁ} = {2{%@5}}, and we need to consider
the following two cases:

{ ¢} € (0, —)7 and{ ¢} € ( 1).
In the first case, {£¢} = %{k‘(ﬁ} In the second case, {SQS} =11+ {ko}). O

Now we can proceed to the proof of Theorem 4.6. We need to consider two cases: when k
is an odd positive integer and when k is an even positive integer.

Case 1. Let k£ be even. Let n be % Using the KLM formula with K =1,L =2, M =0, we
have

{s(k)6} = {(c(k/2) + )8} = (c(n) + 1) — a(c(n) + 1) = (a(n) +2n)¢ — a(a(n) + 2n)
= a(n)¢ + 2n¢ — b(n) — 2a(n) — [(26 — 1) - {ne}/o] (26 — 1) - {ne}/¢ = {nd}(3 — ¢))
= (n¢ — {ng})¢ + 2n¢ — (ng — {ng}) — n — 2(ne — {ne}) — [{ng}(3 — 9)]
= —{ng}o +3{ng} — ({nd}(3 — ¢) — {{nd}(3 - )}
= {{ne}(3 — 9)} = {2{ne} + (1 — ¢){ne}}
= {{2n0} + (1 — ){ne}} = {{ke} + (1 — ¢){0 - k/2}}.
From Lemma 4.7 we know that when k is even, {%(JS} = +{k¢} or 3(1 + {k¢}).
Case 1.1. {44} = 1{k¢}. Then
{s(k)o} = {{ko} + (1 — o) it} = (32 {ko} + 0} = Y2 {ko} + 0.
Case 1.2. {2<;5} = 2(1 4 {k¢}). Then
{s(k)o} = {{ke} + (1 — )42t} = {3205 {ko} + 1553} T {ko} € (L, 1), then {s(k)g}
= Pk} + 155, 1 {ko} € (0, &), then {s(k)¢} = %{ww =5,
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To summarize, when k is even, {s(k)¢} = é/ff{k‘qﬁ} + b, where b € {0, 1_4‘/5, 5_4*/5}.

Case 2. Let k be odd. Let n = %, then by KLM formula where K = 1,L =2, M = —

we have

(s} = {21

)~ 1)6} = {(a(n) + 2 — 2)8} = (a(n) + 20 — 26— a(a(n) + 20 — 2
) 4206 — 26 — b(n) — 2a(n) — |26+ 26— 1) - (06}

— a(n)é + 206 — 26— b(n) — 2a(n) — |26 + (n6}(3 - )

= —{no}p —2¢ + 3{no} — (=206 + {nd}(3 — ¢) — {—2¢ + {nP}(3 — 9)})

20+ ()3 =9} = 20+ D)o 1) = (0 =100}~ /o)
= (g (ho) - SO o = 5 4 ey + L2 e

From Lemma 4.7 we know that when k is odd, {%(ﬁ} = 5@5 + g{k‘(ﬁ} or 5((;5 —1) +
3tko} or 5(¢ —2) + 5{ko}.
Case 2.1. {#1¢} = ¢+ ${k¢}. Then

(00t = C52 + oy + L Lo+ Hkony
- f{mw \f——}—{ —V g 41 20y,
If =¥ {k} +1— %2 > 0, then {s(k)¢} = ¥2{k¢} +1— 2. If =2k} +1— %2 <0, then
{s(k)¢} = ¥2{ko} +2 -
Case 2.2. {k+1¢}_ (¢ — 1) + 1{k¢}. Then
(a6} = 25Y0 4 hop + f(%@—l)%{w})}
- f{w} L el
zﬁ{k¢}+ 4\/3.
Case 2.3. {&1¢} = 1(¢ —2)+%{k¢} Then
(096 = 25+ oy + 1 Loy - 222y
Py 4 2f+f2 S f}—{ —V ) + 1),

If 5550k} + 5 < 1, then {s(k)o} = ¥2{ko} + 1. If 2=¥5{ko} + 1 > 1, then {s(k)¢} =
55 (ko) — 5.

To summarize, when k is odd, {s(k)¢} = %E{kgb} +b, where b € {—3, 3, 3—\[ ,1— i 2 —
é} This proves the theorem.
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4.3. Main Theorem of Column Classifications. Now with the above results of fractional
parts identities, we can investigate how the elements of S, C, D are distributed among the
sets A, B. The following result illuminates this subject.

Theorem 4.8. By classifying the three columns S,C, D of the 3-set partition into A and B

numbers, we only have 6 out of 8 possible classifications for each row of (S,C,D):
{(A,A A),(A,A,B),(A,B,A),(B,A,A),(B,B,A),(B,A,B)}.

S|C|D S|C|D
11214 A|B| A
316 |11 AlA|A
519 |15 B|A|B
7113 |22 B|B| A
8 | 17|29 AlA|A
10 | 20 | 33 B|B|A
TABLE 2. 3-set Partition TABLE 3. Column Classifications

Proof. Table 3 above shows some examples of how columns .S, C, D in Table 2 are distributed
among the A and B numbers.
We first investigate how the elements in column C, D are distributed among column A and

column B. From Theorem 3.2 we know that {a(n)¢} =1 — % >1-— % = #, {b(n)ep} =

7 < # So by Theorem 4.3 and Theorem 4.4, we have the following results:
c(k) € A means {c(k)p} > # if and only if

V5 ~V5
iy = { O+ E> G when (ko) > 5,
Glko}+ 352 > r, when {ko} < .

This means that in the first case {k¢} > % while in the second case {k¢} < %
c(k) € B means {c(k)¢} < # if and only if

V5 ~V5
{c(k)p} = 75{k¢} +152 < #, when {k¢} > %7
Lk} + 352 < &, when {k¢} < x.

This means that we have % <A{ko¢} < 5%/5.

d(k) € A means {d(k)¢} > # = {d(k)o} =1- g{kqﬁ} > # = {k¢} < 5?)/5'
d(k) € B means {d(k)¢} < Jz <= {d(k)o} =1 — B{k¢} < & «= {ko} > T2,

Combining the results of classifications for column C and D, we can conclude that c(k) €
Aand d(k) € A <= {k¢} € (0,Z), c(k) € Aand d(k) € B < {k¢} € (35 1),

c(k) € Bandd(k) € A < {k¢} € (%,5%/5), c(k) € Band d(k) € B < {k¢} €

(%, 5%/5) and {k¢} € (5%/5, ). In the last case, there is no k € N such that (c(k),d(k)) €
(B x B).
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So (c(k),d(k)) € (Ax A)U (A x B)U (B x A), and s(k) can be either in A or in B. (The
density of the set of integers k such that s(k) € A remains unknown). Hence, we have
(s(k),c(k),d(k)) e ( Ax Ax A)U(AXx AXx B)U(Ax Bx A)
UBxAxA)U(BxBxA)U(BxAxB).
This proves the theorem. O

Remark 4.9. If we instead investigate how the elements of A and B are distributed among
the S,C, D numbers, we can also observe that there are only 5 out of 9 cases occurring. Our
numerical data suggests the following density values:

Pair ‘SC’ ¢cs DS ¢D SS DC SS CC DD

Density| £+ 1 1 &L 32 o9 o 0 o0

The exact reasoning of the distribution of these 9 pairs remains an open problem, but it is of
interest to further investigate such densities.
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