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Two further generalizations of the Calkin—Wilf tree

TOUFIK MANSOUR AND MARK SHATTUCK

In this paper, we consider two further analogues of the Calkin—
Wilf tree and of the Calkin—Wilf sequence. We first consider (p, ¢)-
versions of these whereby we show that a two-variable generaliza-
tion of the latter is given, equivalently, in terms of a generaliza-
tion of the former. In particular, we show that the sequence of
(p, q)-generating functions counting the hyperbinary expansions of
n according to the total number of distinct powers used and the
number of powers used twice arises as the sequence of numerators
for the rational functions which label the vertices of our (p,q)-
Calkin—Wilf tree. We also define a k-dimensional ¢-generalization
of the Calkin—-Wilf tree and of the Calkin—-Wilf sequence. Having
defined the n-th term of the latter in terms of the generating func-
tion counting the hyper k-expansions of n according to the number
of powers that are used exactly k times, we show that it is given
equivalently in terms of the former.

AMS 2000 SUBJECT CLASSIFICATIONS: Primary 05A30; secondary 05A15.
KEYWORDS AND PHRASES: Calkin—-Wilf tree, Calkin—-Wilf sequence, hy-
perbinary expansion, g-analogue.

1. Introduction

The Calkin—Wilf tree is a binary tree in which each vertex is assigned a
positive rational number. It is defined recursively as follows: The root of the
tree is 1, and each vertex § has two children, namely %7 (the left child)
and “TH’ (the right one). See Figure 1 below.

Calkin and Wilf [5] have shown that each positive rational number ap-
pears exactly once in this tree, as a fraction in lowest terms. Reading the

tree line-by-line and left-to-right, the Calkin—Wilf sequence starts with
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Reznick [9] mentioned that this sequence was investigated by Stern [10] as

early as 1858, and Newman (see Knuth [8]) found that this sequence satisfies
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Figure 1: The first four levels of the Calkin—Wilf tree.

the somewhat unusual recurrence

1
1 = >1
() Tn+1 QanJ"f_]-_l‘n’ n-1,

with initial condition 1 = 1.

The Calkin—Wilf sequence has many interesting properties. For example,
the sequence of numerators gives the number of hyperbinary representations
of all the nonnegative integers (see [5]). It can be used as a model for the
game Euclid, first formulated by Cole and Davie [6] (see also Hofmann et al.
[7]). Alkauskas and Steuding [2] considered several statistical properties of
the Calkin-Wilf tree, and Bates and Mansour [4] have recently presented a
g-version of it.

If k > 2, then a hyper k-expansion of the number n is one consisting of
powers of k£ in which a given power can appear at most k times. Hyperbinary
will describe the case k = 2. We consider two related sequences of polyno-
mials. The first, denoted f(n;p,q), is the sequence of generating functions
counting the hyperbinary expansions of n according to the total number
of distinct powers used and the number of powers used twice. The second,
denoted fi(n;q), is the sequence of generating functions counting the hyper
k-expansions of n according to the number of powers that are used exactly
k times, where k£ > 2 is fixed. Note that the former sequence of polynomials
reduces to the number of hyperbinary expansions of n when p = ¢ = 1, while
the later reduces to it when £k =2 and ¢ = 1.

We show that the sequence of fractions {%} provides a (p, q)-

generalization of the Calkin—Wilf sequence, which may be expressed, equiv-
alently, in terms of a (p, ¢)-Calkin—Wilf tree wherein each vertex is assigned
instead a rational function in p and g, see Theorem 2.2 below. We also present
a (p, q)-generalization of (1) above which reduces to it when p = ¢ = 1. Fur-
thermore, we consider a k-dimensional g-analogue of the Calkin—Wilf tree in
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Figure 2: The first three levels of the (p, ¢)-Calkin—Wilf tree.

which each vertex is now labelled by a vector of fixed length k whose entries
are polynomials in the indeterminate ¢ and show in Theorem 3.2 below that
this tree gives the sequence of polynomials f(n;q).

In what follows, we let Ny and N denote the nonnegative and positive
integers, respectively. Let R denote the set of real numbers and R its pos-
itive members. Empty sums take the value zero and empty products the
value one, with 0° = 1.

2. The (p, q)-Calkin—Wilf tree and sequence

The following definition of the (p, ¢)-Calkin—Wilf tree extends the definition
of the Calkin-Wilf tree found in Bates et al. [3].

Definition 2.1 ((p, q)-Calkin-Wilf tree). The (p, ¢)-Calkin-Wilf tree is a

binary tree with root %. Each vertex § from level 1 onwards is a parent to

two children: a left child qu’; " and a right child ? q;;r b where p and ¢ may

either be regarded as indeterminates or as elements of RT. Each of these
children is located one level below its parent on the tree.

Figure 2 shows the first three levels of the (p, ¢)-Calkin—Wilf tree.
Clearly, by induction on j, the leftmost and rightmost vertices in level j
of the (p, ¢)-Calkin—Wilf tree are, respectively,

j—1 =109 J—1
QpJ _ and P (tat- ™)
pt+p*+-+p71)g 2

We next define (p, q)-generalizations for the concepts of hyperbinary
expansion and sequence.

Definition 2.2 ((p, q)-hyperbinary expansions). The hyperbinary expan-
sion of a number n is an expansion of n as a sum of powers of 2, each power
being used at most twice. We denote the set of all hyperbinary expansions
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of n by H,,, the number of powers that are used exactly twice in the hy-
perbinary expansion z € H,, by b,(z), and the total number of distinct
powers that are used in the hyperbinary expansion x € H,, by 9,(x). The
(p, ¢)-hyperbinary expansion of x is defined as pPn (@) ghn(2)

Definition 2.3 ((p, ¢)-Calkin—Wilf sequence). Let f(n;p,q) be the poly-
nomial consisting of the sum of (p,q)-hyperbinary expansions of n with
f(0;p,q) =1 and f(—1;p,q) = 0. Then we will call the sequence

{f(n;:p, @) }neny = 1, 0, p+ pa, p°, p+ (p+0*)gq, P*(1 +q),
P’L+q+d),p° p+(p+p*+p%)q,...

the (p, ¢)-hyperbinary sequence and call the sequence

{ f(n;p,q) } 1 p p(+q) p?
neN

S p p(l4+q)  p?2 T p+(+pd
p+(@+p?)g  p*(1+9)
p?(1+q) ~p*(L+q+q?)’

fn+1;p,q) p

the (p, ¢)-Calkin-Wilf sequence.

Example 2.1. The hyperbinary expansions of 6 are 4 +2, 4+ 1+ 1 and
2+2+1+1. Thus, the (p, q)-hyperbinary expansions of 6 are p?q°, p?q and
p?q* and, accordingly, f(6;p,q) = p* +p°q + p*¢*.

Following [3, 4], we may define branches and diagonals of the (p,q)-
Calkin-Wilf tree as below.

Definition 2.4 (Branches and diagonals). Let v be any vertex of the (p, q)-
Calkin—Wilf tree and j € N. The set of all vertices that is generated when
an infinite number of right (left) movements proceeding from the left (right)
child of v will be denoted by L, (R,) and will be called the left (right) branch
of v. The set L, (R,) includes the left (right) child of v.

The j-th left (right) diagonal L; (R;) of the (p,q)-Calkin-Wilf tree is
the set of all vertices found at the j-th leftmost (rightmost) position in each
level of the tree beginning at level [log, j| + 1.

Example 2.2. We have

p]—l
Ll:{ 2 J—1 } )
p++p*+-+p g5

P (1+q) }
j22

R {p2+<p2+p3+---+pj—1><q+q2>

1
P
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P

(p+ PP+ +p g
Ly = 2 2 3 i—1 J
PP+ @243+ g S sy

{p"‘l(l +q+---+qj‘1)}
R1 == - ’
7>1

and

R :{pj‘l(1+q+---+qj‘2)}
? Pl +qg+- gt j>2'

A proof of the following theorem when p = ¢ = 1 can be found in [5] and
an inductive proof is given in Aigner and Ziegler [1]. Recently, Bates et al.
[3] offered another proof based on branching in the tree which can be readily
generalized to establish the following theorem for the (p, ¢)-Calkin—Wilf tree.

Theorem 2.1. Let the concatenation of successive levels of the (p, q)-Calkin—
Wilf tree form a sequence. Then the denominator of the i-th term of this
sequence s the numerator of the (i + 1)-st term for all i.

Remark. The sequence described in Theorem 2.1 is of the form

{ g(n;p,q) }
9(n+1p,9) J en,

for some function g with g (0;p,q) =1 and g (1;p, q) = p. The left and right
children of
{ 9(n;p, q) }
g(n+1;p.q)
are, respectively,

{g(2n+ 1;p,q)} and {g(2n+2;p,q)}_

g(2n+2;p,q) g(2n 4+ 3;p,q)

The next result shows how the (p, ¢)-Calkin—Wilf sequence is related to
the (p, ¢)-Calkin-Wilf tree.

Theorem 2.2. The (p, q)-Calkin—Wilf sequence is the concatenation of suc-
cessive levels of the (p, q)-Calkin—Wilf tree. That is, for all n € Ny,

g(n;p,q) = f(n;p, q).
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Proof. By the preceding remark and Definition 2.1, we obtain the recur-
rences

(2) g(2n + 1;p,q) = pg(n;p,q),
g(2n +2;p,q) = pag(n;p,q) + g(n + 1;p,q),

for all n € Ny, with g(0;p,q) = 1. Now suppose z is any hyperbinary ex-
pansion of the integer m. If m = 2n + 1, then the hyperbinary expansion z
must contain exactly one power of 20 = 1. Subtracting this and reducing all
of the other powers of 2 by one in z gives a hyperbinary expansion of the
integer n (note that all such expansions of n arise uniquely in this manner).
If m = 2n + 2, then x either contains no copies of the power 2° (in which
case, simply reduce each power of 2 by one) or exactly two copies of 2° (in
which case, first subtract 2 before dividing by it). This yields the following
set of recurrences:

(3) f@2n+1;p,q) = pf(n;p,q),
f2n+2;p,q) = f(n+1;p,9) +paf(n;p,q),

for all n € Ny, with f(0;p,q) = 1. The result now follows from (2) and
(3). O

Definition 2.5. The generating function for the (p, ¢)-hyperbinary sequence
{f(n;p,q) }n>0 is defined by

F(z,p.q) =Y f(n;p,q)a".

n>0

Theorem 2.3. The generating function F(x,p,q) is given by

F(z,p.q) = [] (1 +pa” +pqm2j+1> :
J€ENo

Proof. By recurrence (3), we have

F(z,p,q) =1+ f@n+1;p,9a™ " + > f(2n+2;p, )2

n>0 n>0
=1+p)_ f(sp, 2™+ f(n+1;p,q)z*"
n>0 n>0

+pg ) f(n;p,q)™ "

n>0
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= (1+px+pgz®) Y f(n;p, q)z*",
n>0

which implies
F(z,p,q) =Y f(n;p,q)z" = (1 + px + pgz®) F(2*,p, q)
n>0
= (1 + pz + pgz?) (1 + pa® + pgz*) F(z*,p, q)

. i
— H (1 + p? + pgz® ) :
JENy
as required. O

One may provide explicit formulas for the sequences of left and right
descendants starting from any point.

Theorem 2.4. We have

{p’“‘l(pqa +b0)(1+q+---+¢ 1) +p’““q’“a}

Lo =
p*(pga +b)

b

k>0

and

R. :{ P*(pqa +b) }
b pb+q(pga+0)(p+p? + -+ ) [ 150
Proof. From Definitions 2.1 and 2.4, we have

pa  p?qa+pga+b pigla+ p*gla + pgb + p*qa + pb

L ) )
pga+b"  p%ga + pb piqa + p2b

g ooy

o |

and, by induction, the k-th term of this sequence, k > 1, is given by

(P"qa+p"20) 1+ q+ - +¢"2) +p¢"a
pFqa + pF1b '

Replacing k with k + 1 gives the first result. Similarly,

R, _Paatb  p’qa+pb p’qa + p*b
v pb ' p*qta+pgb+pb’ pdgPa + p2gb + p*g*a +pgb +pb’
whose k-th term, k > 1, is given by
prqa+p"'b -
pb+ (pa+gb)(p+p> + - +pF1)
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We have the following partial result for succession.

Theorem 2.5. Let x,, be the n-th term in the (p,q)-Calkin-Wilf sequence

where n € N. Then
1

P — pqon
Proof. By Definition 2.3 and the recurrence (3), we have

Ton+1 =

g, = 420 = Lipa) _ pf(n—1pq)
" f(2n;p,q) paf (n—1;p,q) + f (n;p,q)’
and so
o S Cnip.a)
LT 20 1 15 p,q)
_pef(n—=Lip g+ f(nip.q)
pf (n;p,q)
_ pqf(n—1;p,q) + f (n;p,q)
p(paf (n—1;p,q) + f (n;p,q)) — p?af(n—1;p,q)
1
- - pf(n—1;p,q)
P = PUsrtn—T1ip,0)+F (mipa)
B 1
P — Pqon’
as claimed. O

Before we state our next result concerning succession, we will need the
following lemma.

Lemma 2.6. Suppose q > p > 0 are fized real numbers and that v € Rt
can be expressed in the form

1
(4) $:5(1+q+...+qk*1)+6qk71,

for some k € Ny and € € [0,1). Then k and € are uniquely determined.

Proof. Suppose, to the contrary, that we may express x in the form (4) for
some ki, €1 and ks, €3, where k1 > ko > 0. Equating expressions for x implies

1 _ _ _
(5) E(qk2+'--+qk1 1):€2qk2 1—61qk1 1.
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On the other hand, we have

€ 1 1
€2qk271 _ 61qk171 S 62qk271 — _2qu < _qu < ;(qu + . _i_qkl*].)’

q p
which contradicts (5). O

Given z € RT of the form in (4), let k, = k77 denote the uniquely
determined member of Ng. We can now state a full recurrence for the (p, q)-
Calkin—Wilf sequence when ¢ > p > 0.

Theorem 2.7. Let x,, be the n-th term in the (p,q)-Calkin—Wilf sequence,
where n > 2 and g > p > 0 are fized real numbers. If x,, belongs to L1, then

Hx—lnﬂ’ ifq=p=1;

% ifq=1andp#1;
" ﬁ’ ifq#1 and p = 1;

% ifq#1 andp #1,

log(prﬁ)(g(;;)x"*l) in the last two cases. If x, does not belong to L

and k =k, _, is as defined above, then

where t =

k—1 k—1 -1
1 1 1 1 Tp_1
6 Tp =14 — +4¢ E — =) = )
(6) " {pkl : k 4 (pq)’“}

Proof. Suppose z,, € Lj and that it is the leftmost member of level j+ 1 for
some j > 1, which implies x,,_1 is the rightmost member of level j. Thus,
we have
1_|_q_|_..._|_qj*1
p

Tpn—1 =

and
pjfl
T 1+ (ltpto+p g

Tn

If ¢ = 1, then z,_; = £ and the first two cases follow upon considering
whether or not p is one. If ¢ # 1, then

¢ -1

Tp—1 = ——,
" plg—1)
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log(1+p(g—1)an_1)
_ oY log(q)
Zn, differentiating the cases when p =1 and p # 1.

Now suppose z,, does not belong to L. Let § denote the closest common
ancestor of z,—1 and z,,. Then z,_; and z,, are the ¢-th terms in the left
and right branches, respectively, of § for some ¢ € Ny. From Theorem 2.4,
we have

which implies j =

. Now substitute j into the expression for

" pga+b) 1+ g+ -+ ¢ +p ¢t
p’(pga + b)

Tp—1 =

and
_ p'(pqa +b)
" pb+pa(pga +b)(L+p+---+pth)

Rewrite x,_1 as

1 - pqa -1
7 nfz—(1+ +--~+“)+<—) :
(7) G q q vaaib)!

From (7) and Lemma 2.6 (take ¢ = _F), we see that £ = kg, ,, which

we’ll denote simply by k. Therefore, we have

1 1
=q| 1o+t o
1 Tp—1 1
+pk—1<1 qk1+p<1+§+ T kl))’
by (7), which gives the result. O

The proof above specializes to yield recurrence (1) satisfied by the Calkin—
Wilf sequence.

Corollary 2.8. If x,, denotes the n-th term of the Calkin—-Wilf sequence,
then

1
n>2

8 Ty = ) ,
(®) R T [ -

with initial condition x1 = 1.
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Proof. First suppose x, does not belong to Li. If p = ¢ = 1, we have
k = kg, , = |®n—1], by definition. Theorem 2.7 when p = ¢ = 1 then
implies

1 1

T2k +l-ap 1 2ana] +lozn

If z,, € Ly, then z,,_; = j and z,, = ]% for some j > 1 and the recurrence

holds in this case as well. O

Ln

We have the following partial result concerning the uniqueness of the
entries of the (p,q)-Calkin-Wilf tree. We refer to the p = 1 case as the
g-Calkin—Wilf tree.

Theorem 2.9. If q is a positive integer, then the entries of the q-Calkin—
Wilf tree are distinct positive rational numbers in lowest terms.

Proof. First note that if 7 is a fraction in lowest terms, then so are its
children, ﬁ and q“gr b which implies all of the entries are positive rational
numbers in lowest terms by induction. We next treat the uniqueness. First
note that the members of Ry (which are of the form 1+ ¢ + --- + ¢*) are
distinct from all of the other entries of the tree, since they are integers with
no other entries of the tree integral (recall all fractions are in lowest terms).
To show that all of the entries in the tree are distinct, we will prove that all
of the entries in the first n rows are distinct for each n > 1, by induction on

n, the n = 1 and n = 2 cases clear (note that the numbers 1, qu1 and g+ 1

are distinct).

Let us assume the statement holds for n and prove it for n+ 1. Suppose,
to the contrary, that it fails for n+1, where n > 2, and that = y, where x is
an entry in row n+ 1 and y is another entry in row k for some k£ < n+1. We
may also assume further that neither x nor y belongs to R;. Given z ¢ Ry,
let Z be an entry such that z € LLz; we show that z is uniquely determined. If
7, written in lowest terms, then the p = 1 case of Theorem 2.4 implies
z is expressible as

z =

- (1 r—2 r—2 qa
z=14+q+--+¢ ) +q <qa+b

for some r > 1. By Lemma 2.6, note that r, and hence a, b, and z, are
uniquely determined by the numerical value of z. (Indeed, one can show fur-
ther that the mapping z — Z is a bijection from the 2™ — 1 entries comprising
row 1+ 1 excepting the rightmost entry to the 2 — 1 entries comprising the
first n rows for each n > 1, by an inductive argument.)
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Thus, the number of rows r one must go back along the tree to reach z
starting from z is determined by z. So x = y implies £ = ¢, with Z and g
corresponding to distinct positions in rows n+1—r and k—r, respectively, for
some r > 1, which contradicts the induction hypothesis. This completes the
induction step and implies that all of the entries of the tree are distinct. [

Remark. Not all of the positive rationals appear in the g-Calkin—Wilf tree
for integers ¢ > 1, which is apparent since not all positive integers are of the
form 14+ g+ -+ ¢" in this case.

3. The g-Calkin—Wilf k-tree and sequence

The following definition of the g-Calkin—Wilf k-tree provides another gener-
alization of the one presented in Bates et al. [3] for the Calkin—Wilf tree.

Definition 3.1 (¢-Calkin-Wilf k-tree). The ¢-Calkin-Wilf k-tree is a k-
ary tree whereby each vertex (ai,as,...,a) has fixed dimension, k, and
(1,1,...,1) represents the root of the tree. Each vertex (ai,...,ax) is a
parent to exactly k children:

(a1,...,a1,qa1 + az), (a1,...,a1,qa1 + az,a2),...,(qa1 + az, az, ..., az),

going from the leftmost to the rightmost child, where ¢ may either be re-
garded as an indeterminate or as an element of RT. Each of these children
is located one level below its parent on the tree.

Figure 3 shows the first three levels of the ¢-Calkin-Wilf 3-tree.
By induction on j, the leftmost and rightmost vertices in level j of the
g-Calkin—Wilf k-tree are given, respectively, by

(1,...,1,14¢q) and (Q4qg+---+¢711,...,1).

Similarly, the second leftmost and second rightmost vertices in level j, where
j > 2, are given, respectively, by

(1,...,1,14¢1) and (1+qg+ - +¢ 2 1+2+---+¢11,...,1).
The left diagonals of the ¢g-Calkin—Wilf k-tree assume a particularly sim-

ple form.

Proposition 3.1. If £ > 3, then each left diagonal of the q-Calkin—Wilf
k-tree, except for the first, has every entry identical. The first left diagonal
has identical entries except for the first term.
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vy / Vg \
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Figure 3: The first three levels of the g-Calkin—Wilf 3-tree, where vy =
(1,1,1),v1 = (1,1,¢+1),v2 = (1,q+1,1),v3 = (¢+1,1,1),v4 = (1,1,2g+1),
vs = (1,2¢+1,q+1), v6 = (2¢+1,q+1,g+1),v7 = (¢+1,9+1,¢* +q+1),
vg=(¢+1,¢*+q+1,1) and vg = (¢> + ¢+ 1,1,1).
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v
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Proof. Note that there are k"1 entries of level n in the ¢-Calkin-Wilf k-tree
for each n > 1. By induction, our result is an immediate consequence of the
fact that the leftmost k"2 entries of level n are identical to the entries of
level n — 1 for all n > 2. To see this, note that the first k"2 entries in
level n are all descendants of the first entry in the second row and therefore
they correspond to the (n — 1)-st row of the ¢g-Calkin—Wilf k-tree with root
(1,...,1,1+4 ¢q) instead of (1,...,1) (which would have all the same entries
except for the root). O

Furthermore, note that writing the set of vectors representing the chil-
dren of a node left-to-right in column form yields a symmetric matrix. In
this matrix, the diagonal that proceeds from the bottom left to the upper
right consists of identical entries.

The next two definitions provide a g¢-generalization for the number of
hyper k-expansions of an integer n.

Definition 3.2 (¢-hyper k-expansions). A hyper k-expansion of a number
n is an expansion of n as a sum of powers of k, each power being used at
most k times. We denote the set of all hyper k-expansions of n by Hg(n)
and the total number of powers that are used exactly k£ times in the hyper

k-expansion z € Hy(n) by bgn(x). The g-hyper k-expansion of z is defined
B ()
as q )

Definition 3.3 (¢g-Calkin-Wilf k-sequence). Define fi(n;q) to be the poly-
nomial for the sum of all g-hyper k-expansions of n € N, with fx(0;¢q) = 1.
The fi(n;q) will be called ¢-hyper k-expansion polynomials. We will call the
sequence of vectors

{oe() }en, = {50, fr(n+1;9), -, fe(n +k —159)) },en,

the ¢-Calkin—Wilf k-sequence.
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Note that the sequence {va(n)}nen, provides an alternate representation
of the (p, q)-Calkin-Wilf sequence presented in Definition 2.3 above in the
case when p = 1.

Example 3.1. The hyper 3-expansions of 12 are 32 +3, 3?2+ 1+1+1 and
34+3+3+1+1+1. Thus, the ¢-hyper 3-expansions of 12 are ¢°, ¢* and ¢
and, accordingly, f3(12;q) = ¢*> + ¢ + 1. Similarly, the g-hyper 3-expansions
of n forn=20,1,2,...,21 are given by

L,1,1,g+1,1,1,¢g+1,1,1,2g+ 1,g+ 1,g+ 1,¢* + ¢+ 1,1,1,¢ + 1,1, 1,
2¢+1,9+ 1,9+ 1.

The next result shows how the ¢-Calkin—-Wilf k-tree is related to the
g-Calkin—Wilf k-sequence.

Theorem 3.2. If k > 2, then let the concatenation of successive levels of
the q-Calkin-Wilf k-tree form a sequence ug(n;q) of vectors of length k.
Then

up(n) = ve(n),
for alln > 0.

Proof. From Definition 3.1, the children of the vertex u(n) in the ¢g-Calkin—
Wilf k-tree are given by

ug(kn + 1), up(kn + 2), ..., up(kn + k).

Write ug(n) = (9x(n;9), gx(n + 1;q), ..., gx(n + k — 1;q)) for all n € Ny.
From Definition 3.1, we have

gre(kn + k5 q) = gr(n + 1;q) + agi(n; ),

for all n € Ny, with gx(0;¢) = 1. Now suppose z is any hyper k-expansion of
the integer m. If m = kn+ j for some j, 1 < j < k—1, then the expansion z
must contain exactly j powers of k¥ = 1. Subtracting j and reducing all of
the other powers of k by one in x gives a hyper k-expansion of the integer
n. If m = kn + k, then z either contains no powers of k% (in which case,
simply reduce each power of k by one) or exactly k powers of k¥ (in which
case, first subtract k before dividing by it). This yields the following set of
recurrences:
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(10) fe(kn+75q) = fr(niq), forall j=1,2,... k—1,
fe(kn +k;q) = fe(n+ 1;9) + afe(n; q),

for all n € Ny, with fx(0;¢) = 1. The result follows from (9) and (10). O

In particular, we see that the sequence consisting of the first components
of the vectors which label the vertices in the ¢-Calkin—Wilf k-tree is precisely
the sequence f(n;q). These polynomials may be given explicitly in several
cases.

Theorem 3.3. If k > 2, then

(1) fu(k™ —1q) =1, m=>1,
(i) fe(k™q) =1+mq, m=>1,
(iit) fr(k™ +k;q) =1+ (m—1)g+ (m—1)¢°, m>2.
Proof. (i) Since k™ —1= (k—1)(k™ '+ +k)+k — 1, then from (10),

we have

fe(B™ = 159) = fr((k = D(E™ 2+ +1);9) = fi (™" = 1;9),
for all m > 1, whence the result follows from the fact fi(k —1;¢) = 1.
(ii) Applying (10) when n = k™, we have fi(n;q) = fr(k™ 'q) +
qfe(K™~1 = 1;q). Thus, by (i), we have fi(k™;q) = fe(K™"';9) + g,
with the initial condition fi(1;¢) = 1, whence the result follows by

induction on m.
(iii) If m > 2, then from (10),

SelE™ + ksq) = fuB™ 7+ Lig) + qfe (K™ 5 q)
= fu(K" %) + q(1+ (m — 1)q)
=14 (m —2)g+q(1+ (m—1)q),
by (ii). 0

We next find an explicit formula for the ordinary generating function of
the sequence fi(n;q), where k > 2 is fixed.

Theorem 3.4. The generating function Fi,(x,q) = >~ fe(n;q)a™ is given
by -

]. — $kj+1 kit1
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Proof. By (10), we have

k
Fr(w,q) =1+ Y fulkn+ j;q)z™*

n>0 j=1
k—1 ‘
=1+ > > s @)a 7+ > " [fr(n + 1;9) + ¢ fu(n; )" *
n>0 j=1 n>0
k—1

2! Fy (2%, q) + qz" Fio (2", q).

<
Il
o

Therefore, we have

1—=x

as required. O

When ¢ = 0, the product in Theorem 3.4 telescopes to give

1
1—2’

Fi(z,0) =

in accordance with the uniqueness of the usual k-ary expansion. We conclude

by describing a recurrence satisfied by the sequence of fractions zx(n) :=
fr(nt1iq)
fr(n+2;q)°

Theorem 3.5. Ifn > 1, then

zp(kn+k—1) =1+ qxg(n —1),
xp(n —1)
1+ qzp(n—1)

xi(kn +j) =1,

xk(kn+k—2) =

forallj=0,1,2,..., k—3.
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Proof. By (10), we have

fe(kn +d; q)

Te(kn +k; q)

_ Je(n;q)
fe(n+1;9) + qfi(n)

_ mp(n—1)

14 qap(n—1)

zp(kn+d—Daxp(kn+d) - zp(kn + k — 2) =

foralld € {1,2,...,k—1}. Applying this equation ford = k—1,k—2,...,1,
we obtain

xp(n —1)

and
zp(kn) = =xi(kn+k —3) = 1.
Also, by (10), we get

fe(kn +k; q)
Tk k= 1) = fu(kn +k+1;9)
_ feln+1,9) + qfr(n;q)
- fe(n+1;9)
=1+ qz(n — 159),

as claimed. OJ
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