The digit generating function of a polynomial
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Abstract

The average frequency of 1 occurring as the kth digit in the binary expansion of
squares, cubes, and generally the values of a polynomial is studied. In particular,
it turns out that the generating function of these frequencies is rational for the
important special cases of powers, linear and quadratic polynomials. For higher
degree polynomials, the behaviour seems to be in general much more chaotic, which
is exhibited by two examples of cubic polynomials.
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1 Introduction

If one writes down a list of the binary expansions of the first few integers, then
one observes the obvious pattern 01010. .. in the last column, 00110011 ... in
the penultimate, and so on; in this case, it is clear that the “average frequency”
of ones, say, is % for each of the columns and therefore also in total. If one
sums all the digits (equivalently, counts all the ones) of the first integers (from
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0 to N — 1, say), then there is a celebrated theorem due to Delange [1] that
expresses this sum explicitly as

N
510g2N+ NF(logy N),

where F'(z) is a periodic function of period 1. The regularity of the pattern
for individual digits would only be enough to obtain the main term of order
Nlog N.

Following Delange, a vast literature has developed, dealing with problems of
the sum-of-digits function in various contexts. One recent contribution is due
to Drmota and Rivat [2]. There, the average sum-of-digits function has been
considered, averaging over the first N squares. It is also a natural question to
look for patterns in the sequence of kth digits (from the right) in the sequence
of squares, cubes, etc. Clearly, a periodic pattern can always be observed if the
values of a polynomial are considered, but the frequency of 1 as the kth digit is
not necessarily always % One observes for instance that the penultimate digit
of a square is always 0. However, if a,, denotes the average frequency of 1 as the
nth digit from the right in the sequence of squares, one finds, first empirically,
that the generating function of the a,,’s is rational; this phenomenon persists
if one considers the sequence of cubes, or generally arbitrary powers.

This paper is devoted to the study of the generating function of the digit
frequencies, which we simply call the digit generating function. Indeed, an
explicit form of this generating function can be given for arbitrary powers.

Now it is tempting to study—instead of just powers—general polynomials.
And for linear and quadratic polynomials, we will show that the generating
functions of the frequencies of digits are still rational. In the case of linear
polynomials, this is still pretty trivial, but quadratic polynomials already show
more interesting behaviour. However, for polynomials of higher degree the
behaviour appears to be more “chaotic.” We found an example of a cubic
polynomial whose digit generating function is (most likely) not rational; if it
was, the degree of the denominator polynomial would be in the range of 10°
at least.

We will first present some preliminaries, then prove explicit formulas for linear
and quadratic polynomials as well as powers, and finally consider cubic poly-
nomials, with the aforementioned example. A list of questions and possible
extensions finishes the paper.

A key ingredient of our analysis is Hensel’s Lemma [3,4], a classical result
which is (in a sense) an analogue of Newton’s method to solve equations.



2 Preliminaries

Definition 1. Let p(x) € Z[z]| be a polynomial. For positive integers n, we
define

Ho<z<2":p(x)=y mod 2" for some 2" ! <y < 27}|

to be the relative frequency of values x for which the n-th digit (from the
right) in the binary representation of p(x) is 1 (assuming that the value of
p(z) is positive). Then the digit generating function of p(x) is given by

D(p(:[‘), Z) = Z f(p(x)v n)zn—l'

n>1
Remark 2. Let us remark that f(p(z),n) can also be defined as the limit

< N = d 2" fi -l < 2"
F(p(a)n) = Jim Ho<z< p(xr) =y mo or some <y< }\

N—oo N

Furthermore, it is clear that shifts do not alter the digit generating function,
ie.,

D(p(x +¢),z) = D(p(x), 2)

holds for an arbitrary integer constant c.

Next, we are going to state some elementary properties of the digit generating
function.

Lemma 3. For an arbitrary polynomial p(z), we have

1

Dip(x).2) = 5(Dp(20).2) + Doz +1),2) ).

D(2p(z), z) = zD(p(z), ),
and

D(2p(x)+1,2) =1+ zD(p(z), 2).



Proof. For the first identity, simply note that

Cfo<az<2": p(z) =y mod 2" for some 2" <y < 2"}
- o
o<z <2 s p(22) =y mod 2" for some 2" <y < 27}
- o
N Ho<z <21 :p@2r+1)=y mod 2" for some 2" ! <y < 2"}

f(p(x),n)

27'L
{0 <z <2":p2z)=y mod 2" for some 2" ! <y < 2"}
n+1
N H0<z<2":p(2z+1)=y mod 2" for some 2" ! <y < 2"}

2n+1

= 5 (7). 7) + fo(2r +1).m)

For the second and third statement, all we need is the identity

o<z <27 2p(x) =y mod 2" for some 2" <y < 2"}

— o

o<z <2":p(x) =y mod 2" for some 2"7% <y < 2771}
- o

f(@2p(z),n)

- f(p(I),n - 1)

for n > 1 (and the analogous identity for f(2p(z) + 1,n)). Furthermore, it is
obvious that f(2p(x),1) =0 and f(2p(x)+1,1) = 1. 0O

The final ingredient we will need is based on Hensel’s Lemma: recall that
P (0) =1 mod 2 implies that the congruence p(0) = a mod 2 can be “lifted”
to higher powers of 2: i.e., for every ' = a = p(0) mod 2, we can find z =0
mod 2 such that

p(x) =d  mod 2",

and z is unique modulo 2". An analogous statement holds if p’(1) =1 mod 2.
Therefore, if p'(0) =1 mod 2, one has

F(p22),m) = 3

for all n > 1 and f(p(2z),1) = [p(0) = 1 mod 2] (here, we use Iverson’s
notation, i.e., [P] = 1 if P is true and [P] = 0 otherwise). Likewise, if p’(1) =1
mod 2, one has

1

f(p(2x + 1)777’) = 9

foralln > 1 and f(p(2x+1),1) = [p(1) =1 mod 2]. Let us summarise this in
the following lemma, which restates the above formulas in terms of the digit
generating functions:



Lemma 4. Ifp/(0) =1 mod 2, then

D(p(22),2) = [p(0) =1 mod 2] + 2(%2)
Analogously, if p'(1) =1 mod 2, then
D(p(2e+1),2) = [p(1) =1 mod 2] + 2(%2)

Example 5. Let us use these lemmas to compute the digit generating function
in the special case that p(z) = 2 + 22? + 3z + 4: note that p’(0) is odd, and
that p(2x + 1) = 82% + 20z? + 20x + 10. This gives us

(2(# + D(82% + 202 + 20z + 10, z))

D(z®+ 222 +3x+4,2) =
(° 4 22° 4 3z + 4, 2) )

O = N = DN =

(ﬁ + 2z D(42° + 102 + 10z + 5, z))

< 3 2
<m+z(1+z-D(2x + 5 +5x+2,z))>

Dt st bn 12, 2)
=————+-+—D(2zx x x 2
T—2) 2 2 ’

B z N z N z z
C4(1-2) 2 2 2(1-2)
C2(3-22+42%) 1 1+z 22
41—z 21—z 2 4 4°

It is not very surprising to see that this is essentially 2(1—1—,3)’ and looking at this

example, it is also tempting to conjecture that the digit generating function is
always rational. We will find that this is (probably) not always the case, but
we can prove explicit formulas in certain special cases.

3 Explicit formulas

In this section we will provide general results for linear and quadratic poly-
nomials as well as for powers. Let us start with the explicit formula for linear
polynomials whose trivial proof is left to the reader.

Theorem 6. Let p(x) = ax + b be a linear polynomial, let £ = vy(a) (i.e., 2°
is the largest power of 2 that divides a), and let

b=>Y_ 32

J=0



be the base-2 expansion of b (only finitely many B; are nonzero). Then

Z@ (-1

D(p(x),z) = m + ;)ﬁjzj.

Remark 7. Note also that the digit generating function of a constant is
exactly
D(b,z) =>_ B,
>0

where the [3; are chosen as in the above theorem. Constant polynomials are
the only instances for which the digit generating function is a polynomial.
Generally, it is also obvious that if the coefficients of a sequence p; of poly-
nomials converge to those of a polynomial p in the 2-adic sense, D(px(z), 2)
tends to D(p(x), z) as well.

For quadratic polynomials, the situation is already more intricate; we have
the following theorem:

Theorem 8. Let p(z) = ax® + bx + ¢ be a quadratic polynomial. If v5(a) >
vo(b), then there is a polynomial r(z) such that

1

=7 + 7 (z2).

D(p(:[‘), Z) =

If on the other hand vy(a) < va(b), then there are a positive integer { and
polynomials q(z) and r(z) such that

va(a ! q(2)
Dlp(a),2) = (2(1 —2)(2 —22) 1o (22/2)e> +7(z).

The integer ¢ satisfies 2° —1 =0 mod m.

Proof. If vs(a) > v5(b) =: v, then apply Lemma 3 repeatedly to find that
D(p(x), z) = 2"D (2_”ax2 +27"bx + |27 "¢/, z) +7r1(2)

for some polynomial r1(z). Now, 27¥b is odd, implying that the derivative of
the polynomial 27az? + 27"bx + |27"c| is always odd. Therefore,

z

D(p(z),2) = 2" (m

+7~2> +r1(2),

where 75 is a constant (either 0, 1 or 1). Noticing that
Zz/+1 1

J— 1 1 v
2(1_2)—2(1_2)—5( +z4+...+2"),




the theorem follows immediately in this case.

Now we consider the case v = 1y(a) < o(b). Since we can apply the same
initial step as in our first case, we may assume without loss of generality that
a is odd. Then we have

D(az® + bx + ¢, z)

1
=5 (D(4ax2 + 2bx + ¢, 2) + D(4az® + (2b + 4a)x + (a + b+ ¢), z))
2

— % (D(aa:Q + Lz + Lﬂ,z) + D(ax2 + (b+§a)x + L‘”ch,z)) +7(2)

for a certain linear polynomial r(z) (that depends on a,b,c). Now note that
one of g and l”’% is even, while the other is odd. Therefore, we have

2
D(ax® +bx +c¢,2) = +7'(2) + %D(ax2+b’x+c’,z),

41— z2)
where
b b b
W — {g 2T and = {L%Hc Do
s +ta 3 odd, =] 3 odd,

and r'(z) is a quadratic polynomial. Now set by = b, ¢ = ¢ and

oS

b_k 2k even LC—kJ b—k even
bpp1 = 4 2 2 ’ and ¢ =4 2 2 ’
s {% +a % odd, A T !
and let r,(z) be the polynomial for which
2 1 a 2
D(az® + byx + ¢, 2) = PTE) +re(2) + ED(ax + bp17 + Cpt1, 2).

Furthermore, we write pi(z) = ax?® + bpx + ¢ as an abbreviation. Then a
simple induction shows that

1 l—1 ZZZ' l—1 221 Z%
D - Yy =y =D ,
(bo(2).2) = g 25 + 2 577ile) + 5 Dleele). 2)
and more generally
1 -1 ZZi -1 221' Z%
D - — — Tl —D ,2).
(px(7), 2) 11— ; 9 +Z§) 5i Tkt (2) + ol (Pre(2), 2)

Both b, and ¢, are bounded (one has |bx| < max(|b|, 2|a|) and |¢x| < max(|c], |a|),
as can easily be seen by induction), and so there will be some k and ¢ such



that pg(x) = prye(z). This implies

1 N s1(2)
2(1—2)(2—2%2)  1—(22/2)¥

D(pk($)7 Z) =

where s;(2) is used as an abbreviation for the sum

Now we use

1 k=12 k-1 2 52k
D = — — —; —D ,
(o(0).2) = gy 2 g + 2 i)+ e Deta). 2
and find that
1 2% s1(2)
D = i S
(p()(x)v Z) 2(1 _ Z)(2 _ 22) + ok 1 _ (ZZ/Q)K + 82(2)7
where
Doy D
1=0 2 Z
This proves the second part of the theorem. O

In the following section, we will see that the behaviour for cubic polynomials
can be quite unpredictable; before that, we state a general formula for powers:

Theorem 9. The digit generating function of a power p(z) = * is given by
2—z
k odd
2(1 —2)(2 — 2k ’
D(2* 2) = (2—2,2)(%—2”2)
k even,

201 — 2)(2 — )

where in the latter case { = vy (k).

Proof. 1f k is odd, then p'(1) =1 mod 2, and we obtain

D@, 2) = = D((22)*, ) + D((22 + 1)k,z))

KD 2) 4+ 1+

1
2
1
2

N N

i)

Solving for D(z*, z) yields the desired result. If on the other hand & is even, we
consider (2z+1)*. Note that all coefficients of (2 +1)? = 422+ 4z + 1, except
for the constant one, are divisible by 4, and it is just an easy induction to show



that all coefficients of (2x + 1)22, except for the constant one, are divisible by
21 The same statement follows immediately for (22+41)* whenever 2¢ divides
k. Therefore, the polynomial

(2z+1)F -1
a(®) = 55—

is an integer polynomial, and its derivative

k k—1

q(z) = 5

is odd for every integer x, so that we can make use of Hensel’'s Lemma (note
also that ¢,(0) = gx(—1) = 0, so that gx(z) is always even). Now we may
progress as in the first case to obtain

D(ak,2) = %(D((Zx)k, 2) + D((2z + 1), z))
= %(D((Qa:)k, 2) + 1+ 2 D(g(x), z))
Sl+2
= % (ZkD($k, Z) + 1+ m) 5

proving our theorem in the case that k is even. O

4 Cubic polynomials

Let us consider cubic polynomials now; our initial example was an instance
of a cubic polynomial with a very simple rational digit generating function.
However, it seems that generally the digit generating function can be much
more complicated and also difficult to predict. We will exhibit this by con-
sidering the two seemingly similar polynomials p(z) = 42% + 722 + 42 and
p(x) = 423+522+4x. Generally, for a polynomial of the form 282%+az?+bx+c,
where k£ > 2, a is odd and b is even, we have

D(2F 2% 4 ax® + bx + ¢, 2)
= ;(D(2k+3x3+(4a+3 22”4 (da+2b+3- 2"z + (a+b+c+2Y), 2)
+D(2k+3x3+4ax + 2bx + ¢, z)>
:Z—Q(D(2k+1x3+(a+3-2k Jo? 4 (5 +at3- 25 ) o 2?4 [ o)
2
)

+ D (22 + ax® + Sw+ |4, 2) ) + (e 2) +r(at b+ e, 2),



where 7(m, z) is defined by

0 m =0 mod 4,

1 m =1 mod 4,

rim, 2) = z m =2 mod 4,
142z m=3 mod 4.

Now note that either % or g +a+3-21is even again, while the other is odd,
which also leads to an odd derivative. As in the case of quadratic polynomials,
this gives rise to a sequence of polynomials py(z) = 2823 + apz? + brx +
that is defined by

=

L even,

Qi1 = h 2
T ak+3-28 & odd,

by, bk
bk+1 _ {g - l? evel,
7+ak+3-2 fodd,
and
Ck by
Ck+1 = {tfkibk—f—ckj + ok—2 i Z‘(;Zﬂa
4 2 :

With these definitions, we can write our recursion as

2 3 522

D(pk(x),z) = %D(karl(.I),Z)—i-m—F;( (Ck, )+r(ak+bk+ck, ))‘FT,

where

even and | 2thtee | 4 9k=2 even,
even and | 2thtek | 4 9k=2 o,
odd and [% | even,

odd and [ %] odd.

Iterating the recursion yields, as in the case of quadratic polynomials,

Sk =

—_ O = O
NSNS NSNS

43 4=l 2 - 520
D(pr(z),2) = m Zz: + Z _QkJrz 7D(Pk+e($), z),
where
qk(z): (Ck, )+T(&k+bk+ck, )—FSkZQ'

2

This time, it is not guaranteed that pr = pr.¢ will ever occur. However, we
can take the formal limit ¢ — oo in this formula to find

3 % 2

Dipu(a),2) = 5=y + 2 g deilo)

10



This is a rational function if and only if the sequence ¢;(z) is periodic. This is
sometimes the case, but apparently not always, as our examples show. Con-
sider the case of the polynomial p(z) = py(z) = 42 + T2% + 4z first, i.e.,
as =7, by =4 and ¢y = 0. An easy induction shows that

2kl _ 1 k even, )
ar = —
T2 -1 kodd, g

(28 —1)  k even,
(21— 1)k odd,

COIND QO

and

(2k+1 — 3)J k even,
(28 =3)] K odd.

S

The periodicity of the ¢; follows immediately, even though the period is long:
one has ¢;115 = ¢; for all i > 2 (which is proved by straightforward modular
arithmetics). Finally, we get

N

1 22
21-2) T 2(Z_2) (#1221 4) (22 1 85 1 64)
% (z18 416 014 g 13 yp12 gl .10 4 16,9
— 1628 4+ 322% — 642* + 12822 + 2562 — 256).

D(4z® + T2 + 4z, 2) =

The situation is totally different in the case of the polynomial p(x) = py(z) =
423 +5x%+4x,i.e., as = 5, by = 4 and c; = 0. We were not able to prove that the
sequence ¢; is not periodic in this case, but computational evidence suggests
that this is the case. In the following two graphs, we show the cumulative
sums of the linear and quadratic coefficient of ¢; respectively (it is easy to see
that the constant coefficient is always %), reduced by the linear drift, i.e. the
plots show

and

Z [22]%(2) -

=2

Y

respectively. The resulting graphs are reminiscent of the typical shape of a
random walk.

11
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5 Conclusion

Several open problems remain, and of course our considerations can be gener-
alised in many directions. For instance, it would be interesting to characterise
all polynomials with a rational digit generating function. Furthermore, it is
tempting to conjecture that

F (o), m) = 5 +o(1)

for every non-constant polynomial p. In view of our general theorem for power
functions, the best error term one can hope for is

f(ple),m) = 5 +0 (270100,

Instead of binary expansions, one could also consider arbitrary bases, Gray
code representations, or “exotic” number systems such as linear recursive num-
ber systems (the Zeckendorf expansion is a well-known example of this type).

12



If other digits than 0 and 1 are allowed, one can define several digit generat-
ing functions, one for each possible digit (in the binary case, the generating
functions for the frequencies of 0 and 1 are connected by an obvious relation).
Finally, it might also be interesting to consider blocks of digits rather than
single digits only.
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