FIBONACCI CONTRACTIONS OF CONTINUED FRACTIONS

DOUGLAS BOWMAN

ABSTRACT. We evaluate two continued fractions whose elements contain Fibonacci numbers
indexed by the Fibonacci and Lucas sequences. One of the results obtained is

1+Vh _ . Frn/Fry,  Fr/Fr  Fr/Fr
=1+
2 1 — 1 + 1 +
FF4/FF7 FF5/FF8 FFG/FFQ
1 — 1 + 1 4+

Similar results with other rapidly growing sequences of subscripts are provided and associated
summation theorems are also given. These results are shown to fit naturally in the context
of a general transformation formula for arbitrary continued fractions due to Oskar Perron.

1. Two CONTINUED FRACTIONS

The purpose of this paper is to prove and provide context for the following two continued
fraction identities which seem to have escaped notice.

Theorem 1.1.
1—1-\/5_1 FFl/FF4 FF2/FF5 FFS/FFS
=1+
2 1 — 1 + 1 + (1.1)
FF4/FF7 FFs/FFs FF6/FF9
1 — 1 + 1 +
and
1—1—\/3_1 FLl/FL4 FLz/FLs FL3/FL6
=1+
3 1 — 1 + 1 + (1.2)
FL4/FL7 FL5/FL8 FL6/FL9
1 — 1 + 1 + -

In the above theorem, {F,} and {L,} denote the Fibonacci and Lucas sequences, respec-
tively with Fy = 0 and Ly = 2. Also, the signs of the numerator elements have period 3.
Originally, the identity (1.1) was presented by the author during the Illinois Number Theory
Conference in 1997 [1] as a special case of Perron’s Theorem, Theorem 4.1, described in Section
4.

As a byproduct we also obtain the following summation identities.

Theorem 1.2.

vl i(_ e (1.3)

_ )
2 i—1 Fr,  Frips
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and

[e'e) L;—1
5 —1 Z —1) FLH . (1.4)
FL.

i=1 Lita

These identities bear some resemblance to the Millin series [7, 10],

- \f — Z o (1.5)

In fact, we give a general identity that 1mphes all three and uncover a continued fraction
version of (1.5).

Besides giving new results, another purpose of the paper is to provide a unified approach to
a number of formulas relating to Fibonacci numbers and related infinite processes. Indeed the
fact that a number of beautiful series and continued fraction expansions, as well as Fibonacci
number identities all result from the same principle seems to have escaped widespread notice.
In the context of continued fractions, the same idea also explains the general continued fraction
contraction formula of Oskar Perron [9].

After the proofs Section 4 provides a context for the results and gives some variants as well
as generalizations. Section 2 provides basic facts about continued fractions.

2. CONTINUED FRACTION FACTS

We employ the usual notation
aq a9 as (079
b —_ = — — 2.1
O 4+ byt By Dy 1)

for the finite continued fraction

aj
bo + o
2
b1 + a
3
by +
an—1
.
bn—1+ —

bn,
The non-negative integer n is called the length of (1.2). The numbers a; and b; are called its
numerator and denominator elements, respectively. The notation
az ag
bt b1 + by + by +
denotes the limit as n — oo of (1.2). — signs are sometimes employed instead of + signs to
indicate that the negative of the next numerator element is to be used. The rational function
(2.1) is called the nth classical approximant of the infinite continued fraction (2.2).
Associated with the continued fraction (2.2) are two sequences P,, and @, called its classical
numerators and classical denominators, respectively. They are defined by the following initial
conditions and recurrences. Py = by, Qo = 1, P = byb1 + a1, Q1 = b1, and for n > 2 by the
fundamental recurrences:

(2.2)

Pn = ann—l + anPn—2
Qn = ann—l + anQn—2-
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Then it is well-known (see[6]) that the quotient P, /Q,, is equal to the nth classical approximant
of (2.2). These recurrences can be put in a convenient matrix form [8] as follows:

n+1 bi_1 a; P, an+1Pn—1
T _ , (2.4)
i=1 1 0 Qn an—l—lQn—l

(This equation is easily seen to be equivalent to (2.3) by replacing the first n factors on
the left-hand side of (2.4) with the right-hand side where n has been replaced with n — 1.)
Taking the determinant of both sides yields the determinant formula: P,Qn_1 — Ph_1Qn =
(-1 lajas - - - a,.

To tidy up the continued fractions in the paper, equivalence transformations are employed,
see [6]. Let dy, for n > 1 be non-zero. Then the classical approximant (2.1) and

b +07/1&1 didaaz  dadsas dp—1dpan
O diby + dyby + dzbs + -+ dyby

are equal. Equation (2.5) is referred to as an equivalence transformation of the continued
fraction (2.2). Note that equivalence transformations do change the classical numerators and
denominators in a simple way, although these relations will not be needed here.

We also use the well-known connection with series. For n > 1,

(2.5)

P " (=) laray - a;
AL DT (26)

Finally, later in the paper we will use the segments of continued fractions. The segments
of (2.2) are continued fractions having corresponding classical numerators P, y and classical
denominators @, x. These are the classical numerators and denominators of the continued
fraction:

Py _ ax+1 ax+2 ax+3 aX+v
—= = by . (2.7)
Qu,x bar1 t bagz T bxgz T 0t by

The determinant formula for segments is then:

1
PoaQn-1.)— Po1AQn = (=" ayi1ari2 - arin.

3. PROOF OF THE THEOREMS

This section gives a brief self-contained proof of Theorems 1 and 2. The proof is based on
the following lemma.

Lemma 3.1. Let k € Z and let g, be any sequence of integers with g,—1 # ¢,. Then,

Fv —Yv— (_1)gv_gU71_lFU —Yvu
Frtg,0 = 7}97 P P, + = . (3.1)
Gv—Gv—1 gv—Gv—1

The proof follows almost immediately from the bilinear index reduction formula of Johnson
3, 4]:

Foby — FoFy = (_1)T[Fa—T’Fb—r - FC—T’Fd—T]7 (32)
where a,b,c,d,r € Z and a + b = ¢+ d. Although (3.2) was proved as a solution to problem
B-960 in [11], that proof is just a specialization of equation (3.32) of [2], which is given without
proof in [2]. Johnson [4], however, gives an elegant and short derivation, which is included at
the beginning of the proof below, since it illustrates the theme underlying the results of this
paper.
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11
am (1)
Then it is well-known that for n € Z,

Fn+1 Fn _ AN
(R ) »

Proof. Let

Using (3.3) with n = a, b, ¢, and d, where a + b = ¢ + d, in the associativity identity
A AP = A°A? and equating the (2, 2) matrix elements on both sides yields after re-arrangement
F,F,— F.Fy=(-1)[F,_1F,—1 — F._1F4_1]. Equation (3.2) now follows by induction.

The lemma is obtained by setting a = r = g, — go—1, b = k + gy4+1, ¢ = k + gy, and
d = gy+1 — go—1 in (3.2), and then dividing through by Fy _, . (]

Proof of Theorems 1.1 and 1.2. We first establish the following identities involving finite
continued fractions of length v.

FFv+2—1 _l FFz/FF1 FFS/FF2 (_1)Fv71_1FFv/FFv71 (3 4)
Fp,., 1+ Fp/Fp + Fp,/Fp, — - + P, /Fr, ., '
and
Fro,—1 1 Fr,/Fr, Fr,/FL, (—D)bv—2"1Fy L [FL, (3.5)
Fr,., 2— Fu,/F, + F,/Fp, + - + Fr,/Fr, , ' '

It is easy to check directly that (3.4) holds for v = 2 and v = 3 and also that (3.5)
holds for v = 1 and v = 2. For v > 3 and v > 2, respectively, one only needs to check
that the fundamental recurrences (2.3) holds for these continued fractions, where for (3.4),
P,=Fp, .1, Qu=Fr,.,, a, = (—1)f"' " Fp /Fp, ., and b, = FF,,, /Fp, ,; while for (3.5),
P, = FLu+1_17 Qn = FLu+17 Ay = (_1)LU72_1FLu71/FLu727 and b, = FLU/FLU72'

With these values the equalities (2.3) follow from (3.1); to get the recurrences for P, and
@, in the case of the continued fraction (3.4), let g, = F,+1. Then the recurrence for P, is the
k = —1 case of (3.1), while the recurrence for @, is the k = 0 case. Similarly, the recurrences
for (3.5) are obtained from the special case g, = L,, and again k = —1 and k = 0. Thus the
identities (3.4) and (3.5) are established.

Theorem 1.1 follows from (3.4) and (3.5) by letting v — oo, absorbing initial two and three
terms of the continued fractions, respectively, into the quadratic irrational on the left-hand
side, and applying equivalence transformations.

Theorem 1.2 follows immediately from (3.4) and (3.5) by using (2.6) and letting v — co. O

It is also possible to absorb the initial segments of (3.4) and (3.5) into the left-hand side
and so obtain a family of variants of Theorems 1.1 and 1.2.

4. CONTEXT, GENERALIZATIONS, AND VARIANTS

The continued fractions in Theorem 1.1 can be viewed as arising from accelerating the reg-
ular continued fractions for the golden ratio, which has all elements equal to 1, via the general
contraction theorem of Perron [9], Theorem 4.1 below. Perron’s Theorem allows one to com-
pute the continued fraction whose approximants are a proper subsequence of the approximants
of a given continued fraction. Usually Perron’s Theorem is only applied to relatively simple
subsequences, such as the sequence of even approximants, or odd approximants, (which yield
the even and odd parts of the original continued fraction, respectively [6, 9]) since one usu-
ally does not have “nice” formulas for arbitrary numerators and denominators of segments.
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However, in the case of continued fractions with constant element sequences, the classical nu-
merators and denominator sequences are solutions of second-order linear difference equations
with constant coefficients, i.e. generalized Fibonacci-type sequences. Hence applying Perron’s
Theorem to these continued fractions yields new continued fractions with elements that are
simple functions of Fibonacci-type sequences. The theorems of the previous section are a
special case of this idea.

We present the contraction theorem from Perron [9] in the following form.

Theorem 4.1. Let {n;}i>o be a strictly increasing sequence of integers with ng > 0. Then

P, 12 Yi
O, O G Yy .
where 69 = Py /Qngs 01 = Qny,

Qm—no—l,no—irl
Q@no ’
Qno an —ni—1,n1+1
Qn1—no—1,no+1

y1 = (=1)"ajay - any+1

ni—nmo—1
Yo = (=1)" 0T a4 2Gn043 ¢ - Qny 41

_ Q’ng—no—l,’no-{-l
0g = — 7,
in—no—l,no—i-l

and for v > 2,
Ny—1—Ny—2—1
Yo = (1) T a0, p43 Gy 41
. an—nu71—1,nqj71+1
bl
Qnufl_nu72_lynu72+l
and

511: Qnu—nufz—l,nufz—l—l '
Qn’ufl—”v72—17”v72+1

Moreover, for i > 0, P,, (resp. Q) is the ith classical numerator (resp. denominator) of

the continued fraction in equation (4.1). This remains true for i = 0, if the Oth classical

denominator on the right is taken to be Qp,, instead of 1.

Employing (2.6) immediately gives the following corollary.
Corollary 1. Under the hypotheses of Theorem 4.1,

a1a2 e ank,1+1'

Qn,  Qng Q@ny,— @ny,

This corollary is equivalent to the case of Theorem 3.1 of [5] in which f is strictly increasing.
Remarks.

k=1

(1) The continued fraction in the contraction theorem given by Perron on page 12 of
[9] is actually an equivalence transformation of the one above so that the continued
fraction elements are polynomials instead of rational functions. However applying the
equivalence transformations destroys the correspondence between the numerator and
denominator of the fraction on the left-hand side of (4.1) with the classical numerators
and denominators of the continued fraction on the right-hand side. Thus we have
given the theorem in the form of its penultimate step of the derivation from page 11
of [9], where the numerator and denominator on the left-hand side are actually equal
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to the classical numerators and denominators of the continued fraction on the right.
This form is important for employing (2.6) to obtain Corollary 1. After (4.1), one can
always polish the resulting continued fraction with an equivalence transformation to
suit one’s aesthetic taste.

(2) We outline the proof of this theorem and describe the role played by the associativity
of the matrix product to illustrate the similarity to the proof in Section 3.

To find the elements of a continued fraction having a given set of classical numerators
and denominators, one considers the system (2.3), and for each n, solves for a,, and
b,. By Cramer’s rule, the resulting formulas are ratios of determinants. This result is
known as Bernoulli’s Theorem in the theory of continued fractions [6]. If we desire the
numerators and denominators to be a subsequence of the numerators and denominators
of a given continued fraction (denoted by P,, and Q,), then the determinants that
occur are of the form P,, @y, — Pn,Qn, , and P, ,Qy, — Py,Qy, ,. But due to the
fact that the sequences P and @ are themselves classical numerators and denominators,
simplification is possible. The reason for the simplification is the associativity of the
matrix product. Specifically,

m+n batk  Artk+1 n bati Gxtit1) m batntj  @rtntj+l

k=0 1 0 i=0 1 0 j=1 1 0
which by (2.4) and (2.7) can be written as

Pn—i—m,)\ a)\—i-n—i-m—l—lpn—i-m—l,)\

Qn-{—m, A a)\-i—n-i—m—i-lQn-l—m—l, A

Pn,)\ a)\—l—n—i-an—l,)\ Pm—l,)\—i-n—i-l a)\+n+m+1Pm—2,)\+n+1

Qn,)\ aA—l—n—l—lQn—l,)\ Qm—l,)\+n+1 aA+n+m+1Qm—2,)\+n+1
Computing the first column in this matrix product (the second is redundant) gives
the classical numerator segment associativity relations [8]:

Pn—l—m, A= Pn,)\Pm—l, Mnt+l T a)\—l—n—l-an—l,)\Qm—l, An+1

Qn—l—m,)\ = Qn,)\Pm—l,)\—i-n—i-l + a)\—l—n-i—lQn—l,)\Qm—l,)\-l—n-i-l-
Finally, multiplying the first of these equations by @, » and the second by P, », taking
the difference between the resulting equations, and employing the determinant formula
for segments yields the generalized segment determinant formula [8]:

1
Pn,)\Qn-‘,-m,)\ - Pn—i—m,)\Qn,)\ = (_1)n+ A 41 a)\—i-n—i-lQm—l,)\-l—n-l—l-

Using this formula to simplify the determinants in Bernoulli formula gives Perron’s
contraction theorem.

Although Theorem 4.1 may appear a bit unwieldy, there are three cases in which it simplifies
substantially.

First: if the differences n; —n;_1 and n; —n;_o are bounded. Then one only has to deal with
polynomials of bounded degree (in the variables a; and b;). For example, making the sequence
n; equal to the sequence of even numbers yields the “even part” of a continued fraction. Then
the difference n; — n;_s is equal to 4. After an equivalence transformation this gives rise
to partial numerators in the contracted continued fraction which are of fourth degree in the
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variables a; and bj, see [6, 9]. Even and odd parts of continued fractions are frequently seen
and are not considered here.

Second: if a, = a and b, = b, for constants a and b, for all n € Z™", then the segments of
the continued fraction reduce to the classical numerators and classical denominators. In this
situation it is easy to compute these sequences as they are solutions of linear homogeneous
second order difference equations with constant coefficients.

Third: if the sequence n; is of Fibonacci type (satisfying n; = n;—1 + n;_2), then the
differences n; — n;—1 and n; — n;_9 will be the same sequence (shifted) and a simplification in
the formula will occur.

Notice that the results from the first section of this paper arise in the confluence of the last
two cases. This confluence explains the rather pleasant appearance of the resulting identities.

The nicest example of Theorem 4.1 in the second case is obtained when the theorem is
applied to the continued fraction for the golden ratio. In this situation, P, = F,4s and
Qn = Fyy1. Indeed Qu,)\ =Fyi1-

To simplify matters, it is helpful to let the sequence n, be the sum of a sequence of positive
integers, so that the differences in the subscripts on the right-hand sides of Theorem 3 simplify.
That is, let ng = mg > 0, and for v > 1 put n, = mg + mq + --- + m,, where m; € Z* for
¢ > 1. Then n, —n,—1 = my, and n, —ny,_2 = my—_1 +m, for v > 2. Note that the increased
complexity of the left-hand side is not a problem, since one knows the limit. Finally, one can
apply an equivalence transformation to the right-hand side of (4.1) to simplify the continued
fraction. Applying these substitutions to Theorem 4.1 and Corollary 1 yields the following
corollary.

Corollary 2. Let the sequences {m;};>0 and {n;}i>0 be as in the last paragraph. Then for
i>1,

(_1)m1_1FmOFni+l_mO_ml
F,

Nn41—mo
4 ) _— (4.2)
(_1)m1 FmoFm2 (_1)m2 Fm1Fm3 (_1) i sz'lemz'H
Fm1+m2 + Fm2+m3 +ot Fmi+mi+1
Also
[
Fnl+2 — Fn0+2 + Z(_l)nk71 Fnk_nkfl ) (43)
Fm'-l-l Fm)-l-l =1 Fnk—1+ank+1

Note that (4.3) is equivalent to the case of Corollary 3.3 of [5] in which g is strictly increasing.
We consider a few special cases. Setting m; = 2' in (4.2) yields after routine simplification

F2i+2_1 FQO . F22 F21 . F23 F2i71 . F2i+1

= F3.90 — 4.4
F2i+2_2 3.20 F3,21 - F3,22 - F3,2i ( )
Letting ¢ — oo in (4.4) gives
V-1 Ry Fyo - Fy2  Fyi - Fys (4.5)
2 F3_21 - F3_22

For this choice of n;, after letting i — oo, (4.3) simplifies to (1.5). This shows how (4.5) is the
continued fraction manifestation of Milin’s series. The cases m; = F;+1 and m; = L; 4 yield
(1.3) and (1.4), respectively (and also (1.1) and (1.2)). Setting m; =il and n; = (i +1)! — 1
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in (4.2) and (4.3), respectively and letting i — oo yield, respectively,

V6—1 Fy-Fy Fu-Fy Fy-Fy
2 By — Fpa — Fry — )

(4.6)

and
5—-v5  Fuu Fy.0 F3.3
2 FuFa FaFy  FyFy
Of course many of the generalizations and variants of (1.5) follow similarly.
Finally consider the third case discussed above. Let N; satisfy N; = N;_1 + N;_o, fori > 1
and assume that N; > N;_; for i > 1. (Note that N_; > 0.) We have the following corollary.

TR (4.7)

Corollary 3 (Fibonacci Contraction Formula). For i > 0

Pripi-No—1 _
QNi+1—N0—1 0 + 6o +--- + 52-’

where 5o = Py_,—1/QN_,-1, 01 = QN -1,

QNOJVA

n= ()" aiay - an_, =2,
QN -1

and for v > 2,

Yo = (_1)NU72_1CLNU71—N0+1GNU71—N0+2 * OGN, —Ny
“QNy_5-1,Ny_1-No®@N,_1-1,N,—No>
and
Oy = QNy—1,Ny_1—No+1-

Proof. This follows immediately from Theorem 4.1 by letting n; = N;11 —Ng—1 and simplifying
using the recurrence for the sequence N;. Note that this selection for the sequence n; satisfies
the required conditions. O

5. CONCLUSION

This paper shows that a number of results from the literature relating to continued fraction,
Fibonacci numbers, and infinite series have their genesis in the associativity of the matrix
product. The core of the proof of the general contraction theorem of Perron is an example of
this idea.

The methods here do not seem to easily give evaluations for continued fractions involving
elements of the forms Lp, or Ly,. It would be interesting to know if similar results involving
these sequences can be obtained in any way.
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