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ABSTRACT. E. Lucas showed that every point in the plane whose coordinates are consecutive
Fibonacci numbers lies on one of two hyperbolas. We show that every point in any fixed
higher dimension whose coordinates are consecutive Fibonacci numbers also lies on one of
two hyperbolae; moreover, these are the only lattice points on the hyperbolas. We also
give some remarkable results concerning the positions of these points on the hyperbolas, as
measured by appropriate angles. We present analogous results for points whose coordinates
are consecutive Lucas numbers.

1. INTRODUCTION

E. Lucas [8] showed that every point (F), Fy,+1) in the plane whose coordinates are con-
secutive Fibonacci numbers lies on one of the hyperbolas y? — yx — 22 = £1 (see Figure 1).
We show that every point (Fy,, Fyi1, ..., Fyiq—1) in R? whose coordinates are consecutive Fi-
bonacci numbers also lies on one of two hyperbolas; moreover, these are the only lattice points
on the hyperbolas. We also give some remarkable results concerning the positions of these
points on the hyperbolas, as measured by appropriate angles. We present analogous results
for points (Ly, Lp+1,-- -, Lntq—1) whose coordinates are consecutive Lucas numbers.
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FIGURE 1. Lucas’ hyperbolas in the plane

2. VISUALIZING PLANE CURVES IN R%

Before generalizing Lucas’ hyperbolas to a higher dimension, we take a moment to discuss
visualizing such curves in R? (d > 3).

Let P C R be a plane containing the zero vector 0 (if not, shift R? so that it does). Fix
two nonzero, nonparallel vectors a, b € P. Then P consists of all linear combinations of @ and
b. Fix any unit vector € which is orthogonal to @ and b such that b is to the left of @ when
viewing P from € toward 0 (thus specifying from which side P is viewed). Such an € may be
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constructed by fixing three coordinates such that the restrictions @’ and v of @ and b to these
coordinates are linearly independent, then taking € to be the unit vector which is a positive
multiple of @ x V' on the fixed coordinates and is zero elsewhere.

Visualize curves C in P by isometrically mapping P to R2, 0 to 0, and € to the unit vector on
the positive z-axis. Distances and angles of points on C relative to 0, @, 5, and € are preserved
in the image of an isometric embedding. Also, every point in a three-dimensional space is
uniquely determined by its distances from four non-coplanar points. In this sense C viewed
from € “looks identical” to its image in R? viewed from above.

We describe the isometric embedding used in this paper. Let &@:= —(@ - b)a@ + ||@||2b, so b
and ¢ are on the same side of @ in P. Then {a/||@||, ¢/||¢]|, €} is an orthonormal basis of a
three-dimensional subspace of R? which forms a right-hand coordinate system by construction.
Let 7, 3, k be the standard basis vectors of R3. Let f be the linear transformation satisfying
f(@/@l) =i, f(&||el]) = 3, and f(€) = k. Then f is an isometric embedding since it maps one
orthonormal basis to another. We often identify points with their image under f. As such there
is no need to specify & Note that b = @(@-b)/||@||2 +&/||@||2, so f(b) = (6-5)/H(_i||i—|— lell/llal|%s.

Suppose a curve C is defined parametrically by Z(t) = u(t)@ + v(t)b. Then f(C) is given by
(t)i + y(t)j, where x(t) = u(t)|@] + v(t)(@- b)/||al| and y(t) = v(t)[|e]/||@]|* are the 2- and
y-coordinate functions. The expressions for x(¢) and y(¢) may help identify C. For example,
suppose x = x(t) and y = y(t) satisfy Az? + Bay + Cy? + Dx + By + F = 0 for all t. Then &
defines a conic section in P. Provided that A, B, C are not all zero, the type of conic section
is determined by the discriminant A = B? — 4AC: The curve is a hyperbola, parabola, or
ellipse according to whether A > 0, A =0, or A < 0, respectively.

3. Lucas’ HYPERBOLAS

Throughout this section all points will lie in R? with d > 2. For all integers n, let the nth
Fibonacci and Lucas vectors be the respective vectors

f=(Fo.Fug1,-. o, Fora) and 08 = (L, Log1,..., Lota_1)-
Fibonacci and Lucas vectors were studied in [2, 9].

Let a = (14 +/5)/2 and 8 = (1 — v/5)/2. Binet’s formulas express the Fibonacci and Lucas
numbers explicitly in terms of o and g:

F,=(@"-p")/(a=p) and L,=a"+p" (neZ). (3.1)
We extend this fact using the vectors
i=(1,a 02 ..., o and b= 1, B, g2, ..., g1y,

The ith coordinate of a"@ — 87b is a1 — gn+i=1 which by (3.1) equals (o — 8)Fpii_1.
Similarly, a™a@ — ™b has ith coordinate L,;_1. Thus,

o a R —6"\ -
e (e ()5 v

0% = "G+ 7. (3.3)

Observe that @ and b are linearly independent since d > 2. Thus they comprise a basis for
a plane (2-dimensional subspace) P in R?. Equations (3.2) and (3.3) give the coordinates of
the Fibonacci and Lucas vectors relative to this basis. Rewrite (3.2) as fn = ud +vb. Observe
that a8 = —1 and o — 8 = /5, so uv = (—1)""1/5, depending only upon the parity of n.
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—

Parameterizing with u = ¢ gives two curves in P C R%: # = td@ + (—1)""!/(5t)b. Equation
(3.2) implies that f lies on this curve at ¢ = o™ /(o — 8) > 0. Similarly, £Z lies on the curve
T=ta+ (=1)"/th at t = a™.

We visualize these curves as discussed in Section 2. In the cases under consideration,

= u(t)@ + v(t)b, where u(t) = ¢ and v(t) = s/t for some k. Thus z(t) = At + p/t and
y(t) = v/t for some scalars A\, p, and v. If g = 0, then zy = Av, and if g # 0, then
y? — (v/p)ry + Av?/pu = 0. In both cases the discriminant is the square of some number
and hence positive, so these curves are hyperbolas. After recording the above discussion, we
present the equations for these hyperbolas relative to orthonormal bases.

—

Theorem 3.1. Let n be an integer.

(i) The head of fg, i.e., the point (Fy, Fyi1,... Fhiq—1), lies on the t > 0 branch of the

hyperbola
L ( 1)n—1 _ am
Z=ta+ £ b at t_a—ﬁ
(ii) The head of [ﬁi, i-e., the point (Ly, Lyy1, ... Lyya—1), lies on the t > 0 branch of the
hyperbola
1)
f:tc?+( ) b at t=dao"

t

We refer to the hyperbolas of Theorem 3.1 as Lucas’ hyperbolas for Fibonacci and Lucas
vectors, respectively. There are two of each type, one for even n and one for odd n. The
asymptotes of Lucas’ hyperbolas are the lines through the origin parallel to @ and b. The
formulas y? — yx — 2 = +1 for Lucas’ hyperbolas in the plane (Figure 1) are expressed in
terms of the standard unit vectors. However, in terms of @ and b they may be expressed as in
Theorem 3.1. Figure 2 shows the hyperbolas in R3.

FIGURE 2. Positive branches of Lucas’ hyperbolas in R3.

We shall now describe the hyperbolas for Fibonacci and Lucas vectors. As in Section 2,
we build an orthonormal basis for P from @ and b. The following formulas were derived from
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(3.1) and the sum of a finite geometric progression in [2, Lemma 2.4}, [9].

_ d—1 ¢ 7

1|2 = Fd(c;_1 B)a Tf d %s even, (3.4)

Ly if d is odd,
- —Fy(a — )B4 if d is even,

B2 = § Fale =T A 55
Lap if d is odd,

- 0 %f d %s even, (3.6)
1 if d is odd.

By (3.6) the orthogonality of the asymptotes depends upon the parity of d. The asymptotes
of Lucas’ hyperbolas in R? are known to be orthogonal [10, p. 34], and it was noted [1, p. 157]
that orthogonality fails in R? (Figure 2).

When d is even, P has orthonormal basis {a@/||@]|, b/||b]|} by (3.6). It is straightforward to
express Theorem 3.1 in terms of this normalized basis.
Corollary 3.2. Assume d is even. Let n be an integer.
(i) The head of f lies on the hyperbola

a - Fy 6’ Fda2n+d—1
t— ()" at b=
]| (= B)t ||| a—p
(ii) The head of I% lies on the hyperbola
a Fyla—p8) b
tT + (—1)H7T at t = Fd(a — ,8)()42”+d_1.
Il t b v

We visualize Corollary 3.2 in Figure 3. We identify @/||@| and b/||b] with i and j, as
suggested in Section 2.

)
zy = Fy(a— B)
b ; o
l15]]] 151 s
Il x
lgk+1
xy = —Fyg(a —B)

FI1GURE 3. Lucas’ hyperbolas when d is even.

When d is odd, @ and b are not orthogonal; indeed, the cosine of the angle between @ and
bis @-b/(|@||||bl]) = 1/Lq. As in Section 2, define & = —a + (Lga®1)b. Equations (3.4)~(3.6)
and the identity L2 — 1 = 5F;_1F;11 [3, 4] give that @- ¢ = 0 and ||¢||?> = 5LqFy—1Fyp1097t
Now {a/||d||, ¢/||c||} is an orthonormal basis of P.

Corollary 3.3. Assume d is odd. Set Vg = (o — B)\/Fg_1Fqr1. Let n be an integer.
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(1) Letz(t) = <oz;—ﬁ> t+ %) and y(t) = %. Then z(t) and y(t) sat-
isfy y(t)* — Vaz(t)y(t) = (—1)"V2/5, and the head of f2 lies on the hyperbola

x(t)”%i” + y(t)% at t=+/Lga?ntd=1,

(ii) Let xz(t) =t + (=D and y(t) = ﬂ. Then x(t) and y(t) satisfy

y(t)? = az(t)y(t) = (—1)" "0, and the head of I lies on the hyperbola

—

2oty et b= /Lga2al,

]| 1]

Corollary 3.3 is visualized in Figure 4.

y 1 |y = Tgay= T3

S

=

1 Tar x

B

d d
! fok ! k41

I y2 — Uyaxy= —\113/5 ; y2 — Uyxy= —\113

1 1

FIGURE 4. Lucas’ hyperbolas when d is odd.

4. LATTICE POINTS ON LucAs’ HYPERBOLAS
We generalize the following results of J. P. Jones [5, 6] to Lucas’ hyperbolas.

Theorem 4.1. Fiz (n1,ns) € Z>.
(i) The point (ni,ns) lies on one of the hyperbolas y* — yxr — x? = +1 if and only if
(n1,n2) = (F), Fi41) for some integer k [5].
(ii) The point (ni,nz) lies on one of the hyperbolas y* — yxr — x? = £5 if and only if
(n1,n2) = (L, Li41) for some integer k [6].
The following result extends Theorem 4.1. We identify points with their position vector.

Theorem 4.2. Fiz N € Z9.
(i) The head of N lies on one of Lucas’ hyperbolas for Fibonacci vectors in R® if and
only z'f]\7 = f;j for some integer k.
(ii) The head 0f]\7 lies on one of Lucas’ hyperbolas for Lucas vectors in R? if and only
z'f]\7 = Eg for some integer k.

Proof. We prove (i). Write N = (n1,n9,...,nq). By hypothesis, N = td + ég for some t.
Restricting to the first two coordinates gives (ny,ng) = (t + %, at + §> The right-hand side
parameterizes Lucas’ hyperbolas y? — yax — 22 = +1 for Fibonacci numbers in two dimensions
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by Theorem 3.1. Hence by Theorem 4.1, (n1,n2) = (Fj, Fi+1) for some integer k. By Theorem

3.1, this corresponds to the point on tad + (_5?kl; in R? with t = o*/(a — 3). This value in

Theorem 3.1 in R gives N = ﬁg The proof of (ii) is similar. O

We contrast Lucas’ hyperbolas to “Fibonacci hyperbolas” of 7], a family of hyperbolas in
R?, each containing an infinite number of points (F},, F},).

5. ANGLES IN EVEN DIMENSION

Assume throughout this section that d is even. In Figure 5 we compare the positions of
Fibonacci and Lucas vectors on Lucas’ hyperbolas, as measured by appropriate angles. We
show that the cosines of the angles that f& and 72" make with the appropriate @/||@| are
equal for all positive integers t.

By (3.4) and (3.6), f.a@ = Fya"t41 and /2 . G = Fy(a — B)a™t9! for all integers n. In
[2, 9], equations (3.1) and (3.4)—(3.6) were used to show that for all integers m and n,

rd  pd pd  pd rd  pd

In particular, ||f2]| = /FaFonia_1 and ||| = \/5FFoniq—1. The formula @ - 7/||@|||7] for

the cosine of the angle between @ and @ gives the following.

Theorem 5.1. The following hold for all integers m and n.

(i) Let ¥ and XL denote the respective angles between f& and @ and between (2 and @.
Write k =2n+d —1. Then

) ) v B\ ~1/2
cos iy, = COos \;, = R = (1 - (5) > . (5.1)

(ii) Let Cff%n, nﬁhn, and ngl denote the respective angles between fndl and fﬁf, between Efn
and EZ, and between ﬁ‘é and E‘i Then
_ Frpntd—1 Linintd—1
vV Fomtd—1Fon+d—1 VFom+d—1Fonta—1

Taking into account the alternating nature of the hyperbolas containing the Fibonacci and
Lucas vectors, Theorem 5.1 gives the following.

d _ d d
COS .y, = COS Ty, 1 , cosOp, , =

Corollary 5.2. For all positive integers t and for all integers n,
v = (=)'t = =0 = (=1

n—t

Figure 5 is a partial illustration of Corollary 5.2, with all orthonormal bases of the P
identified. Note that the angles have been exaggerated for clarity.
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FIGURE 5. Angles between @ and Fibonacci vectors.

REFERENCES

[1] K. Atanassov, V. Atanassov, A. Shannon, and J. Turner, New Visual Perspectives on Fibonacci Numbers,
World Scientific, New Jersey, 2002.

[2] B. Curtin, E. Salter and D. Stone, Some formulae for the Fibonacci numbers, The Fibonacci Quarterly
45.2 (2007), 171-180.

[3] V. E. Hoggatt, Fibonacci and Lucas Numbers, Houghton Mifflin Company, New York, 1969.

[4] R. Honsberger, Mathematical Gems III, Math. Assoc. America, Washington, DC, 1985.

[5] J. P. Jones, Diophantine representation of the Fibonacci numbers, The Fibonacci Quarterly, 13.1 (1975),
84-88.

[6] J. P. Jones, Diophantine representation of the Lucas numbers, The Fibonacci Quarterly, 14.2 (1976), 134.

[7] C. Kimberling, Fibonacci hyperbolas, The Fibonacci Quarterly, 28.1 (1990), 22-27.

[8] E. Lucas, Sur l’emploi calcul symbolique, dans la théorie des séries récurrentes, Nouvelles Correspondances
Mathématiques, 2 (1876), 201-206.

[9] E. Salter, Fibonacci Vectors, Masters thesis, University of South Florida, 2005.

[10] S. Vajda, Fibonacci & Lucas Numbers, and the Golden Section, Ellis Horwood Limited, Chinchester, 1989.

MSC2010: 11B39, 15A03, 11D09.

DEPARTMENT OF MATHEMATICS AND STATISTICS, UNIVERSITY OF SOUTH FLORIDA, 4202 E. FOWLER
AvE. PHY114, TampA, FL 33620
E-mail address: bcurtin@math.usf.edu

DEPARTMENT OF MATHEMATICS, STATE COLLEGE OF FLORIDA, MANATEE-SARASOTA, 8000 SouTH TAMI-
AMI TR., OFFICE #620, VENICE, FL 34293
E-mail address: saltere@scf.edu

DEPARTMENT OF MATHEMATICAL SCIENCES, GEORGIA SOUTHERN UNIVERSITY, PO Box 8093, STATES-
BORO, GA 30460-8093
E-mail address: dstone@GeorgiaSouthern.edu

FEBRUARY 2012 o7



