-- --

. 8 F PREPRINT Mar. 23, 199 ound. Physics, 28 (1998)

From Pythagoras To Einstein: m The Hyperbolic Pythagorean Theore

Abraham A. Ungar s N Department of Mathematic orth Dakota State University E Fargo, North Dakota 58105 -mail: ungar@plains.NoDak.edu

A ABSTRACT

new form of the Hyperbolic Pythagorean Theorem, which has a striking t e intuitive appeal and offers a strong contrast to its standard form, is presented. I xpresses the square of the hyperbolic length of the hypotenuse of a hyperbolic s o right angled triangle as the "Einstein sum" of the squares of the hyperbolic length f the other two sides, Fig. 1, thus completing the long path from Pythagoras to Einstein.

Following the pioneering work of Varicak it is well known that relativistic v - t velocities are governed by hyperbolic geometry in the same way that prerelativis ic velocities are governed by Euclidean geometry. Unlike prerelativistic velocity c v composition, given by the ordinary vector addition, the composition of relativisti elocities, given by the Einstein addition, is neither commutative nor associative e m due to the presence of Thomas precession. Following the discovery of th athematical regularity that Thomas precession stores, it is now possible to e s extend Thomas precession by abstraction, (i) allowing hyperbolic geometry to b tudied by means of analogies that it shares with Euclidean geometry; and, simi- - d larly (ii) allowing velocities and accelerations in relativistic mechanics to be stu ied by means of analogies that they share with velocities and accelerations in , g classical mechanics. The abstract Thomas precession, called the Thomas gyration ives rise to gyrovector space theory in which the prefix gyro is used extensively - t in terms like gyrogroups and gyrovector spaces, gyroassociative and gyrocommu ative laws, gyroautomorphisms, gyrotranslations, etc. We demonstrate the t superiority of our gyrovector space formalism in capturing analogies by deriving he Hyperbolic Pythagorean Theorem in a form fully analogous to its Euclidean c P counterpart, thus contrasting it with the standard form in which the Hyperboli ythagorean Theorem is known in the literature. The hyperbolic metric, that sup- d ports the Hyperbolic Pythagorean Theorem, has a dual metric. We show that the ual metric does not support a Pythagorean theorem but, instead, it supports the c t π − Theorem according to which the sum of the three dual angles of a hyperboli riangle is π.

-- --

1. Introduction

- 2 -

Some time in the sixth century B.C. Pythagoras of Samos discovered the theorem that now bears his

o name. The conception of the Pythagorean Theorem is one of the most profound accomplishments in the history f mathematics, marking the first known intellectual leap from empirical speculation into deductive reasoning.

h This celebrated theorem is one of the most important theorems in the whole realm of geometry and is known in istory as the 47th proposition, that being its number in the first book of Euclid’s Elements. Not unexpectedly, therefore, Stillwell’s Mathematics and Its History book begins with the theorem of Pythagoras. The^{(1)} n g Pythagorean theorem attracts remarkable attention, as evidenced from the number of proofs that have bee iven to it. It allows the concept of orthogonality to readily be accepted in mathematics, playing an important r (2) ole in the theory of vector spaces which, in turn, form the setting for Euclidean geometry - the geometry that underlies classical mechanics.

Our recent extension of vector spaces into their hyperbolic counterparts, called gyrovector spaces,^{)(3} - i accommodates the setting for hyperbolic geometry - the geometry that underlies Einstein’s relativistic mechan cs. The Hyperbolic Pythagorean Theorem appears in the present article as an identity in a gyrovector space e E that expresses the square of the hyperbolic length of the hypotenuse of a hyperbolic right angled triangle as th instein sum of the squares of the hyperbolic lengths of the other two sides,

eeAee + eeBee = eeC ee (1.1)

2 2 2 b b . ( shown in Fig. 1 and in Theorem 4.3, where the binary operation + is the Einstein velocity addition, Eq 2.12). As such, it extends the validity of the Pythagorean theorem in its original spirit beyond Euclidean geometry, and highlights the long path from Pythagoras to Einstein. iiiiiiiiiiii

i FIGURE 1 iiiiiiiiiii cc c cc c

n ( Clearly, a modified hyperbolic Pythagorean theorem fails when one applies the ordinary addition, +, i 1.1) instead of the Einstein addition, + . The failure of (1.1) with + instead of + has been emphasized by W b b allace and West. Since the validity of (1.1) has gone unnoticed in the literature they concluded that "the t Pythagorean theorem [in its original spirit, expressing a sum of squares as a square] is strictly Euclidean." I^{(4)} t i is therefore interesting to realize that the Pythagorean theorem is valid in non-Euclidean geometry as well if i s appropriately linked to the Einstein theory of relativity.

Physicists and mathematicians tend to think of symmetry as being virtually synonymous with the theory t of groups and their actions. However, being nonassociative, the Einstein velocity addition demonstrates tha (5) also some non-group groupoids can measure symmetry. Unlike velocity addition in classical mechanics, which - t is a group operation, the Einstein velocity addition is not a group operation. Is the breakdown of the associa ivity of the velocity composition law in the transition from classical to relativistic velocity addition associated d i with loss of symmetry? It has been discovered in 1988 that the seemingly lost symmetry is, in fact, conceale n the relativistic effect known as Thomas precession, or, Thomas gyration. Taking the role played by the

(6, 7) - g Thomas precession into consideration, the Einstein velocity addition appears to be a gyrocommutative gyro roup operation, in full analogy with its classical counterpart, which is a commutative group operation. (3)

- --

T

- 3 -

he grand scientific achievement of this century in mathematical beauty and experimental verifications s a has been special theory of relativity, with its Einstein addition and Thomas gyration. The theory of gyrogroup nd gyrovector spaces that has been presented in Ref. 3 captures the symmetry that has seemingly been lost in o r the transition from the ordinary vector addition to the Einstein velocity addition. It is particularly interesting t ealize in this paper that the Einstein velocity addition law captures the lasting beauty of the Euclidean n b Pythagorean Theorem that has seemingly been lost in its transition to hyperbolic geometry; it can now be see y inhabitants of hyperbolic worlds as well.

Furthermore, the Hyperbolic Pythagorean Theorem in its present, new form constitutes an important step s a towards our envisaged axiomatic approach to gyrovector spaces, guided by analogies shared with vector space nd Euclidean geometry, to which Thomas precession gives rise. The basic role that Thomas precession plays

a in our gyrovector space theory and in hyperbolic geometry highlights Gravity Probe B, a NASA project aimed t the measurement of the Thomas precession of gyroscopes in Earth orbit, to test general relativity. (8) - v The fascinating journey from Pythagoras to Einstein presents itself in this article by means of our gyro ector space theory that we have developed in Ref. 3. It allows, by means of the Einstein velocity addition, the

P Hyperbolic Pythagorean Theorem to be presented in a form fully analogous with the form originally derived by ythagoras, as shown in Fig. 1. The long path from Pythagoras to Einstein has been described (i) by Friedrichs - in his book From Pythagoras to Einstein, tracing the Pythagorean Theorem through its various metamor (9) p^2 hoses leading to E =mc ; and (ii) by Lanczos in his book Space Through the Ages The Evolution of Geometrical Ideas from Pythagoras to Hilbert and Einstein. Our presentation of the Hyperbolic Pythagorean Theorem

(10)

as an identity that expresses the square of the hyperbolic length of the hypotenuse of a hyperbolic right angled l f triangle as the Einstein sum of the squares of the hyperbolic lengths of the other two sides, exhibits a nove eature of the path from Pythagoras to Einstein.

By deciphering the algebraic structure concealed in the Thomas precession of the special theory of rela-

t tivity it became possible to understand the Einstein velocity addition in terms of analogies that it shares with he vector addition of Euclidean geometry. More generally, the Thomas precession is abstracted to the Thomas

a gyration, giving rise to a grouplike structure called a gyrogroup. Exploring the resulting gyrogroup theory long lines parallel to group theory, we introduce a scalar multiplication into some gyrocommutative gyro- g (3) roups in the same way that scalar multiplication is introduced into some commutative groups to construct vec-

t tor spaces. The resulting gyrovector spaces then provide the setting for hyperbolic geometry in the same way hat vector spaces provide the setting for Euclidean geometry. Interestingly, there are more gyrovector spaces

s than vector spaces since two vector spaces with equal dimensions are isomorphic while any two non-isomorphic ymmetric spaces give rise to corresponding non-isomorphic gyrovector spaces.^{)(11} - d The name "hyperbolic geometry" for the Non-Euclidean geometry of Bolyai and Lobachevsky was intro uced by Klein in 1871. Five years after Einstein’s 1905 paper that founded special relativity theory, a

(12) (13)

(14)

C^v roatian mathematician, Vladimir Varicak, pointed out that relativistic velocity spaces are governed by - hyperbolic geometry. Following Varicak’s pioneering work and recently discovered analogies shared by hyper v bolic and Euclidean geometries, hyperbolic geometry can now effectively be used in the study of velocity y s spaces in relativistic mechanics in the same way that Euclidean geometry is employed for the study of velocit paces in classical mechanics. Specifically, (i) following the discovery of the mathematical regularity stored in s the relativistic effect known as Thomas precession in 1988; (ii) following the abstraction of the Thoma (6)

-- -

- 4 -

precession into the Thomas gyration in 1991; and (iii) following the introduction of compatible scalar multi- ( (7) 15) plication in 1992, it is now possible to study hyperbolic geometry by means of novel striking analogies that

c it shares with Euclidean geometry, resulting in corresponding analogies shared by relativistic mechanics and lassical mechanics.

In order to develop the setting for Euclidean geometry one considers a commutative group of elements,

t called vectors, for which inner product and scalar multiplication are defined. In full analogy, to develop the seting for hyperbolic geometry we consider a gyrocommutative gyrogroup of elements called gyrovectors, for

t which inner product and scalar multiplication are defined. The prefix "gyro" that we extensively use stems from he underlying Thomas gyration.

Historically, the concept of gyrogroup evolved from the 1988 discovery of the gyroassociative law that the Einstein velocity addition obeys. Our first axiomatic approach was proposed in 1989. The various

(6) (16) ) (16 s ( forerunners of gyrogroups and gyrocommutative gyrogroups were K-loops, proposed in 1989, WAG Weakly Associative Groups) and WACGs (Weakly Associative Commutative Groups), proposed in 1990.^) W^{(7)} (17 ACGs were later termed gyrogroups in 1991, a term which was modified in 1997 into gyrocommutative t gyrogroups to accommodate non-gyrocommutative gyrogroups as well. Gyrocommutative gyrogroups tha (3) e T admit scalar multiplication became gyrovector spaces in Ref. 3. It is the exotic grouplike structure to which th homas gyration gives rise which accommodates the gyrovector space that allows the Hyperbolic Pythagorean Theorem to be presented in this article.

We prefer the term "gyrogroup", that we have coined in 1991, over the term "K-loop" that we have c^{(16)} (7) oined in 1989, since it is an integral part of our gyroterminology, in which we emphasize by means of Tho- - g mas gyration analogies shared by Euclidean geometry and hyperbolic geometry, as well as corresponding analo ies shared by classical mechanics and relativistic mechanics. Thus, for instance, the Einstein velocity addition - m is a gyrocommutative gyrogroup operation, in full analogy with the ordinary vector addition, which is a com utative group operation. Similarly, the (homogeneous, proper, orthochronous) Lorentz group is the gyrosem- i (3) direct product of a gyrogroup of left gyrotranslations and a group of rotations in full analogy with the (homogeneous) Galilei group which is the semidirect product of a group of translations and a group of rotations.^{(18,19)}

s The latter, in turn, is isomorphic with the group of Euclidean rigid motions and the former, by analogy, is conidered as the group isomorphic with the group of relativistic "rigid motions".^{)(20} d b Of particular interest are analogies shared by gyrovector spaces and vector spaces and analogies share y their respective geometries, the hyperbolic and the Euclidean ones. Thus, for instance, the unique geodesic c e line that contains two given points a (for t =0) and b (for t =1) of a vector space is given by the parametri quation

a + (− a + b) t , t ∈IR (1.2)

s where + is a commutative group operation and where the product between a vector and a scalar is the common calar multiplication in a vector space. In full analogy, it has been shown in Ref. 3 that the unique geodesic line that contains two given points a (for t =0) and b (for t =1) of a gyrovector space is given by

a + (− a + b) . t , t ∈IR (1.3) b b b b b e t where + is a gyrocommutative gyrogroup operation and . is the scalar multiplication in a gyrovector spac hat we define in Defs. 2.1 − 2.3 of Section 2.

-- --

F

- 5 -

urthermore, curves that describe uniform acceleration in velocity spaces are geodesics. Hence, as^{(21)} 0 e_g xplained in Ref. 3, the time dependent velocity v (t) of an initial, relativistically admissible velocity v and a constant, relativistically admissible acceleration a is given in relativistic mechanics by the equation

v (t) = v + a . t , t ∈IR (Fig. 2) (1.4)

g 0 b b 0 n g in full analogy with its classical mechanics counterpart, v(t)=v +at . The curves (1.4) are the well know eodesics of hyperbolic geometry relative to the hyperbolic metric (5.8) that will be presented in Section 5. One of these curves in the Poincare disk model of hyperbolic geometry is shown in Fig. 2. ´ iiiiiiiiiiii

i FIGURE 2 iiiiiiiiiii cc c cc c

o a Since we wish to emphasize analogies shared by classical and relativistic mechanics that correspond t nalogies shared by Euclidean and hyperbolic geometry, we explore in Section 5 the dual metric, relative to which the curves

v (t) = a . t + v , t ∈IR (Fig. 3) (1.5) d 0 b b are geodesics, called dual geodesics. Since the Einstein velocity addition is gyrocommutative, Def. 2.2, rather than commutative, the curves (1.4) are different from the curves (1.5) whenever v and a are nonparallel. The 0 ) (22 n t curves (1.5) are known in hyperbolic geometry as hypercircles or equidistant curves. One of these curves i he Poincare disk model of hyperbolic geometry is shown in Fig. 3. ´ iiiiiiiiiiii

i FIGURE 3 iiiiiiiiiii cc c cc c

e Being equal, v +at and at +v are equally significant in classical mechanics, where they describe th 0 0 velocity of a uniformly accelerated object. If analogies are to be validated, the physical and the geometric , ( significance of the curves in (1.4) and (1.5) should be equal as well. Promising results indicating that, indeed 1.5) is likely to be found as significant as (1.4) are presented in Section 5. It is shown in that section that, like e t (1.4), the curves (1.5) are also geodesics, but relative to a dual metric that emerges naturally in Section 5. W hen discover that the Euclidean Pythagorean Theorem has no hyperbolic counterpart in the dual metric. As to n h compensate for this loss, we show in Section 5 that the sum of the three dual angles of any dual triangle i yperbolic geometry is π. This observation strengthens our conjecture that no Euclidean property has been lost

i in the transition from Euclidean geometry to hyperbolic geometry. The seemingly lost properties, like parallelsm, in fact reappear with the dual metric and its dual geodesics and dual angles. s a It is interesting to realize from Figs. 2 and 3 that in hyperbolic geometry geodesics and equidistant curve re closely related by the noncommutativity of the gyrogroup operation + in Eqs. (1.4) and (1.5). We will see b n S in this paper that (i) on one hand, only the curves (1.4) give rise to the Hyperbolic Pythagorean Theorem, i ection 4. But, (ii) on the other hand, only the curves (1.5) give rise to the hyperbolic π − Theorem, in Section 5.

- --

- 6 -

e 2. The Poincare ball model of hyperbolic geometry and its associated Mobius gyrovector spac

.. .. s o Hyperbolic geometry is studied in the literature by means of several standard models. The various model f hyperbolic geometry are equivalent to each other in the sense that if inhabitants of one model of hyperbolic r w geometry were to communicate with those of another model by telephone, they would not be able to tell thei orlds apart. In fact, it was Poincare who analyzed the role of geometry in physics and concluded that one m ´ odel of a geometry cannot be more true than another model of the same geometry, it can only be more con- - venient. Thus, in particular, in the study of relativistic velocities we are free to select any model of hyper

(23)

bolic geometry. Three mutually isomorphic gyrovector spaces which underlie three attractive models of hyper- - bolic geometry have been studied in Ref. 3. These are (i) the Einstein gyrovector space, (ii) the Mobius gyro^{..} f h vector space, and (iii) the Weierstrass gyrovector space, which underlie respectively (i) the Klein disk model o yperbolic geometry, (ii) the Poincare disk model of hyperbolic geometry; and (iii) the Weierstrass model of h ´ yperbolic geometry. The latter is an attractive model of hyperbolic geometry since, unlike other models, its underlying space is not restricted to the ball or to a half-space of an inner product space.

It seems that the natural choice for the study of special relativity would be the Einstein gyrovector space - t since its binary operation is the Einstein velocity addition. However, due to their mutual equivalence, the selec ion of any particular model of hyperbolic geometry for the study of relativistic physics is legitimate. Being - conformal, it is the Poincare disk model which is particularly suitable for graphical presentation of the Hyper ´ bolic Pythagorean Theorem. Within Euclidean geometry, this model of hyperbolic geometry exhibits Euclidean y angles since the Poincare measure of an angle is given by the Euclidean measure of the angle formed b ´ (24) ´ n i Euclidean tangent rays. Therefore, we select in this article the Poincare disk model and its generalizatio nto the ball of the abstract real inner product space for the presentation of the Hyperbolic Pythagorean Theorem.

Gyrogroups are defined in Ref. 3 in terms of their underlying axioms. Gyrovector spaces, in turn, are s s studied in Ref. 3 by means of several concrete examples. We feel that concrete examples of gyrovector space hould be further explored before an axiomatic approach can be taken. Our present Hyperbolic Pythagorean t Theorem in Mobius gyrovector spaces in a form that exhibits analogies shared with its Euclidean counterpar .. justifies an optimistic outlook for eventual construction of the axiomatic foundation of gyrovector spaces. The gyrogroup definition and the definition of the Mobius gyrovector space, as presented in Ref. 3, follow. ..

-- -

- 7 -

DEFINITION 2.1 (Gyrogroups) A groupoid (G, + ) (that is, a non-empty set with a binary operation) is b e e a gyrogroup if its binary operation satisfies the following axioms and properties. In G there exists a uniqu lement, 0, called the identity, satisfying

y (G1) 0 + a = a + 0 = a Identit b b for all a ∈G . For any a ∈G there exists in G a unique inverse, − a , satisfying

(G2) − a + a = a + (− a ) = 0 Inverse b b Moreover, for any a ,b ∈G the map gyr[a ;b] of G into itself, given by the equation ) gyr[a ;b]z = − (a + b) + (a + (b + z)) (2.1

b b b b b e f for all z ∈G , is an automorphism of G (that is, a bijection of G that respects its binary operation + ), and th ollowing hold for all a ,b,c ∈G .

(G3a ) a + (b + c) = (a + b) + gyr[a ;b]c Left gyroassociative Law

b b b b b b b b

(G3b) (a + b) + c = a + (b + gyr[b;a ]c) Right gyroassociative Law (G4a ) gyr[a ;b] = gyr[a + b,b] Left Loop Property b b (G4b) gyr[a ;b] = gyr[a ,b + a ] Right Loop Property

l DEFINITION 2.2 (GyrocommutativeGyrogroups) A gyrogroup (G, + ) is gyrocommutative if for al b ( a ,b ∈G

G6) a + b = gyr[a ;b](b + a ) Gyrocommutative Law

E b b xamples of gyrogroups, both gyrocommutative and non-gyrocommutative, abound in several areas of r mathematics and physics. To gain experience with the beautiful gyrogroup structure, readers may conside

(3, 25) 4 4 b - p the simplest non-group nongyrocommutative gyrogroup (T , . ) where T is the set of all 4×4 real (or com lex) upper triangular matrices with diagonal elements 1,

M(x) = I J J J J L0 0 0 1

0 0 1 x

0 1 x x

1 x x x

M J J J J O (2.2a) 1 4 2

6 5 3

4 1 2 3 4 5 6

6 6 b -

C ). The gyrogroup operation . in T is given in terms of matrix multiplica / t x=(x ,x ,x ,x ,x ,x )∈IR (or ion by the equation

M(x) . M(y) = M (x)M(y)M (x) (2.2b)

b^{2 −1}

w^{2 −1} here M is the square of a matrix M and M is its inverse. The gyrogroup inverse of a matrix . M(x)∈(T , . ) is, clearly, given by matrix inversion, (M(x)) =M (x). Hence, for instance, according to Eq 4 −1 −1 b b4 n

(2.1) the gyroautomorphisms gyr[M(a), M(b)] of the gyrogroup (T , . ) are given in terms of their effects o

- --

M(z) by the equation

- 8 -

gyr[M(a), M(b)]M(z) = (M(a) . M(b)) . (M(a) . (M(b) . M(z))) (2.2c)

b b b b −1 4 b for all M(a), M(b), M(z)∈(T , . ), where we use multiplicative, rather than additive, notation. This and other related non-gyrocommutative gyrogroups are studied in Ref. 25.

Like groups, some gyrocommutative gyrogroups give rise to gyrovector spaces. Of particular interest in g this article is the Mobius gyrocommutative gyrogroup that has been presented in Ref. 3. In the followin .. .. .. . Definition we extend the definition of a Mobius gyrogroup into that of a Mobius gyrovector space A most elegant example of a gyrogroup arises in the study of the Mobius transformation group of the .. .. , C. Mobius transformations of the disk / C : ez e<1}, of the complex plane / complex unit disk D, D ={z ∈ z e−−−> e 1+zd z z +z hhhhhh = e (z + z) (2.3)

0 iθ 0 0 iθ b m R consist of rotations and translation like maps. The usefulness of (2.3) in string theory is evidenced fro ef. 26. The complex unit disk and its Mobius transformations (2.3) form the Poincare disk model of hyper- ( ..´ 27) b

bolic geometry. The binary operation + that Eq. (2.3) defines in the complex unit disk is a gyrogroup l operation. Rather than confining our study to the Poincare disk model of hyperbolic geometry, we wil

(28)´

p^{..} resent in the following definition the (generalized) Mobius transformation of the ball, allowing us to expand our study to the Poincare ball model of hyperbolic geometry in any dimension, finite of infinite. ´ .. a T b he Mobius addition + in the disk D is studied in the literature as a transformation ϕ of the disk n c rather than a binary operation in the disk. It is known to be useful in the modern geometric point of view i omplex function theory which began with Ahlfors’ classic paper that demonstrated that the Schwartz lemma f can be viewed as an inequality of differential geometric quantities, curvatures, on the disk. The usefulness o^{(29)}_. t^{.. .} he Mobius addition in geometric function theory is evidenced from Ref. 30 where it is noted that the Mobius transformation ϕ of the disk, a aϕ (z) =

1+adz z +a hhhhhh a a ,z ∈D , does not preserve Euclidean distance, but it does preserve Poincare distance. We consider ϕ (z) as ´ a .. a b e q left gyrotranslation of a by z, and express it in terms of the Mobius addition as ϕ (z)=z + a . Th ualification of ϕ (z) to be viewed as a binary operation + between a and z stems from the fact that the a b r b esulting binary operation + is a gyrogroup operation.

Eq. (2.3) represents a special Cartan’s decomposition. Further generalization of the Mobius transforma-^{..} - c tion situation in (2.3) and its resulting gyrogroup to the so called Riemannian globally symmetric spaces of non ompact type is possible, as we will indicate at the end of this article. We are, however, interested in the generalization of (2.1) to the ball of any real inner product space that we present in the following definition.

- --

D

- 9 -

EFINITION 2.3 (The Mobius Gyrovector space) Let (V ,+, .) be a real inner product space, and let

V_s .. ∞ be its open s-ball, s being an arbitrary fixed positive constant, s V = v∈V : eevee<

s ∞ ONON M K L K I b b T^{..}_{∞ s} he Mobius gyrovector space induced by V is the triple (V , + , . ) equipped with inner product and norm

that it inherits from V , where (i) the binary operation + in V is given by the equation ∞ s b b

2 4 2 2 2 2 2 2 2 O N O N M K L K I u + v = 1+ s 2hhh u .v+ s 1hhh

eeu ee eevee h 1 hhhhhhhhhhhhhhhhhhhhh (1+ s 2hhh u .v+ s 1hhh

eevee)u + (1− s 1hhh eeu ee)v (2.4)

−−−>u + x of the ball; and (ii) the scalar multiplication . e representing a generalized Mobius transformation x .. b b i_sn V is given by the equation

r . v = s 1 + s eevee hhhh + 1 − s eevee hhhh 1 + s eevee hhhh − 1 − s eevee hhhh hhhhhhhhhhhhhhhhhhhhhhhhh eevee hvhhh

( ) ( ) ) b ( ) (^{r r} r r

(2.5) hhhhv e hhhh) eeve eeeve s = s tanh(r tanh^{−1}

s b .

where r ∈IR, v∈V , v≠ 0; and by r . 0=0

The Mobius addition (2.4) in the ball V is reducible to the well known Mobius transformation z + z = .. s .. 1 2b

(_{1 2 1 2} z +z )/(1+zd z ) of the complex disk, Eq. (2.3), as we will show in Eq. (2.18) below. In the limit of large s,

s → ∞, the ball V expands to the whole of its space V , and the Mobius addition reduces to the ordinary addi- s ∞ .. ∞ . tion of vectors in V

The pair (V , + ) forms a gyrocommutative gyrogroup, called a Mobius gyrogroup. The triple s (31) .. b b b s .. .. n a (V , + , . ) is accordingly called a Mobius gyrovector space. The relationship between the Mobius additio

nd the Einstein velocity addition is presented in Ref. 3 where the two binary operations in the ball are respec-

tively denoted by + and + .

b b_E T M he scalar multiplication in a gyrovector space, consistent with certain elementary properties that one r r expects a notion of scalar multiplication to satisfy, is presented in Ref. 3. In addition, one may note for late

eference that for any element v in a Mobius gyrovector space and r ∈IR a positive real number we have

.. +

b b eer . vee r . v hhhhhhhh = eevee hvhhh (2.6)

The Lorentz factor γ in a Mobius gyrovector space (V , + , . ) is given by the equation v .. s b √ b ddd v 2 2 γ = 1− s eevee hhhhh h 1 hhhhhhhhhh , (2.7)

satisfying

- -- γ

- 10 -

= γ γ 1 + s 2hhhu .v + s 1hhh

eeu ee eevee . (2.8)

ub+ v u v 2 4

2 2d √ddddddddd .. s n The gyroautomorphism operation gyr of the Mobius gyrovector space V is given by the equatio

gyr[u; v]z = − (u + v) + {u + (v + z)} (2.9)

f_s

b b b b

or all u, v,z∈V , as wee see from Eq. (2.1). It can be shown that the gyroautomorphism gyr[u; v] in (2.9), generated by any u, v∈V , is an orthogonal transformation of V . s ∞ ´ A^{..}_s

Mobius gyrovector space V is a metric space equipped with the Poincare distance function ) d(x,y) = eex − yee (2.10 b b b^´ s s o where we use the obvious notation x − y to denote x + (− y). The Poincare distance function maps V ×V nto the open interval (or, the s-ball) IR =(− s,s) of the real line IR, satisfying the gyrotriangle inequality s b d(x,z) ≤ d(x,y) + d(y,z) (2.11)

for all x,y,z∈V , where equality holds if and only if y lies on the geodesic segment which joins x and z. The s .. b b inary operation + in Eqs. (2.10) and (2.11) is the Mobius addition. However, the one in Eq. (2.11) can also f d be regarded as the Einstein velocity addition since, when applied to parallel vectors (particularly, vectors o imension 1) the Mobius addition is identical with the Einstein velocity addition. The binary operation + in .. b s y a the gyrotriangle inequality (2.11) can thus be regarded as the Einstein addition in IR . The Einstein velocit ddition in IR follows from Def. 2.3, as explained in Eq. (2.12) below. In the special case when V =IR is the

s s s 2

∞ 2 s-disk of the Euclidean plane V =IR , one recovers from (2.11) the well known geodesics of plane hyperbolic geometry. These are the circular arcs which intersect the boundary of the disk orthogonally, as shown in

(32) (24)

Fig. 2.

The set of norms of all elements of the ball V of V is the ball IR =(− s,s) of the real line IR. Inhabi- ´ s ∞ s s r r tants of the Poincare ball model of hyperbolic geometry naturally consider IR as the set of the whole of thei eal numbers that describe speeds. Accordingly, their hyperbolic metric spaces involve the gyrotriangle inequality (2.11) rather than the standard triangle inequality in metric spaces, like the one in Eq. (2.14) below.

Realizing the abstract real inner product space V by the real line IR, Def. 2.3 reduces to the definition of s ∞ s b a b b

binary operation + in IR , turning it into a commutative group (IR , + ) with + given by the Einstein velocity addition of parallel velocities

a + b = 1+ab/s a + b hhhhhhhh (2.12)

b_2 s s b b , t a, b∈IR . Moreover, Def. 2.3 also provides a scalar multiplication . in the commutative group (IR , + ) urning it into a vector space (IR , + , . ) over IR with . given by the equation

s b b b

b^{−1}

r . a = s tanh(r tanh s hah) (2.13)

that can be recovered from Eq. (2.5) when V =IR._∞ s W b b

e may note that while 1 . a =a, in general, r . 1≠ r . Hence we view 1∈IR (when s >1), as well as every element of IR , as a vector rather than a scalar. s

-- --

I

- 11 -

ncidentally, while the pair (IR , + ) is frequently used in the literature as an example of an exotic s b b b (33) s group, the triple (IR , + , . ) is not used to exhibit an example of an exotic vector space. In fact, it is due - to the absence of Thomas gyration in one dimensional space that (IR , + ) and (IR , + , . ) have their respec

s s b b b s h tive commutative group and vector space structure. It is the presence of the Thomas gyration in dimension igher than 1 that distorts these group and vector space structures. It converts (i) the commutative group r (IR , + ) into a gyrocommutative gyrogroup (V , + ) and (ii) the vector space (IR , + , . ) into a gyrovecto

s s s b

b b b b b s_s pace (V , + , . ).

The axioms underlying gyrocommutative gyrogroups are well understood in Ref. 3 in terms of analogies

a that they share with those of commutative groups. Unfortunately, we cannot presently offer an axiomatic pproach to gyrovector spaces since a gyrodistributive law in (V , + , . ) that reduces to the distributive law s b b b b b b b b b s r . (a + b) = r . a + r . b in (IR , + , . ), r ∈IR, is, as yet, unknown. The elusive gyrodistributive law - b defies, to date, the exploration of concrete examples of gyrovector spaces. We therefore hope that the hyper olic law of cosines and its resulting hyperbolic polarization identity and the Hyperbolic Pythagorean Theorem - v that we present in this article constitute an important step towards our envisaged axiomatic approach to gyro ector spaces, guided by analogies shared with vector spaces. s The right hand side of the gyrotriangle inequality (2.11) can be written a

s tanh(tanh s d(x,y) hhhhhh + tanh s d(y,z) hhhhhh) −1 −1 , Hence the gyrotriangle inequality (2.11) can be written as a triangle inequality

tanh s d(x,z) hhhhhh ≤ tanh s d(x,y) hhhhhh + tanh s d(y,z) hhhhhh (2.14) E −1 −1 −1 q. (2.14) involves the standard addition of real numbers in IR as opposed to Eq. (2.11), which involves the c Einstein addition of real numbers in IR . Hence, it is customary in the literature to define the hyperbolic metri s as 2 tanh (d(x,y)/s) = ln s − d(x,y) s +d(x,y) hhhhhhhhh (2.15) (

−1

34) with s =1. The factor 2 in the metric (2.15) is chosen in order to make the resulting Gaussian curvature −1 o when s =1, as opposed to the Gaussian curvature of the Poincare metric (2.10) which is − 4/s according t

(35) ´ 2

(36) - c Eq. (5.18b) in Section 5. We, however, prefer to leave s as a free positive parameter, and employ the Poin are metric d(x,y) with its gyrotriangle inequality (2.11) in order to emphasize analogies shared by the hyper- b ´ olic and the Euclidean geometry. As a result, we will be rewarded in this article by the discovery that the , e Hyperbolic Pythagorean Theorem can be presented in a form fully analogous to its Euclidean counterpart xpressing an Einstein sum of squares as a square, Theorem 4.3 and Fig. 6. 8 o The gyrotriangle inequality (2.11) follows from Eq. (2.8), Cauchy-Schwarz inequality, and Theorem 5.

f Ref. 3. Details are given in Ref. 31. Mobius addition + , Eq. (2.4), is known in the literature on Mobius

.. .. b a o u groups in disguise. It has been studied by Ahlfors in connection with the map x → T (x) that he advocated t se as a standard conformal map of the ball B of the Euclidean n-space IR on itself. It turns out that this n n ) .. a (35, 37

b b .

map expresses the Mobius addition + by means of the equation T (x)=− a + x

- --

Moreover, Ahlfors did present the identity

- 12 -

T (x) = − Δ(x,y)T (y) (2.16) n y x a for all x,y∈B that T obeys as an interesting but an isolated relation, where Δ(x,y) is an orthogonal transformation of B . It has gone unnoticed that (i) the Ahlfors rotation Δ(x,y) is analogous to the Thomas precession n (or, rotation) of the special theory of relativity; that (ii) Identity (2.16) can be interpreted as a relaxed commutative law for the Mobius addition, our gyrocommutative law (G6) in Def. 2.2; and that (iii) the same Ahlfors .. rotation Δ that gives rise to a relaxed commutative law in Eq. (2.16), gives rise to a relaxed associative law for - the Mobius addition as well, our gyroassociative law (G3) in Def. 2.2. In contrast, we place the Ahlfors rota .. tion (or, equivalently, the Thomas precession) and its abstraction, the Thomas gyration, in the foundations of non-Euclidean geometry.^{(3)} .. The Mobius transformation of the ball in higher dimensions, n ≥ 3, studied in Refs. 31,35 and 37, is not

t well known in the standard literature on hyperbolic geometry. In contrast, its special case n =2, corresponding o the Poincare disk is well known. To see this let us, therefore, realize the abstract real inner product space V_∞ ´ 2 s ´ s 2 e r in Def. 2.3 by the Euclidean plane IR , reducing the ball V into the Poincare disk IR whose points can b epresented by the points of the complex s-disk D of the complex plane /C, s s I K L M N O D = z ∈ /C : ez e< s (2.17)

Mobius addition + , Eq. (2.4) reduces to the well known Mobius transformation of the disk,

.. .. (31) b b_{1 2 1 2 2}^{1 2}

z + z = 1+zd z /s z +z hhhhhhhhhh (2.18)

- when V is realized by IR , and when complex number representation for vectors in IR is employed. Accord ∞ 2 2 ´ n ingly, the distance function (2.10) reduces to the well known Poincare distance functio

d(z ,z ) = ez − z e = 1− zd z /s z − z hhhhhhhhhh (2.19) 1 b 2 1 2 1 2 2 1 2e e

i^´ n the Poincare disk. The Einstein velocity addition for parallel velocities, Eq. (2.12), is recovered from Eq. (2.18) when z and z are real and when s represents the vacuum speed of light. 1 2 s=1 s v The binary operation (2.18) in the complex unit disk D is known in the literature in disguise. It i iewed in the literature as a Mobius transformation of D rather than as the Mobius addition. Similarly, also .. s=1 ..

s s=1 s k the scalar multiplication (2.5) for the special case when the ball V reduces to the complex unit disk D i nown in the literature, in disguise. It is viewed in the literature as a means of generating geodesics for the Teichmuller metric, rather than as the Mobius scalar multiplication in a Mobius gyrovector space.

.. (38) .. ..

-- -

- 13 -

e 3. Hyperbolic geometry of the ball in a real inner product spac

In physics vectors appear as a geometric concept. A basic notion in geometry is that of the point. Hence,

b if we wish to find a geometry closely tied to a gyrovector space we will have to establish a relationship etween gyrovectors and points. This relationship is naturally analogous to the one between vectors and points in vector spaces; see, for instance, Artzy.^{(39)} s s .. s ∞ L b b

et V =(V , + , . ) be the Mobius gyrovector space of the ball V of a real inner product space V s with its natural metric d(x,y)= ee− x + yee, known as the Poincare metric. We call the elements of V point

b^´ s s a b nd associate a nonzero geometric gyrovector, − a + b, with any ordered pair (a, b) of distinct points a, b∈V . The geometric gyrovector associated with the pair (a, b) has length d(a, b) = ee− a + b ee, and it is viewed as a b , v geodesic segment directed from a to b. The analogies shared with the Euclidean geometric vector b − a iewed as a straight arrow of length eeb − a eedirected from a to b are obvious. s The motions of the ball V , which determine its hyperbolic geometry, are (i) the left gyrotranslation s L_{x s s}

: V → V , given by

L v = x + v x b s x_{s s}

,v∈V , and (ii) the rotations of V , that is, those isometries of V that possess a fixed point. - The length of geometric vectors in V is invariant under the motions of V . The invariance under rota s s t g tions is obvious, and the invariance under left gyrotranslations follows from Theorem 5.8 in Ref. 3 noting tha yrations are rotations. Specifically, let (x + a, x + b) a be a left gyrotranslated pair of the pair (a, b) by x in V_s b b . It then follows from Theorem 5.8 of Ref. 3 that ) − L a + L b = − (x + a) + (x + b

x x b b b b

(3.1) = gyr[x;a] (− a + b)b d w so that, noting that gyrations are isometries, both the geometric gyrovectors associated with the pair (a, b) an ith its left gyrotranslated pair (L a, L b) = (x + a, x + b) have equal lengths

x x b b b b x x ee− L a + L b ee = ee− a + b ee (3.2) Hence, following Klein’s Erlangen Program that Klein announced at the University of Erlangen in 1872, the^{(24)} f m length of a geometric gyrovector has geometric significance in the geometry that is determined by the group o otions of V . E s qs. (3.1) and (3.2) show that, unlike Euclidean geometry, in hyperbolic geometry a geometric vector

i from a to b is, in general, not equivalent to its left gyrotranslated gyrovector; it is only its length which remains nvariant under a left gyrotranslation.

The origin is, however, a special point in hyperbolic geometry in the sense that every geometric vector from a to b is equivalent to a geometric vector from the origin, 0, to − a + b. This follows from Eq. (3.1) with b - t x=− a, noting that gyr[− a; a] =id is the identity transformation. Specifically, thus, the two geometric gyrovec ors determined by the two ordered pairs (a, b) and (0,− a + b) are equivalent. A b vector in physics is determined by its length and relative orientation. By analogy, we wish that also a - p geometric gyrovector be determined by its length and relative orientation. Being guided by analogies, to accom lish this task we define the cosine of the angle α between the two geometric gyrovectors associated with the

-- -

- 14 -

t pairs (a, b) and (a, c), of which the first entries are coincident, Fig. 4, by the inner produc cosα = ee− a + b ee

− a + b hhhhhhhhhh . ee− a + cee

− a + c hhhhhhhhhh (3.3) b b b b +− r π Eq. (3.3) determines the angle between two rays emanated from a common point. The angle is either α o

α, depending on the direction of the rays, 0≤ α ≤ 2 hπh, in full analogy with angles between directed rays in −+ Euclidean geometry. iiiiiiiiiiii

i FIGURE 4 iiiiiiiiiii cc c cc c

- The angle α in (3.3) is in fact the angle between two geodesic rays, L and L , emanated from a com

a, b a, c f t mon point, a, and containing respectively two given points, b and c, Fig. 4. To show that α is independent o he choice of the points b and c on the two directed rays L and L that are emanated from a, we note that

a, b a, c s the two rays are given in our analytic hyperbolic geometry by the parametric equation

L = a + (− a + b) . t

a, b b b b and L = a + (− a + c) . t

a, c b b b

w^{+ (3)} here t is a real parameter running over IR =(0,∞). Let therefore b* and c* be any two points other than a on L and on L respectively as shown in Fig. 4. Then, there exist t and t in IR such that

a, b a, c 1 2 + b b b b 1

* = a + (− a + b) . t (3.4) c* = a + (− a + c) . t

b b b 2 c a, b a, e α To show that α is independent of the choice of b* and c* on the geodesic rays L and L that defin we will show that the cosine of the angle α between the two geometric gyrovectors associated with the pairs (a, b* ) and (a, c*) is independent of the choice of t ,t ∈IR in (3.4). 1 2 + d ( According to eq. (3.3), the angle between the two geometric vectors associated with the pairs (a, b* ) an a, c*) is given by

ee− a + b* ee

− a + b* hhhhhhhhhhh . ee− a + c* ee

− a + c* hhhhhhhhhh = ee(− a + b) . t ee

(− a + b) . t hhhhhhhhhhhhhhh . ee(− a + c) . t ee

(− a + c) . t hhhhhhhhhhhhhhh b b b b b b b b b b b b 1 1 2 2

b b b b = ee− a + b ee

− a + b hhhhhhhhh . ee− a + cee

− a + c hhhhhhhhh (3.5)

= cosα , The first equality in (3.5) follows from an application of the left cancellation law, e.g.

- --

−

- 15 -

a + b* = − a + a + (− a + b) . t = (− a + b) . t N O N M K L K I b b b b b b b 1 1 n ( The left cancellation law is presented in Ref. 3 as well as in Eq. (5.1) of Section 5.1. The second equality i 3.5) follows from Eq. (2.6).

The angle α is invariant under the motions of V as we see from Eqs. (3.1) − (3.3), noting that the inner p s roduct is preserved by rotations. Moreover, hyperbolic angles keep their numerical value invariant in the tran- - sition between the gyrovector spaces of Einstein, Mobius and Weierstrass. Hence, finally, geometric gyrovec .. t_s ors have geometric significance in V since their lengths and relative orientations are preserved under the r motions of V . Unlike Euclidean geometric vectors, however, geometric gyrovectors are not invariant unde s (left or right) gyrotranslations, as we see from Eq. (3.1) according to which a left gyrotranslation of a geometric gyrovector results in a Thomas gyration (that is, a rotation) of the gyrovector.

Two geometric gyrovectors are orthogonal if the cosine of the angle between them is zero. By defining s orthogonality in V we have completed setting the stage for the Hyperbolic Pythagorean Theorem in a Mobiu s .. ´ . gyrovector space, that is, in the Poincare ball model of hyperbolic geometry

- --

- 16 -

y 4. The Hyperbolic Pythagorean Theorem in the Poincare ball model of Hyperbolic Geometr ´

s .. b b THEOREM4.1 Let (V , + , . ) be a Mobius gyrovector space. Then

) hhhhhhhhhhhhhhhhhhhhhhhhhhhhh (4.1 b 2a . h hhhba . s hhhhh + 2 eeeb e s hhhhh 1 + eeea e s hh 1 + 1 s hhhhh +eeeb e s hhhhh +eeea e s hhhhhhhhh =e eea + b e s 2 2 2

2 2 2 2 2 b b b

( )( ) s . for all a, b∈V

In particular, if a and b are orthogonal then e s ea + b ee hhhhhhhhh = s eea ee hhhhh + s eeb ee hhhhh (4.2) b b 2 2 2

s b . ( Proof The proof is by straightforward algebra, noting that the + between elements of V , given by Eq 2.4), is neither commutative nor associative, while the + between elements of IR , given by Eq. (2.4) as well, b s e t is both commutative and associative as shown in Eq. (2.12). Specifically, one can readily show that each of th wo sides of (4.1) equals eea +b ee/(1+2a .b/s + eea ee eeb ee/s ), QED.

Noting that

2 2 2 2 4

2 . a = a + a = 1 + eea ee/s 2a hhhhhhhhhh

b b_{2 2}

Eq. (4.1) can be written as

s eea + b ee hhhhhhhh = s eea ee hhhhh + s eeb ee hhhhh + s h1h 1 + 2s h1hhh (2 . a) .(2 . b) h1 2 h (2 . a) .(2 . b) hhhhhhhhhhhhhhhhhhhhhh (4.3) b b b b b b b 2 2 2

2 ) which, in turn, can be manipulated into the hyperbolic polarization identity,^{(40}

s eea + b ee hhhhhhhhh − s eea − b ee hhhhhhhhh = s (2 . a) .(2 . b) hhhhhhhhhhhhhh (4.4)

b b b b b 2 2

.. s b b

in Mobius gyrovector spaces (V , + , . ) in full analogy with the polarization identity in real inner product spaces (V ,+, .), ∞ 2 2 b W eea + b ee − eea − b ee = 4a .

e will now relate the identities in Theorem 4.1 to hyperbolic triangles thereby obtaining the hyperbolic r law of cosines and the Hyperbolic Pythagorean Theorem. Let Δabc be the triangle in a Mobius gyrovecto^{..} s_{s s s s}^2 pace V whose vertices are a, b, c∈V . The special case of V =IR is presented graphically in Fig. 5.

iiiiiiiiiiii

FIGURE 5i c cciiiiiiiiiii cc c

d The sides of the triangle Δabc are formed by the three geometric gyrovectors A =− c + b, B =− c + a anb b C b =− a + b. By Eq. (3.1), we have

-- --

(

- 17 -

− c + b) − (− c + a) = gyr[− c;b](b − a)

b b b b s which, by the gyrocommutative law, can be written a

A − B = gyr[− c;b] gyr[b; − a] C b e Hence, noting that gyr[− c;b] and gyr[b; − a] are isometries, we hav

eeC ee = eeA − B ee^2 2 b N b b

oting that A − B =A + (− B), we have, by Eq. (4.1)

hh eeA − B ee 1 s hh eeC ee = 1 s 2 2b

(4.5) hhhhhhhhhhhhhhhhhhhhhhhhhhhhhh B 2A. B hhh A. 2 hhhhh − s eeeBe s hhhhh 1 + eeeAe s hh 1 + 1 s hh eeBee − 1 s hh eeAee + 1 s = b b 2 2 2 2 2 2 2 t ( )( )

hus obtaining the hyperbolic law of cosines for a hyperbolic triangle Δabc with vertices a, b, c and sides A,B,C in the Poincare ball model. ´ By Eq. (3.3), the inner product A.B in (4.5) satisfies the equation A.B = eeAeeeeBeecosγ, where A,B and γ

T are shown in Fig. 5. The hyperbolic law of cosines can therefore be presented as

HEOREM 4.2 (The Hyperbolic Law of Cosines) Let A, B and C be the three sides of a triangle in a Mobius gyrovector space (V , + , . ), and let γ be the hyperbolic angle between A and B. Then .. s b b

b b ( )( )_2 h1 s 2 2 2 2 2 2 2 h eeC ee = s h1h eeAee + s h1h eeBee − s h1h 1 + s eeAee hhhhh 1 + s eeBee hhhhh − s 2hhh

eeAeeeeBeecosγ

2 eeAeeeeBeecosγ hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh

A a Finally, the Hyperbolic Pythagorean Theorem is recovered from the law of cosines when the two sides nd B of the hyperbolic triangle are orthogonal, Fig. 6.

THEOREM 4.3 (The Hyperbolic Pythagorean Theorem) Let Δabc be a hyperbolic triangle whose vertices are the three points a, b and c in a Mobius gyrovector space (V , + , . ), and whose sides are (if directed .. s b counterclockwise) accordingly b A = − b + c b b a C B = − c + = − a + b If the two sides A and B are orthogonal then b

s h1h eeAee + s h1h eeBee = s h1h eeC ee (4.6)

2 2 2 b

-- -

- 18 -

iiiiiiiiiiii

i FIGURE 6 iiiiiiiiiii cc c cc c

e Fig. 6 shows a practical way to draw hyperbolic right angled triangles in the Poincare ball model. Sinc^´ t a geodesics through the origin of the ball are Euclidean straight lines, it is easy to identify the special righ ngled triangles Δa*b* c* with a right angle at the origin. More general hyperbolic right angled triangles Δabc can then be generated by left gyrotranslations and rotations.

Because of the large potential research rewards at stake for the exposition of more analogies to which h e Thomas gyration gives rise, natural selection made by various explorers is likely to favor a terminology whic mphasizes analogies shared by Euclidean and non-Euclidean geometries and, correspondingly, analogies shared x g by classical mechanics and relativistic mechanics. Our gyroterminology, in which we extensively use the prefi yro, is indeed sensitive to the need to accommodate new terms to describe further discoveries in gyrovector

w space theory that are likely to emerge from time to time. Thus, for instance, the term gyrodistributive law is aiting for the discovery of some unknown law that relates the two operations + and . in gyrovector spaces (_s b b b b V , + , . ) in such a way that it reduces to the common distributive law in vector spaces when Thomas gyration vanishes.

The Hyperbolic Pythagorean Theorem is well known in the literature on hyperbolic geometry, where^{(12, 24)} r s it appears in a form that exhibits no obvious analogies shared with its Euclidean counterpart. Our gyrovecto pace version of the Hyperbolic Pythagorean Theorem, however, exposes analogies shared by the concept of Euclidean Pythagorean orthogonality, and its hyperbolic counterpart that we may naturally call a hyperbolic

(41)

Pythagorean orthogonality. It is therefore hoped that the present exposition of the Hyperbolic Pythagorean c g Theorem, as viewed in gyrovector space theory, will encourage further exploration of our analytic hyperboli eometry approach, resulting in the discovery of more analogies shared by hyperbolic and Euclidean geometries.

The Hyperbolic Pythagorean Theorem provides a way to select elegant distance functions in the various s f models of hyperbolic geometry. Thus, for instance, the elegant form of the Pythagorean identity (4.6) result rom the selection of the Poincare distance function d(x,y) of Eq. (2.10) rather than, for instance, the hyper- − ´ 1 (34, 35)

bolic distance function 2 tanh (d(x,y)/s) (with s =1) that some authors prefer.

- --

- 19 -

? 5. Is there a dual hyperbolic Pythagorean theorem

We have emphasized in Ref. 3 that gyrovector spaces are bimetric, possessing the two distance functions - (5.8) and (5.9) that are presented below. A gyrogroup (G, + ) possesses a dual binary operation + expressi b ‘ b b le in terms of the gyrogroup operation + and its Thomas gyration. The introduction of the dual binary opera- t tion into a gyrogroup G is natural since the binary operation + in G gives rise to a left cancellation law bu b ‘ n l not to a right cancellation law. It is with the help of the dual binary operation + in G that a right cancellatio aw emerges. The left cancellation law and its two associated right cancellation laws are ) − a + (a + b) = b (5.1 b b b ‘ (a + b) − b) = a (5.2) ) (a + b) − b) = a (5.3 ‘ b b ‘ s

The duality between the two binary operations + and + in G is expressed by the three relation

a + b = a + gyr[a; − b]b (5.4) ‘ b b ‘ a + b = a + gyr[a; b]b (5.5) ) Aut(G, + ) = Aut(G, + ) (5.6 b ‘ ‘ - m that they satisfy, as shown in Theorem 4.2 of Ref. 3, where Eq. (5.4) constitutes the definition of + . Further ore, in a gyrocommutative gyrogroup the dual binary operation + is commutative (but not associative), by ‘ ‘ ‘_M, E Theorem 5.10 of Ref. 3. It can be shown by methods of Ref. 31 that the dual gyrogroup operation + = + q. (5.4), in a Mobius gyrogroup (V , + ), where + is the Mobius addition + in Eq. (2.4), can be written .. s M M .. b b b as a + b = 1 − eea ee eeb ee/s

(1− eeb ee/s )a + (1− eea ee/s )b hhhhhhhhhhhhhhhhhhhhhhhhhh (5.7)

‘_{M 2 2 4}

2 2 2 2

.. M‘ While the dual Mobius addition + in Eq. (5.7) is far from being associative, it is commutative and looks simpler than Mobius addition + = + in Eq. (2.4). It is interesting to realize that despite of being so .. M b b b b ‘

M M s e a different, the two binary operations + = + and + , Eqs. (2.4) and (5.7), in the ball V are dual to on nother in the sense of the duality symmetries (5.1) − (5.6). , In a gyrovector space (V , + , . ) the gyrogroup operation + gives rise to the natural metric (2.10)

s b b b

d_b b

(a, b) = eea − b ee (5.8)

Similarly, its dual binary operation gives rise to the dual metric

d (a, b) = eea − b ee (5.9) ‘ ‘ b T ‘ he introduction of the dual gyrogroup operation + in a gyrogroup (G, + ) is initially justified by the

o need to have a right cancellation law, (5.2), in addition to the left cancellation law (5.1) that the gyrogroup peration + offers. More justifications follow. The introduction of the resulting dual metric (5.9) is justified as w b ell, as we will see in the sequel.

-- --

T

- 20 -

he curves a + b . t, a, b∈V , t ∈IR, in the various gyrovector space models of hyperbolic geometry

b b s .. (e.g., the Einstein, the Mobius, and the Weierstrass gyrovector spaces that underlie respectively the Klein- Beltrami, the Poincare, and the Weierstrass models of hyperbolic geometry) describe analytically the standard ´ geodesics of hyperbolic geometry; see Fig. 2 in Section 1 of the present article and Figs. 2, 3, 6 and 7 of Ref. 3. This observation raises a natural question: Why are the curves

a + b . t (5.10) b b s which form the standard geodesics of hyperbolic geometry, seemingly more significant than the curve

b . t + a (5.11) w b b hich are not geodesics? The two families of curves in (5.10) and (5.11) are different since their gyrocommu- f tative gyrogroup operation + is noncommutative. In the special case when + is the Mobius addition o

b b^. 2 .

1 D^´_{s s =} efinition 2.3 in the Poincare disk V =IR , the two curves are shown in Figs. 2 and 3. The curves (5.10) in n t the disk, Fig. 2, are circular arcs that intersect the boundary of the disk orthogonally, while the curves (5.11) i he disk, Fig. 3, are circular arcs that intersect the boundary of the disk diametrically. - v A most elegant answer, according to which both (5.10) and (5.11) are geometrically significant, is pro ided by the dual metric. While the former curves, (5.10), are geodesics relative to the natural hyperbolic . A metric (5.8) of a gyrovector space, the latter curves, (5.11), are geodesics relative to the dual metric (5.9) ccordingly, the curves (5.11) are called dual geodesics, and triangles made out of these are called dual triangles. The dual geodesics are known in hyperbolic geometry as hypercircles or equidistant curves. The term^{(22)} "equidistant curve" is explained in terms of gyrogroup formalism in Ref. 42.

In the Poincare disk the geodesics (5.10) are circular arcs that intersect the boundary of the disk orthogo- n ´ ally, Fig. 2, and the dual geodesics (5.11) are circular arcs that intersect the boundary of the disk diametrically - p (at antipodal points, that is, at diametrically opposite points), Fig. 3. As such, every dual geodesic has a sup orting diameter. The hyperbolic orientation of the dual geodesic is, suggestively, defined to be the Euclidean - d orientation of its supporting diameter. It can be shown that, as a result, the dual angle between two dual geo esics is the one given by Eq. (5.12) below, which shares obvious analogies with the analytic description of Euclidean angles. Several geodesics in the Poincare disk are shown in Figs. 2,4-6. Several dual geodesics are ´ . shown in Fig. 3, and in Figs. 1a, 2a, 3, 5a, 5b, 10 and 12 of Ref. 32

The usefulness of geodesics in differential geometry and in mathematical physics is well known. Due to e t the similarity between the two families of curves in (5.10) and (5.11), and since they are both geodesics relativ o their respective metrics, one should expect that duality in geodesics and in angles that they generate will be found useful as well. This expectation is indeed justified, as we will see in Eqs. (5.13) below.

It has been demonstrated in Ref. 3 that the two metrics, (5.8) and (5.9) of a gyrovector space interplay

( harmoniously. In addition, it was shown there that while i) triangle medians in hyperbolic triangles are concurrent (satisfying a corresponding Euclidean geometry

( property), ii) dual triangle medians in hyperbolic dual triangles are not concurrent (violating a corresponding Euclidean geometry property).

- --

- 21 -

e ( In contrast, however, it was shown in Ref. 3 that whil i) the parallel postulate is not valid in geodesics in hyperbolic geometry (violating a corresponding

( Euclidean geometry property), ii) the parallel postulate is valid in dual geodesics (satisfying a corresponding Euclidean geometry property). e s It is thus clear that the hyperbolic geometry as we presently know in the literature is only half of th tory; the other half is concealed in the structure to which the dual metric gives rise. We say "story" rather r i than "theory" since at this early stage of the development our demonstration is anecdotal in nature. Thus, fo nstance, (I) the parallel postulate that has seemingly disappeared in the transition from Euclidean to hyperbolic f a geometry, reappears with the dual metric of hyperbolic geometry. Accordingly, the sum of the three angles o ny hyperbolic triangle is less than π, but the sum of the three dual angles of any dual triangle equals π, as we - p will see in Eq. (5.13b) below. (II) Conversely, the triangle median concurrency is a property that did not disap ear in the transition from Euclidean to Hyperbolic geometry. "Hence", it is being violated relative to the dual

m metric. The two dual hyperbolic geometries to which the hyperbolic dual metrics give rise are thus compleentary, mutually making up what is lacking.

Having two metrics in hyperbolic geometry, it is natural to explore whether a hyperbolic Pythagorean s t theorem is valid relative to the dual metric as well. The complementarity of the two dual hyperbolic geometrie hat we have just observed suggests that the Hyperbolic Pythagorean Theorem is not valid in the dual metric - i "since" it is valid relative to the standard hyperbolic metric, as shown in Eq. (4.6). But, in compensation of los ng the hyperbolic Pythagorean theorem in the dual metric, another important property of Euclidean triangles l m which is not valid in the standard hyperbolic metric (5.8) will hopefully be found valid relative to the dua etric. This is indeed the case. The compensation for the loss of the Hyperbolic Pythagorean Theorem in the e t dual metric is fully paid for by the dual metric establishing the π − Theorem according to which the sum of th hree dual angles (to be defined below) of any dual triangle is π. Thus, the complementarity of the dual hyper-

( bolic geometries emerges again. While i) right triangles obey the hyperbolic Pythagorean identity in the Poincare model of hyperbolic geometry

( (satisfying a corresponding Euclidean geometry property), ´

ii) dual right triangles do not obey it (violating a corresponding Euclidean geometry property).

( In contrast, however, while i) the sum of the three angles of a triangle in hyperbolic geometry is less than π (violating a corresponding

( Euclidean geometry property), ii) the sum of the three dual angles of a dual triangle in hyperbolic geometry equals π (satisfying a

T corresponding Euclidean geometry property). o establish our claim about the hyperbolic π we have to define in a natural way dual angles, that is, angles relative to the dual metric (5.9), and show that the sum of the dual angles of any dual triangle equals π.

Let us, accordingly, consider two arbitrary dual geodesics, that is, geodesics relative to the dual metric (5.9), that contain respectively the pair of points (a, b) and (c,d),

- --

L

- 22 -

= (b − a) . t + a

a, b ‘ b b

c ‘ b b

,dL = (d − c) . t + c s t ∈IR, in a Mobius gyrovector space (V , + , . ). The cosine of the angle α between the two dual geodesic .. s b b

is defined by the equation

cosα = ee− a + b ee

− a + b hhhhhhhhhh . ee− c + d ee

− c + d hhhhhhhhh (5.12) ‘ ‘ ‘ ‘ in full analogy with the definition of Euclidean hyperbolic angles, and in partial analogy with the hyperbolic angle definition in Eq. (3.3).

Supporting no parallelism, the two geometric vectors that define a hyperbolic angle α must be emanated t p from a common point, as we see from Eq. (3.3) and as illustrated in Fig. 4. In contrast, dual rays do suppor arallelism, and accordingly, the two dual geometric vectors that define a dual angle α in (5.12) need not be f R emanated from a common point, as is the case in Euclidean geometry. This is clearly seen in Fig. 2a o ef. 32.

One can verify by means of arguments illustrated by Fig. 2a of Ref. 32 that the dual angle between dual t o geodesics is well defined (that is, it is independent of the choice of the two ordered points (a, b) and (c,d) tha ne selects on each of the two dual geodesics that L and L generate the hyperbolic dual angle α), and that t a, b c,d

he sum of the three dual angles of any dual triangle is π. In symbols, if a, b and c are any three points in a , gyrovector space (V , + , . ) which do not lie on a dual geodesic, and if the dual angles of the dual triangle

s b b n whose vertices are these points, are α, β and γ, the

α = cos ee− a + b ee

− a + b hhhhhhhhhh . ee− a + cee

− a + c hhhhhhhhh)

− (^1 ‘ ‘ ‘ ‘ ‘

‘

‘ ( ‘ ) −1 β = cos ee− b + a ee

− b + a hhhhhhhhhh . ee− b + cee

− b + c hhhhhhhhh (5.13a)

hhhhhhhhhb − c + e hhhhhhhhh . ee− c + b e a − c + e γ = cos ee− c + a e ( ) −1 ‘ ‘ ‘ and ‘

α + β + γ = π (5.13b) The geometric meaning of identity (5.13b) in the Poincare disk model of hyperbolic geometry is clearly ´ , t seen in Fig. 2a of Ref. 32. Both angles and dual angles in hyperbolic geometry are model independent, that is hey keep their numerical value invariant in the transition between the gyrovector spaces of Einstein, Mobius^{..} t u and Weierstrass. Dual angles are preserved by rotations. Unlike angles, however, dual angles are not invarian nder left gyrotranslations. Formally, we thus have

-- -

- 23 -

The π − THEOREM 5.1 Let a, b, c∈V be any three distinct points in a gyrovector space (V , + , .),

s s b , α and let α, β and γ be the three dual angles of the dual triangle formed by these three point, Eqs. (5.13a). Then +β +γ=π.

The defect of a hyperbolic triangle with angles α, β and γ is π − (α +β +γ), and it equals the hyperbolic e area of the triangle. The π − Theorem suggests a natural extension of the notion of defect from the thre

(24) .

D angles of a triangle to individual angles

EFINITION 5.1 (The defect of a hyperbolic angle) Let (i) a, b, c∈V be any three distinct points in a s c s a, b a, b b gyrovector space (V , + , . ); let (ii) α be the angle between the two rays L and L that are emanated n b from a and contain respectively b and c; and let (iii) dual(α) be its dual angle. Then, the defect of α is give y defect(α) = dual(α) − α

that is, by

defect(α) = cos ee− a + b ee

− a + b hhhhhhhhhh . ee− a + cee

− a + c hhhhhhhhh − cos ee− a + b ee

− a + b hhhhhhhhh . ee− a + cee

− a + c hhhhhhhhh)

− ( ) (

1 −1 b b b b ‘ ‘ ‘ ‘ e

T

Following Def. 5.1 and the π − Theorem we can now stat

HEOREM 5.2 The defect of a hyperbolic triangle equals the sum of the defects of its angles.

n l The π − Theorem demonstrates that a well known property of Euclidean triangles that has seemingly bee ost in the transition to hyperbolic geometry, reappears in the novel structure of hyperbolic geometry to which the dual metric gives rise.

The significance of the definition in Eq. (3.3) of angles in a gyrovector space (V , + , . ) relative to its

s bb - g natural metric is exhibited by the resulting Hyperbolic Pythagorean Theorem for hyperbolic right angled trian les in Theorem 4.3. Similarly, the significance of the definition in Eq. (5.12) of dual angles in a gyrovector - space (V , + , . ) relative to its dual metric is exposed by the resulting π − Theorem. Unlike angles and geo

s b b b b s t g desics, however, dual angles and dual geodesics in a gyrovector space (V , + , . ) are not preserved by lef yrotranslations. Thus, in particular, the defect of a hyperbolic angle is not invariant under left gyrotransla- t u tions. Interestingly, however, the sum of the defects of the three angles of a hyperbolic triangle is invarian nder left gyrotranslations.

Another indication that geodesics and their dual geodesics are equally significant for mutually dual rea-

( sons is provided by the gyrotransitive law (5.14) of successive gyrations along geodesics and its dual law 5.15), that they respectively obey. Let {a ,a ,a , . . . ,a } be a set of any n points lying on a geodesic in any 1 1 2 3 n

2 3 n

order, and similarly, let {b ,b ,b , . . . ,b } be a set of any n points lying on a dual geodesic in any order. Then

- -- g

- 24 -

yr[a ;− a ]gyr[a ;− a ] . . . gyr[a ;− a ] = gyr[a ;− a ] (5.14) and 1 2 2 3 n − 1 n 1 n

gyr[b ;b ]gyr[b ;b ] . . . gyr[b ;b ] = gyr[b ;b ] (5.15) I 1 2 2 3 n − 1 n 1 n

dentity (5.15) is verified in Eq. (7.3b) of Ref. 32 and the proof of identity (5.14) is similar. Interestingly, the

( duality between gyr[x;y] and gyr[x;− y] exhibited by Eqs. (5.14) and (5.15) is also clear from Eqs. (5.4) and 5.5), as well as from Eqs. (4.5a ) and (4.5b) of Ref. 3.

We have selected the Poincare ball model of hyperbolic geometry for the presentation of the Hyperbolic P ´ ythagorean Theorem since, within Euclidean geometry, this model of hyperbolic geometry exhibits Euclidean n angles. The Poincare measure of an angle is given by the Euclidean measure of the angle formed by Euclidea ´ (24)

tangent rays. From that point of view, the best model of hyperbolic geometry for the presentation of l V geometric objects that involve dual angles, rather than angles, is the Weierstrass whole space mode =(V , + , . ) of hyperbolic geometry whose underlying real inner product space is V =(V ,+, .). In ∞ ∞ W W ∞ ∞ (3) b b this model dual geodesics are Euclidean straight lines, and the measure of dual angles between dual geodesics l g is equal to the Euclidean measure of the angle between the corresponding straight lines. Geodesics and dua eodesics in the Weierstrass gyrovector spaces are shown in Figs. 6− 10 of Ref. 3 where the gyrogroup opera- , tion + and its dual operation + , as well as its scalar multiplication . are presented. Thus, for instance

b ‘ b_W t W W he first equation in (5.13a), expressed in a Weierstrass gyrovector space, describes a hyperbolic dual angle α whose measure equals its Euclidean counterpart. In symbols,

α = cos ee− a + b ee

− a + b hhhhhhhhhhh . ee− a + cee

− a + c hhhhhhhhhhh = cos ee− a +b ee − a +b hhhhhhhh . ee− a +cee − a +c hhhhhhhh (5.16)

− ( ) ( ) 1 W W W W −1 ‘ ‘ ‘ ‘ f_∞ or all a, b, c∈V , since, in particular,

ee− a + b ee

− a + b hhhhhhhhhhh = ee− a +b ee − a +b hhhhhhhh (5.17a) ‘ ‘_W

or, equivalently,

W

a + b = B B +1− a .b/s

B + B hhhhhhhhhhhhhhh (a + b) (5.17b)

‘_{W a b 2} a b

B_a^{2 2 2}

=1+ eea ee/s , in a Weierstrass gyrovector space. Eq. (5.16) explains why the sum of the three dual angles ) a of a dual triangle in the Weierstrass model is π, Eq. (5.13b). Unexpectedly, however, while Eqs. (5.16) − (5.17 re valid only in the Weierstrass model of hyperbolic geometry, Eq. (5.13b) is model independent thus possessing hyperbolic geometric significance.

In gyrovector space formalism the duality between the two binary operations + and + , Eqs. (2.4) and (^{..} b ‘ 5.7), in a Mobius gyrovector space is obvious from Eqs. (5.1) − (5.6). In contrast, this duality is not apparent

( in Riemannian geometry. Thus, in particular, I) the Riemannian metric dx corresponding to the hyperbolic metric d , Eq. (5.8), in the disk IR of the b b 2 s 2 E^2_{1 2}^{(43)} uclidean plane IR of the x x − plane is,

dx =

[1 − s 1hhh (x +x )] dx + dx hhhhhhhhhhhhhhhhh (5.18a) b 2 2 1 2 2 2 2 1 2 2 2

-- -

- 25 -

whose Gaussian curvature, is a negative constant,

(44)

2 K_b = − s 4hhh (5.18b)

( and II) the Riemannian metric dx corresponding to the dual hyperbolic metric d , Eq. (5.9), in the disk IR of the ‘ ‘ 2 s 2 E^2 uclidean plane IR is given by the quadratic differential form

dx = [1 − s 1hhh (x + x ) ]

Edx + 2Fdx dx + Gdx hhhhhhhhhhhhhhhhhhhhhhh (5.19a) ‘ 2 4 1 2 2 2 2 2 1 2 1 2 2 2

where

E = [x + (s − x ) ][x + (s +x ) ]/s^4 1 2 2 2 1 2 2 2

1 2 2 2 1 2 2 2 4 G = [(s − x ) + x ][(s +x ) + x ]/s

F = 4x x /s^2 and 1 2

EG − F = [1 − s 1hhh (x +x ) ]_2 2 4 1 2 2 2 2

) having a variable positive Gaussian curvature,^{(44} K = s 8hhh

[1 + s 1hhh (x + x )] h 1 hhhhhhhhhhhhhhhhh (5.19b) ‘ 2 2 1 2 2 2 4

b ‘ 2 2 e E In the limit of large s, s → ∞, the Riemannian metric dx and its dual metric dx both reduce to th uclidean metric dx =dx +dx and the two corresponding curvatures K and K vanish. The hyperbolic 2 1 2 2 2 ‘ b b 2 metric dx is conformal, being proportional to the plane Euclidean metric at each point. Hence, the actual

t angles for this metric coincide with Euclidean angles. We see no indication in Riemannian geometry that the wo Riemannian metrics dx and dx are dual in any sense. In contrast, gyrovector space theory clearly b ‘ 2 2 . exposes their duality symmetries in Eqs. (5.1) − (5.6)

Riemann was aware of the possible application of his geometry to physics. In his inaugural address in n 1854 on the occasion of joining the University Faculty of Gottingen he said that the value of his geometry ca .. e l possibly be to liberate us from preconceived ideas, should ever the time come that in the exploration of th aws of physics the concepts of Euclidean geometry may have to be abandoned. These prophetic words were

(45) ) literally fulfilled fifty years after his death by the Einstein theory of general relativity.^{(10}

Of particular interest in the literature on differential geometry is the case when Gauss curvature is con-

t stant, as this is the only known case which permits free mobility of figures on the surface without influencing heir inner connections. It is therefore important to realize that despite the fact that the Gaussian curvature K_‘ e o is non-constant, dual geodesic segments can freely be rotated (obvious) and right-gyrotranslated on the surfac f this curvature by a family of right gyrotranslations that will be specified in Eq. (5.21a) below.

-- -

- 26 -

Let b − a =− a + b be the dual geometric vector represented by a directed dual geodesic segment from a ‘ ‘ b b s t to b in a gyrovector space (V , + , . ). Furthermore, le m = 2 1hh . (a − b) + b (5.20)

a, b b ‘ b

b_{s a, b b, a}^{(32)} e the midpoint of a and b in V , satisfying m =m . Then, two distinct right gyrotranslations of the two - edges a and b of the dual geometric vector − a + b, specified in Eq. (5.21a), can freely move it without rota ‘ t_s ion to any point of V . These motions without rotations are given by the identity ) − (a + gyr[a, m ]x) + (b + gyr[b, m ]x) = − a + b (5.21a

b ‘ b ‘

w_s

a, b b, a

hich is valid for any x∈V . Eq. (5.21a) presents full analogy with Euclidean geometry where any translation of a geometric vector leaves it intact,

− (a +x) + (b +x) = − a + b (5.21b)

Thus, motions on a surface with the non-constant curvature K are possible. They are given by rotations ‘ n a and specific right gyrotranslations. The specified right gyrotranslations of a pair of points a and b involve a rbitrary x∈V which must be rotated (i) by gyr[a, m ] when applied to a, and (ii) by gyr[b, m ] when applied to b.

s a, b b, a

Finally we may remark that, following Cartan, a generalization of the hyperbolic Pythagorean theorem as

s well as other results of the present article, to some symmetric spaces is possible. Elie Cartan generalized the ituation in (2.3) to Riemannian globally symmetric spaces of noncompact type, proving that these spaces are

( exactly all quotients G/K, where G is a noncompact semisimple and K is a maximal compact subgroup. As in 2.3), G has a Cartan decomposition G =e K =PK. Cartan’s theory is presented in Ref. 46. By methods of R p ef. 25 concerning transversals it can be shown that the factor P in the Cartan decomposition G =PK turns out to be a gyrocommutative gyrogroup. The gyrogroup operation + in the gyrogroup P is determined by the b b y E action of P on itself, and the gyroautomorphisms gyr[a ;b], expressible in terms of the binary operation + b q. (2.1), are Thomas gyrations. Some related results about the Cartan decomposition and its resulting gyrocommutative gyrogroup in any bounded symmetric domain are presented in Ref. 47.

- --

R

- 27 -

EFERENCES

. 2 1. John Stillwell, Mathematics and Its History (Springer-Verlag, New York, 1989) . Elisha Scott Loomis, The Pythagorean Proposition (Reston, Va., National Council of Teachers of

3 Mathematics, 1968) . Abraham A. Ungar, "Thomas precession: its underlying gyrogroup axioms and their use in hyperbolic

4 geometry and relativistic physics," Found. Phys., 27, 881-951 (1997).

. Edward C. Wallace and Stephen F. West, Roads to Geometry, pp. 362-363, 2nd ed. (Prentice Hall, NJ,

h 1998). Wallace and West present a numerical counter example to demonstrate the invalidity of the yperbolic Pythagorean theorem as they view it. Their numerical example, however, if correctly interpreted, should take the form ee(− 0.6,0)ee + ee(0,0.5)ee = ee(− 0.6,0) − (0,0.5)ee resulting in a valid

2 2 2 b b b+ i hyperbolic Pythagorean equality, in accordance with our Hyperbolic Pythagorean Theorem 4.3. Here s the Mobius addition, Eq. (2.4) (or, equivalently, Eq. (2.3) in the complex representation of the unit .. .. d b isk), and − is the Mobius subtraction, Eq. (2.10). When applied to parallel vectors (particularly, vectors , of dimension 1) the Mobius addition is identical with the Einstein velocity addition. The lesson is clear .. hyperbolic geometry should be revised: (I) The standard metric in a hyperbolic space should be the ) a natural one, Eq. (5.9), allowing the presentation of the elegant Hyperbolic Pythagorean Theorem; and (II dual metric, Eq. (5.9), should be introduced, turning hyperbolic geometries into bimetric spaces, allow-

g ing the presentation of the elegant π − Theorem. The resulting bimetric hyperbolic geometry captures eometric properties that have seemingly been lost in the transition from Euclidean to hyperbolic - p geometry. Thus, for instance, the seemingly lost hyperbolic parallelism and the π − Theorem in fact reap ear in hyperbolic geometry, but under its dual metric. y 5. I.M. Yaglom, Felix Klein and Sophus Lie, Evolution of the Idea of Symmetryin the Nineteenth Centur (Birkhauser, Boston, 1988). The idea that groups need not be the only algebraic structure that measures s .. ymmetry is found in Alan Weinstein, "Groupoids: unifying internal and external symmetry," Notices

6 AMS,43, 744-751 (1996).

. Abraham A. Ungar, Thomas rotation and the parametrization of the Lorentz transformation group, Found.

7 Phys. Lett. 1, 57-89 (1988).

. Abraham A. Ungar, "Thomas precession and its associated grouplike structure," Amer. J. Phys. 59, 824-

8 834 (1991).

. For NASA GP-B space gyroscope experiment to test general relativity; see fn 37 in Ref. 3, and URL

9 http://stugyro.stanford.edu/RELATIVITY/GPB/GPB.html . Kurt Otto Friedrichs, From Pythagoras to Einstein (Random House, New York, 1966). - 10. Cornelius Lanczos, Space Through the Ages The Evolution of Geometrical Ideas from Pythagoras to Hil bert and Einstein (Academic Press, New York, 1970). . 1 11. Werner Krammer and Helmuth K. Urbantke, "K-loops, gyrogroups and symmetric spaces," preprint 2. Harold E. Wolf, Introduction to Non-Euclidean Geometry, p. 63 for the term "hyperbolic geometry", and e p. 144 for the traditional hyperbolic Pythagorean theorem (The Dryden Press, New York, 1945). A nic

- -- d

- 28 -

erivation of the traditional hyperbolic Pythagorean theorem is found in David C. Kay, College

1 Geometry, p. 317 (Holt, Reinhart and Winston, New York, 1969).

3. A. Einstein, "Zur Elektrodynamik Bewegter Korper (On the Electrodynamics of Moving Bodies)," Ann. P .. hysik (Leipzig) 17, 891-921 (1905). For English translation see H.M. Schwartz, Amer. J. Phys. 45, 18 5 ( (1977); and H.A. Lorentz, A. Einstein, H. Minkowski and H. Weyl, The Principle of Relativity, pp. 37-6 trans. W. Perrett and G.B. Jeffrey, Dover, New York, 1952). e 14. Vladimir Varicak, "Anwendung der Lobatschefkijschen Geometrie in der Relativtheorie," Physikalisch v v n d Zeitschrift 11 93-96 and 287-293 (1910); and Vladimir Varicak, "Ueber die nichteuklidische Interpretatio er Relativitatstheorie," Jahresbericht der Deutschen Math. Verinigung 21, 103-127 (1912). The connec- . P tions between special relativity and hyperbolic geometry were discussed by Pauli and by Fock. (i) W auli, Theory of Relativity (Pergamon, New York, 1958), based on Pauli’s 1921 Mathematical Encyclopedia article. In a famous footnote on p. 74, having just referred to Varicak in the main text, Pauli points v o^v ut that Varicak had not observed that Klein’s projective point of view very much clarifies matters; (ii)

h V.A. Fock, Theory of Space, Time and Gravitation (Pergamon, New York, 1959). Recent studies of the yperbolic structure of relativistic velocity spaces are available in the literature; see, for instance, D.K. , P Sen, "3-dimensional hyperbolic geometry and relativity," in A. Coley, C. Dyer and T. Tupper (eds.) roceedings of the 2nd Canadian Conference on General Relativity and Relativistic Astrophysics, 264- - t 266 (World Scientific, 1988); and Lars-Erik Lundberg, "Quantum theory, hyperbolic geometry and rela ivity," Rev. Math. Phys. 6, 39-49 (1994).

15. Abraham A. Ungar, "The abstract Lorentz transformation group," Amer. J. Phys. 60, 815-828 (1992). . 16. Abraham A. Ungar, "Axiomatic approach to the nonassociative group of relativistic velocities," Found Phys. Lett. 2, 199-203 (1989). See also Abraham A. Ungar, "The relativistic noncommutative nonassoci- - d ative group of velocities and the Thomas rotation," Results Math. 16, 168-179 (1989). This paper intro uced the term "K-loop" into the literature to honor Karzel’s 1965 work on near domains; a K-loop is

c defined to be the additive substructure of a near domain. In our present "gyroterminology" K-loops are alled gyrocommutative gyrogroups. Karzel and his school continue to use the K-loop terminology to n o study incidence geometry, while we prefer the gyroterminology in our analytic geometry approach i rder to emphasize analogies to which Thomas gyration gives rise. . 1 17. Abraham A. Ungar, "Weakly associative groups," Results Math. 17, 149-168 (1990) 8. Abraham A. Ungar, "Quasidirect product groups and the Lorentz transformation group," in T.M. Rassias

1 (ed.), Constantin Caratheodory: An International Tribute, Vol II, 1378-1392 (World Sci. Pub., NJ, 1991).

9. Abraham A. Ungar, "The abstract complex Lorentz transformation group with real metric I: Special rela- - b tivity formalism to deal with the holomorphic automorphism group of the unit ball in any complex Hil ert space," J. Math. Phys. 35, 1408-1425 (1994); and Erratum: "The abstract complex Lorentz transfor-

g mation group with real metric I: Special relativity formalism to deal with the holomorphic automorphism roup of the unit ball in any complex Hilbert space", J. Math. Phys. 35, 3770 (1994). , 20. The existence of "rigid motions" is an assumption about the curvature of space; see Richard L. Faber Foundations of Euclidean and Non-Euclidean Geometry, p. 109 (Marcel Dekker, New York, 1983).

-- -

- 29 -

21. Helmuth K. Urbantke, "Physical holonomy, Thomas precession, and Clifford algebra," Sect. III, Amer. J.

2 Phys. 58, 747-750 (1990).

2. Marvin Jay Greenberg, Euclidean and Non-Euclidean Geometries Development and History, 2nd ed., p.

2 326 (Freeman, San Francisco, 1980).

3. Henri Poincare, Science and Hypothesis, p. 50 (Dover, New York, 1952). 2 ´ 4. Marvin J. Greenberg, Euclidean and non-Euclidean geometries: development and history, 2nd ed. (Free-

G man, San Francisco, 1980); and Arlan Ramsay and Robert D. Richtmyer, Introduction to Hyperbolic eometry (Springer, New York, 1995).

25. Tuval Foguel and Abraham A. Ungar, "Transversals gyrotransversals and gyrogroups", preprint. . 2 26 A. M. Polyakov, Gauge Fields and Strings, p. 183, (Harwood Academic Publishers, New York, 1987) 7. Michael Henle, Modern Geometries The Analytic Approach, p. 77 (Prentice Hall, NJ, 1997). , 28. Abraham A. Ungar, "The holomorphic automorphism group of the complex disk," Aequat. Math. 47 240-254 (1994).

29. Lars V. Ahlfors, "An extension of Schwartz’s lemma," Trans. Amer. Math. Soc. 43, 359-364 (1938). l 30. Steven G. Krantz, Complex Analysis: The Geometric Viewpoint, pp. 52 and 58 (Carus Mathematica Monographs, 23, Math. Assoc. of Amer., Washington, DC, 1990). t 31. Abraham A. Ungar, "Extension of the unit disk gyrogroup into the unit ball of any real inner produc space," J. Math. Anal. Appl. 202, 1040-1057 (1996); and Mobius transformations of the ball, the Ahlfors

3 rotation and gyrogroups (A paper dedicated to the memory of Lars Valerian Ahlfors), preprint (1998).

2. Abraham A. Ungar, "Midpoints in gyrogroups," Found. Phys. 26, 1277-1328 (1996). d 33. See, for instance, Ian N. Sneddon, ed., Encyclopedic Dictionary of Mathematics for Engineers an Applied Scientists, p. 320 (Pergamon, New York, 1976). " 34. See Section 7 in Abraham A. Ungar, "The holomorphic automorphism group of the complex disk, Aequat Math. 47, 240-254 (1994); and, for instance, H.S. Bear, "Distance-decreasing functions on the

2 hyperbolic plane," Mich. Math. J., 39, 271-279 (1992). Detailed explanation why the distance function tanh eex − yeeis preferred in the literature over our Poincare distance functions eex − yee, as well as a −1´ b b , G presentation of the traditional hyperbolic Pythagorean theorem, may be found in Hans Schwerdtfeger eometry of Complex Numbers, Circle Geometry, Mobius Transformations, Non-Euclidean Geometry, pp. .. - l 141, 146-147, 149-151 (Dover, New York, 1979). See also Michael Henle, Modern Geometries The Ana ytic Approach, p. 93 (Prentice Hall, NJ, 1997); and Christian Grosche, "The path integral on the Poincare^´ d^´ isk, the Poincare upper half plane and on the hyperbolic strip," Fortschr. Phys. 38, 531-569 (1990). w 35. Lars V. Ahlfors, Conformal Invariants Topics in Geometric Function Theory, p. 12 (McGraw-Hill, Ne York, 1973).

36. It is customary in the literature to select s =1 without loss of generality. However, there are cir-

K cumstances when the retention of s as a free positive parameter is clearly useful; see e.g., Olli Lehto and . I. Virtanen, Quasiconformal Mappings in the Plane, trans. from the German by K. W. Lucas, 2nd ed.

p. 66 (Springer, Berlin, NY, 1973).

- --

3

- 30 -

7. See Eq. (3.3) in Lars V. Ahlfors, "Old and new in Mobius groups," Ann. Acad. Sci. Fenn. Ser. A I Math.

9^{..} .. , 93-105 (1984); and p. 25 in Lars V. Ahlfors, Mobius Transformations in Several Dimensions, Lecture

3 Notes (University of Minnesota, Minneapolis, 1981).

8. Olli Lehto, Univalent Functions and Teichmuller Spaces, pp. 105-106 (Springer, Berlin, NY, 1987).

4 39. Rafael Artzy, Geometry An Algebraic Approach, Wissenschaftsverlag, Mannheim, 1992. 0. Michael K. Kinyon, private communication. 41. Edward Andalafte and Raymond Freese, "Weak homogeneity of metric Pythagorean orthogonality," J.

l Geom. 56, 3-8 (1996), and references therein. In particular, see R.C. James, Orthogonality in normed inear spaces," Duke Math. J. 12, 291-302 (1945). In that paper the Pythagorean orthogonality of vectors x and y in a normed linear space is defined by the equation eex+yee = eexee + eeyee. This relation is said to

2 2 2 y b be homogeneous if Pythagorean orthogonality between x and y implies Pythagorean orthogonalit etween x and r y for all r ∈IR. The homogeneity of Pythagorean orthogonality is important since it

g characterizes inner product spaces. In full analogy, Eq. (4.2) indicates that hyperbolic-Pythagorean orthoonality in gyrovector spaces is homogeneous, that is, if a and b are hyperbolic-Pythagorean orthogonal in a gyrovector space, then so are a and r . b for all r ∈IR. b . 4 42. Michael K. Kinyon and Abraham A. Ungar, "The complex unit disk," preprint 3. See Exercise 10 in Saul Stahl, The Poincare Half-Plane A Gateway to Modern Geometry, p. 205 (Jones

4 and Bartlett, Boston, 1993). ´

4. The curvature K of an arbitrary Riemann metric Edx +2Fdxdy +Gdy is defined on p. 201 in Saul Stahl, T^´ 2 2 he Poincare Half-Plane A Gateway to Modern Geometry (Jones and Bartlett, Boston, 1993). - 45. For an English translation of Riemann’s inaugural address see D.E. Smith, A Source Book in Mathemat ics, pp. 272-286 (McGraw Hill, New York, 1929).

46. Sigurdur Helgason, Differential geometry, Lie groups, and symmetric spaces (Academic Press, New York,

4 1978).

7. Yaakov Friedman and Abraham A. Ungar, "Gyrosemidirect product structure of bounded symmetric domains," Res. Math. 26, 28-38 (1994).

- --

F

- 31 -

IGURE CAPTIONS

t Fig. 1 The Hyperbolic Pythagorean Theorem in the Poincare unit ball. Δabc is any hyperbolic righ ´ a^´ ngled triangle in the Poincare unit ball model of hyperbolic geometry in any dimension, with ver- f t tices a, b, c and sides A, B, C. The two sides A and B are orthogonal. The hyperbolic lengths o he sides relative to the Poincare metric of the unit ball are, respectively, eeAee, eeBee, eeC ee, satisfying ´ ´ e a the hyperbolic Pythagorean identity (1.1). The special case when the Poincare unit ball of th bstract real inner product space is realized by the unit disk IR of the Euclidean plane IR is 2 2 1

F shown graphically. s =

ig. 2 The common hyperbolic geodesics in the Poincare ball model of hyperbolic geometry are given by g ´ 0 0 v b b

(t)=v + a . t in full analogy with the Euclidean geodesics, given by v +at , t ∈IR. A geodesic in the Poincare disk model of hyperbolic geometry is shown. The vector a is Euclidean-parallel to ´ 0 (42) ..´ b e d the tangent line of the geodesic at the point v . Here + is the Mobius addition in the Poincar isk, given by Eq. (2.2) with V =IR being the Poincare unit disk in the Euclidean plane 2´ 1 V_∞^2

s s =

=IR . Fig. 3 The dual hyperbolic geodesics in the Poincare ball model of hyperbolic geometry are given by d ´ 0 ´ v b b

(t)=a . t + v , t ∈IR. A dual geodesic in the Poincare disk model of hyperbolic geometry is - t shown. It is a circular arc that intersects the boundary of the disk at two antipodal points. The vec or a is Euclidean-parallel to the supporting diameter, an observation leading to the π − Theorem

(32) 2 1 i b^{.. ´} s =

n Section 5. As in Fig. 2, + is the Mobius addition in the Poincare disk IR . n Fig. 4 The hyperbolic angle α between two hyperbolic rays emanated from a point a. As in Euclidea geometry, the angle α between directed rays is independent of the choice of the points b and c,

u other than a, on the directed rays, Eq. (3.5). Unlike Euclidean geometry, however, the point a is nique in the sense that it cannot be replaced by two distinct points on each of the two rays that

F define α.

ig. 5 The hyperbolic triangle Δabc in the Poincare disk model: Its vertices are a, b and c, and its sides, b ´ b b y E if directed counterclockwise, are A =− b + c, B =− c + a and C =− a + b. Its angle α is given b q. (3.3). The angular defect of the triangle in plane hyperbolic geometry equals the rotation angle - of the Thomas gyration (or, rotation) gyr[a − b; − a + c], as explained in Ref. 3 for plane hyper b b F bolic geometry.

ig. 6 The Hyperbolic Pythagorean Theorem. Left gyrotranslations and rotations of a hyperbolic right

h angled triangle with right angle at the origin generate other hyperbolic right angled triangles. The yperbolic triangle Δabc in the Poincare unit disk model, IR , of hyperbolic geometry has ver- 2 1 ´ s = b b b , A tices a, b and c, and corresponding sides, A =− b + c, B =− c + a and C =− a + b, two of which and B, are orthogonal. It satisfies the hyperbolic Pythagorean identity eeAee + eeBee = eeC ee,^{2 2 2}b - g expressing the square of the hyperbolic length of the hypotenuse of a hyperbolic right angled trian le as the Einstein sum of the squares of the hyperbolic lengths of the other two sides. The Hyper-

E bolic Pythagorean Theorem in its present form, thus, completes the long road from Pythagoras to instein, a path that has been emphasized by several authors.^{)(9,10}