Commentationes Mathematicae Universitatis Carolinae

Oguzhan Demirel

The theorems of Stewart and Steiner in the Poincaré disc model of hyperbolic
geometry

Commentationes Mathematicae Universitatis Carolinae, Vol. 50 (2009), No. 3, 359--371

Persistent URL: http://dml.cz/dmlcz/134909

Terms of use:

© Charles University in Prague, Faculty of Mathematics and Physics, 2009

Institute of Mathematics of the Academy of Sciences of the Czech Republic provides access to
digitized documents strictly for personal use. Each copy of any part of this document must
contain these Terms of use.

This paper has been digitized, optimized for electronic delivery and stamped
with digital signature within the project DML-CZ: The Czech Digital
Mathematics Library http://project.dml.cz


http://dml.cz/dmlcz/134909
http://project.dml.cz

Comment.Math.Univ.Carolin. 50,3 (2009) 359-371

The theorems of Stewart and Steiner

in the Poincaré disc model of hyperbolic geometry

OGUzZHAN DEMIREL

Abstract. In [Comput. Math. Appl. 41 (2001), 135-147], A.A. Ungar employs
the M&bius gyrovector spaces for the introduction of the hyperbolic trigono-
metry. This Ungar’s work plays a major role in translating some theorems from
Euclidean geometry to corresponding theorems in hyperbolic geometry. In this
paper we explore the theorems of Stewart and Steiner in the Poincaré disc model
of hyperbolic geometry.

Keywords: Mobius transformation, hyperbolic geometry, gyrogroups, gyrovector
spaces and hyperbolic trigonometry

Classification: 51B10, 51M10, 30F45, 20N05

1. Introduction

Hyperbolic geometry is a subset of a large class of geometries called non-
Euclidean geometries, however hyperbolic geometry is similar to Euclidean ge-
ometry in many aspects. It has concepts of distance and angle, and there are
many theorems common to both.

There are finite and infinite models in hyperbolic geometry. Poincaré disc
model, Weierstrass model, Klein model, Gans model are well known in literature.
Moreover, there are some isomorphisms between these models of hyperbolic ge-
ometry. For instance, the Weierstrass model is isomorphic to the Klein, Poincaré,
and Gans models, see [10].

Throughout of this study, we only deal with Poincaré disc model of hyperbolic
geometry.

This paper is inspired by the beautiful paper [5] by A.A. Ungar on hyperbolic
trigonometry. A.A. Ungar showed that the hyperbolic sine and the hyperbolic
cosine rules are valid in the Poincaré ball model of hyperbolic geometry in a form
analogous to their Euclidean counterparts. In [11], Demirel and Soytiirk proved
that the hyperbolic Carnot theorem and its reverse hold true in the Poincaré disc
model of hyperbolic geometry. In this paper we shall apply hyperbolic trigono-
metry to the study of the hyperbolic Stewart theorem and the hyperbolic Steiner’s
theorem in the Poincaré ball model of hyperbolic geometry.

2. Mbobius transforms of the disc

In complex analysis Mobius transformations are well known. The most general
Mobius transformation of the complex open unit disc D = {z € C: |z] < 1} in
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the complex z—plane
0 20+ 2 0
2o e 22— (2
1+ %2 (20 ®2)

defines the Mobius addition @ in the disc, allowing the Mobius transformation of
the disc to be viewed as Mobius left gyrotranslation

20+ 2z

14+ %oz

22— 20Dz =

followed by rotation. Here 6 is a real number, zg € D, and Zj is the complex
conjugate of zg. Mdobius subtraction “©” is given by a © z = a @ (—z). Clearly
26z =0and ©z = —z. Mobius addition @ is a binary operation in the disc
D, however it is neither commutative nor associative. The Mobius addition &
gives rise to the groupoid (D, ®) studied by A.A. Ungar in several books and
articles including [1], [2], [3], [8]. Mobius addition is analogous to the common
vector addition + in the Euclidean plane geometry. Since the Mobius addition &
is neither commutative nor associative, the groupoid (D, &) is not a group but it
has a group-like structure that we present below.

The breakdown of commutativity in Mobius addition is “repaired” by the in-
troduction of gyration,

gyr: D x D — Aut(D, D)
given by the equation
a®b 1+ ab
bda 1+ab’

(1) gyrfa, b] =

where Aut(D, @) is the automorphism group of the groupoid (D, @). Therefore,
the gyrocommutative law of Mobius addition @ follows from the definition of
gyration in (1),

(2) a®b=gyr[a,b] (b a).

Coincidentally, the gyration gyr|a,b] that repairs the breakdown of the commu-
tative law of @ in (2), repairs the breakdown of the associative law of @ as well,
giving rise to the respective left and right gyroassociative laws

a® (b e) (a ®b) @ gyr[a, blc
(a®b)®dec = ad (b gyrlb,alc)

for all a,b,c € D.

Definition 1. A groupoid (G, ®) is a gyrogroup if its binary operation satisfies
the following axioms

(G1) 0® a = 0, left identity property

(G2) ©a @ a =0, left inverse property

(G3) a® (b®c) = (a®b) P gyr[a, blc, left gyroassociative law
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(G4) gyra,b] € Aut(G, @), gyroautomorphism
(G5) gyr[a,b] = gyr[a @ b, b], left loop property

for all a,b,c € G.
Additionally, if the binary operation “®” obeys the gyrocommutative law

(G6) a @ b= gyr[a,b](b® a), gyrocommutative law
for all a,b,c € G, then (G, ®) is called a gyrocommutative gyrogroup.

Clearly, with these properties, one can now readily check that the Mobius
complex disc groupoid (D, ®) is a gyrocommutative gyrogroup.

The axioms in Definition 1 imply the right identity property, the right inverse
property, the right gyyroassociative law and the right loop property. We refer
readers to [1] and [2] for more details about gyrogroups.

Now define the secondary binary operation H in G by

aBb=a® gyr[a, Ob]b.

The primary and secondary operations of G are collectively called the dual oper-
ations of gyrogroups.

Let a,b be two elements of a gyrogroup (G, ®). Then the unique solution of
the equation

adxr=2>
for the unknown z is

rT=0a®b
and the unique solution of the equation

rha=2>b
for the unknown z is

z=0bHa.
For further details see [1], [2].

3. Mobius gyrogroups: from the disc to the ball

Let us identify complex numbers of the complex plane C with vectors of the
Euclidean plane R? in the usual way:

C3u=muj +iug = (ug,us) = u €R?
Then the equations

u-v = Re(mw)

(3)
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give the inner product and the norm in R?, so that Mdbius addition in the disc
D of C becomes Mébius addition in the disc R = {v € R? : ||v|| < 1} of R% In
fact we get from (3) that

U+ v
14+ uv

udv =

(1+ ud) (u+v)
(14 av) (1 + ud)

(4) (Mt avtur + P u+ (1= Jul?) v
1+ av+ud + |ul?|v|?

(1 ou- vt ||v||2) ut (1 - ||uH2) v
1+ 2u- v+ uff* [[v]?

= udpv

for all u,v € D and all u,v € R%.

4. Mobius addition in the ball
Let V be any inner-product space and
Vs={veV:|v|<s}

be the open ball of V with radius s > 0. Mobius addition in Vg is motivated
by (4). It is given by the equation

(1 +(2/s)u-v+ (1/2) Hv||2) u+ (1 — (1/5?) HuHQ) v

5 upv=
®) N L+ (2/s2)u-v + (1/s4) [u]? ||v]?

3

where - and || - || are the inner product and norm that the ball V, inherits from
its space V and where, ambiguously, + denotes both addition of real numbers on
the real line and addition of vectors in V.

Without loss of generality, we may assume that s = 1 in (5). However we prefer
to keep s as a free positive parameter in order to exhibit the results in the limit
as § — oo, when the ball V, expands the whole of its real inner product space V,
and Mo6bius addition @ reduces to vector addition + in V, i.e.,

limudv=u+v

S§— 00
and

lim V, =V.

§— 00
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Mobius scalar multiplication is given by the equation

A+1vl/s) = A =|vll/s)" v

rOVv=s - 7
A+l /o) + @ =Vl /5)" [Ivli
= stanh (rtanh_l vl /s) ”V—” ,
v

where r € R, u,v €V, v#0and r®0=0.
Mobius scalar multiplication possesses the following properties:

n®v=vdvd--- Do, n-terms

(ri4+r2)®v=r ®vdry®v scalar distribute law

(rire) ® v =11 ® (r2 ® v) scalar associative law
reo(rmever®v)=re(rnev)dre (rs ®v) monodistribute law
lr ® v|| = |r| ® ||v|| homogeneity property

Irl®@v _ v
lr@v] X4l
gyr[a, b](r ® v) = r ® gyr[a, b]v gyroautomorphism property
e 1 ® v = v multiplicative unit property

scaling property

Definition 2 (Mdbius gyrovector spaces). Let (Vs, @) be a Mobius gyrogroup
equipped with scalar multiplication ®. The triple (V,, @, ®) is called a Mdbius
gyrovector space.

5. Mobius geodesics and angles

As it is well known from Euclidean geometry, the straight line passing though
two given points A and B of a vector space R™ can be represented by the expression

A+ (—A+ B)t,

t € R. Obviously it passes through A when ¢t = 0, and through B when ¢ = 1.

In full analogy with Euclidean geometry, the unique Mobius geodesic passing
though two given points A and B of a Mobius gyrovector space (Vi, ®,®) is
represented by the parametric gyrovector equation

Lap=A®(cAdB)®t

with parameter t € R. It passes through A when ¢ = 0, and through B when
t = 1. The gyroline Lap turns out to be a circular arc that intersects the
boundary of the disc V¢ orthogonally. The gyromidpoint Map of the points A
and B corresponds to the parameter ¢ = 1/2 of the gyroline Lag, see [4],

1
Mag :A@(eA@B)@E.
The measure of a Mdbius angle between two intersecting geodesic rays equals the

measure of the Euclidean angle between corresponding intersecting tangent lines,
as shown in Figure 1 below.
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Figure 1. The unique 2-dimensional geodesics that pass through
two given points and the hyperbolic angle between two intersect-
ing geodesics rays in a Mdbius gyrovector plane (R2,®,®). For
the non-zero gyrovectors SA @& B and SA @ C or, equivalently,
SA & E and ©6A @ D, the measure of the gyroangle « is given by

the equation cosa = Hgﬁggll . Hgﬁggl\ or, equivalently, by the
; _ ©A®E . _oA®D
equation cosa = TOAGE]  ToAaD]"

The hyperbolic angle is invariant under left gyrotranslations and rotations,
see [3].

Definition 3. The hyperbolic distance function in R is given by the equation

d(A,B)=||AoB| for A,BeR].

6. Gyrotriangles and gyrotrigonometry in Mo6bius gyrovector spaces

Definition 4 ([2]). A gyrotriangle AABC in a gyrovector space (V, @, ®) is
a gyrovector space object formed by the three points A, B, C € Vj, called the
vertices of the gyrotriangle, and the gyrovectors ©A @ B, ©B® C and ©6C @ A,
called the sides of the gyrotriangle. These are respectively the sides opposite to
the vertices C, A and B. The gyrotriangle sides generate the three gyrotriangle
gyroangles «, 3 and ~y at the respective vertices A, B and C, as shown in Figure 2
below.

Definition 5 ([2]). In any gyrotriangle, gyroangle sum is always smaller than .
The difference between this sum and 7 i.e. § = 7 — (a+ 3+) is called the defect
of the gyrotriangle.

In hyperbolic geometry, gyrotriangle gyroangles determine uniquely its side
gyrolenghts as follows:

Theorem 6 ([2]). Let AABC be a gyrotriangle in a Mdébius gyrovector space
(Vs,®,®) with vertices A, B and C, corresponding gyroangles a, 3,y with 0 <
a+ B+ v < w, and side gyrolenghts | © B@® C|, [ CD A|, | © A @ Bj.
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The side gyrolengths of the gyrotriangle AABC are determined by its gyroangles
according to the AAA to SSS conversion equations

leB & CJ| 2 ~ cosa+cos(B+7)
s ~ cosa+cos(B—7)
[eCa A|l 2 _ cosf3+cos(a+7)
s ~ cos 3+ cos(a—7)
lcA®B|\?  cosy+cos(a+f)
s ~ cosy+cos(a—f3)

Figure 2. A gyrotriangle in a Mébius gyrovector plane (R?, @, ®).

The hyperbolic law of cosine and the hyperbolic law of sine can be recast in a
form fully analogous to the form of their Euclidean counterparts. Let us use the
notation

lallar = 2lal

where 7, is the gamma factor

1
Ya = T ”‘:ﬂz 5
so that, conversely
lall _ 2 (llallp /)

S 14 \1+4(al, /97

Theorem 7 ([5]). Let AABC be a gyrotriangle in a Mdébius gyrovector space
(Vs,®, ®) with vertices A,B,C € V, and sidesa=6B® C, b =6C&® A and
c = ©A & B with hyperbolic angles a, 8 and ~y at the vertices A, B and C. Then
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we have the hyperbolic law of sine,
o lallar _ Ibllar _ llel
sin o sin 8 siny

Theorem 8 ([5]). Let AABC be a gyrotriangle in a Mébius gyrovector space
(Vs,®, ®) with vertices A,B,C € V, and sidesa =SB @& C, b =6C® A and
c = 6A & B with hyperbolic angles «, 3 and y at the vertices A, B and C. Then
we have the hyperbolic law of cosine,

1 1 1
7 —*=>a*p o= ,
(7) s S S s(1+‘;—§) (1—|—ls’—z)—s%abcos'y

1 2ab cosy

where a = |[al|, b = |[bl|, ¢ = [[c]|.

Theorem 9 ([5]). Let AABC be a gyrotriangle in a Mébius gyrovector space
(Vs,®, ®) with vertices A,B,C € V, and sidesa =SB @ C, b=6C® A and
c = ©6A @& B with hyperbolic angles «, 8 and v at the vertices A, B and C. If
~ = 7/2 then we have the hyperbolic Pythagorean identity,

1 1 1
e R g
S S S

where a = |||, b = [[b[|, ¢ = [[c]|.

In Euclidean geometry, the Pythagorean theorem is well known and it has
many proofs in literature. For example, in [13], there are more than 75 different
proofs and all of them are intelligible. Some of them are concerned with squares,
i.e., in the proof some squares are used. In [4], A.A. Ungar gave the notion of
gyrosquares and proved that the hyperbolic square is richer in structure than its
Euclidean counterpart.

Problem 10. Is it possible to prove hyperbolic Pythagorean theorem by using a
gyrosquare?

In the Euclidean geometry, the converse of the Pythagorean theorem does exist.
Naturally, one may wonder whether the converse of the Pythagorean theorem in
hyperbolic geometry exists. Indeed, the converse of the theorem does exist as we
show in the following theorem.

Theorem 11. Let AABC be a gyrotriangle in a Mé6bius gyrovector space
(Vs,®,®) with vertices A,B,C € V, and sidesa = 6B&C, b = cCq A
and ¢ = 6A & B with hyperbolic angles o, § and y at the vertices A, B and C.
If the (nonzero) three side lengths of a triangle A, B and C satisfy the relation

1 1 1

-2 =-d’® -1p?

S S S
where a = ||a||, b = ||bl|, ¢ = ||c||, then the gyrotriangle AABC is a right
gyrotriangle.
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PROOF: The proof of this theorem is not different from its Euclidean counterpart,
see [12]. O

In Euclidean geometry, the Carnot theorem is an direct application of Pythago-
ras. In [11], Demirel and Soytiirk proved that the Carnot theorem and its (partial)
reverse holds true in the Poincaré disc model of hyperbolic geometry. These the-
orems are presented below.

Theorem 12 ([11]). Let AABC be a hyperbolic triangle in the Poincaré disc,
whose vertices are the points A, B and C of the disc and whose sides (directed
counterclockwise) area = SB® C, b=6C® A and c = ©A ®& B. Let points
A’, B’ and C’ be located on the sides a, b and ¢ of hyperbolic triangle AABC
respectively. If the perpendiculars to the sides of the hyperbolic triangle at points
A’, B’ and C’ are concurrent, then the following holds:

8) |cAascC|'oleBaC @|lcBaA|’0|oCa A/
olecaB|’olcAs B’ =0.

‘ 2

Theorem 13 ([11]). Let AABC be a hyperbolic triangle in the Poincaré disc,
whose vertices are the points A, B and C of the disc and whose sides (directed
counterclockwise) are a=SB @& C, b=6C® A and c = 6A ¢ B. Let points
A’, B’ and C’ be located on the sides a, b and ¢ of hyperbolic triangle AABC
respectively. If (8) holds and two of the three perpendiculars to the sides of
the hyperbolic triangle at points A’, B’ and C’ are concurrent, then the three
perpendiculars are concurrent.

7. The theorems of Stewart and Steiner in the Poincaré disc model of
hyperbolic geometry

In Euclidean geometry, Stewart’s theorem yields a relation between the lengths
of the sides of a triangle and the length of segment from a vertex to a point on
the opposite side.

Theorem 14 (Stewart’s theorem). Let AABC be a triangle and a,b,c be the
sides of AABC. Let p be a segment from A to a point on a dividing a itself in m
and n. Then

5  b’m+c*n

p° = ——— —mn.
a

Theorem 15 (Steiner’s theorem). Let AABC be a triangle and a,b,c be the
sides of AABC, and let M and N be points on a such that /BAM = /NAC.
Then

BM BN c?
MCNC b
The theorems of Stewart and Steiner are well known and fundamental in Eu-
clidean geometry and these are just direct applications of cosine law and sine law,
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respectively. Since the laws of sine and cosine are valid in the Poincaré disc model
of hyperbolic geometry (6) and (7), we present and prove their counterparts in
hyperbolic geometry below:

Theorem 16. Let AABC be a gyrotriangle in a MGé6bius gyrovector space
(R?,®,®) with vertices A,B,C € R? and sidesa = ©B® C, b = cCa® A
and ¢ = 6A @ B. Let X be a point on a such that m : =X B, n:=cCdX
and p := ©X ® A, as shown in Figure 3. Then

a(p®+ (mn @ 2b?)) = p® (b*n @ mc?®) + (n® & mb?),

or equivalently

2 (0211 @ mb2) —a (mn @ 02b2)
p= a — (b2n @ mc?) ’

where a = [lal|, b = [[b]|, ¢ = [|c[|, p = [[pl|, m = |m]|, and n = |n].

PRrROOF: Let us take ZAXB := 6 and ZAXC := 9. Cosine law on AAXB and
AAXC yields

P*em?ec) (1+p?) (1+m?)
(1+ (p2®m20o c?))2pm

cosf =

and
(p* ®n? 0 b?) (1+p?) (1+n?)
1+ (p?2®n2ob?))2pn

cosyY =
respectively, see [5]. Since 6 + ¢ = 7, we get

(Fomed)(tm)  (Penor)(sn)

I+@Eem?ec)m  (1+@*en?ob?)n

A simple calculation shows that

(m@n) <1 + 2% (mn & 02b2)> = ((bzn & mc®) + 2% (@ mb2)>
i.e.,
a (p2 + (mn &) c2b2)) =p? (b2n &) mc2) + (c2n &) mb2)
holds and this implies that
2 (czn &) mb2) —a (mn ® c2b2)
a— (b*n & mc?)

is valid.
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Figure 3. The theorem of Stewart in the Poincaré disc model
of hyperbolic geometry. The gyrovectors m and n, defined in
Theorem 16, are illustrated, satisfying the gyrotriangle equality
[m[ & [[n] = |||

O

Theorem 17. Let AABC be a gyrotriangle in a Mébius gyrovector space
(R%,®,®) with vertices A,B,C € R? and sidesa = cB&C, b = cC® A
and c = 6A & B. Let M, N be points on a such that /Z/BAM = /ZINAC. Then

[eBo M|, [oBO N[, _ [[© A& B[},

[eMeCll, [eNaCl,, [eCaAl3,’

PROOF: Let us take /BAM = /NAC =ao, /MAN = §, ZACB = v and
ZABC = . From hyperbolic sine law, we get

[CAGBly _ [[cASC|y

(9) . = . ,
sin -~y sin 8

(10) [SN®Bly _ [eN® Ay

sin (o + 9) sin 8 ’

) leMaCl, _ leMe Al
sin (o + 0) sin ~y

[GM e B[, _ [[eM® Ay,

(12) . = . ,
sin «v sin 3
NaC No A

i~ [eNeCl, _ leNeAly,

sin o sin 7y
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Dividing (10) by (11), and dividing (12) by (13), we get

(14) ||@M®A||M ||@N®B”M _ siny
|leNa& A, leMa& C|,, sin 8
and
(15) |leNa&A|,, leM & B||,, _ sin y
leMa All,, |[6N® C||,, sin 3’
respectively. Multiplying (14) by (15), we have
(16) |[eN@&B|,, |[eMa& B|,, _ sin? 7
[eM & Clly, [eN & Cl sin? 3’
and from (9), we get
(17) sin®y  [[0A® B3,
sin 3 [loC@ Ay,

Thus, the left-hand side of (16) and the right-hand side of (17) are equal.

Figure 4. The theorem of Steiner in the Poincaré disc model of
hyperbolic geometry.
O
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