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Introduction

The name of non Fuclidean geometry has been used for the first time by Karl
Friedrich Gauss (1777-1855) to distinguish the geometries that differ from Euclid’s
geometry through the axiom of parallelism . According to some dated letters, Gauss
started to develop a non Euclidian geometry in the year 1792. He had to overcome the
prejudices against a non Euclidian geometry and to accept a geometrical system that
was against his intuition. For the first time he realized that the axiom of parallelism
was independent of the other axioms of geometry, therefore, the problem of proving
it did not have sense, that removing this axiom, the geometry obtained is not contra-
dictory. Nevertheless he never published anything from this domain fearing ridicule.
Karl Ferdinand Schweikart (1780-1859) had also developed a non Euclidian geometry
and in 1818 he sent a memorandum to Gauss. Schweikart affirmed that beside the
Fuclidian geometry there was a new geometry called astral geometry, in whitch the
sum of the measures of the angles in a triangle is less than the sum of two straight
angles. But, like Gauss, he didn’t published anything. It took some time until mathe-
maticians accepted the existence of non Euclidian geometry, especially because of the
belief in the Kantian theory. Immanuel Kant (1724-1804) believed that geometry was
an absolute science. Therefore, the idea of the existence of another geometry would
challenge the Kantian philosophy .

The non Euclidian geometry does not contradict the classical geometry but it in-
cludes it as a limited case. It is more advanced because it corresponds to a more
abstract faze in the process of acknowledging. Such a type of geometry was indepen-
dently discovered by Jénos Bolyai (1802-1860) and Nikolai Lobacevski (1793-1856).
N. Lobacevski published in 1829 his work in “Principles of Geometry” in which he
affirmed that if we presume a given line [ and a point P which does not belong to the
line, then there are at least two lines which go through P and are parallel to [. Even
more, he demonstrated that the new geometry is just as logical and not contradictory
as Euclidian geometry.

J. Bolyai developes a geometry, which he names absolute, independent of the truth
or falsity of the axiom of parallelism and creates hyperbolic geometry following the
same road and obtaining the same result as Lobacevski. The work of J. Bolyai |,
Appendiz Scientiam Spatii Absolute Veram FExhibens (the annex in which is exposed
the absolute and true science of space ) appeared at Targu Mureg in 1831, as an annex
of the Tentamen volume of Farkas Bolyai .

The name of hyperbolic geometry has its justification through the fact that when
an object of a new theory is classified by the nature of some generator elements — in
our case, the number of parallels drawn through a point to a line — problem equivalent
in general with the interpretation of the roots of a second grade equation, it is called
elliptic, the case which corresponds to the complex values (when we don’t have paral-
lels) and analogue, parabolic or hyperbolic, the cases that correspond to the equal roots
(when we have a single parallel) or different real roots (when we have two parallels).

In 1868, Eugenio Beltrami (1835-1900) shows that hyperbolic geometry can be
realized on the pseudo sphere, which is a real surface of rotation, obtained through the



rotation of the curve called traction. In this case, the lines of geometry are geodetics of
the pseudosphere, so curves of the shortest distance. Beltrami’s result is particularly
important, because it gives us a real model, in ordinary space, on which hyperbolic
geometry is valid, so it completely solves the problem of plane non contradiction of
Bolyai-Lobacevski .

This paper is structured in three chapters, one is introductive and the other two
chapters in which our contributions in the study of hyperbolic geometry are presented.

In Chapter 1 is presented Beltrami-Klein’s disc model of hyperbolic geometry
using the gyrovector notion introduced by American mathematician Abraham Ungar
[133] in 1997. Firstly we introduced the gyrogrup notion, the gyrocomutativ gyro-
grup notion and their main properties. Then we presented the gyrovector notion, the
space of gyrovectors and their main properties. Further, on the space of gyrovectors
(G,®,®) we introduced the gyrometric dg(a,b), we defined gyrolinia, gyrosegment,
gyromidpoint of gyrosegment, gyrocosinus of angle between two gyrovectors and we
gave the conditions for three points to be gyrocollinear. In the next paragraph of the
first chapter we introduced adding and multiplying Einstein gave the main properties
and presented Beltrami-Klein model of hyperbolic geometry seen through the concept
of gyrovector. In the last part of this chapter we set out some useful theorems in our
scientific approach, whose proof is found in [134], [135] and [136]

In Chapter 2, named The hyperbolic version of some classic geometric results we
transcend in the hyperbolic version — using Einstein relativistic velocity, on the disc
model of Poincaré and the model of upper half-plan of Poincaré — different famous
theorems of euclidean geometry. So, in Subsection 2.1, C. Barbu and F. Smarandache
[38] presented the hyperbolic form of Menelaus’ theorem and used this new form to
prove a theorem of Titeica in the hyperbolic geometry.

In Subsection 2.2, using the concept of hyperbolic ration — introduced by W.
Stothers [130], C. Barbu [18] gave the hyperbolic version of Menelaus theorem for
quadrilaterals, transversality theorem for a triangle and Menelaus’ theorem for a con-
vex polygon.

In Subsection 2.3, D. Andrica and C. Barbu [7] treated Ceva’s theorem in the
Poincaré disc model, we showed that in some conditions it admits converse and we
presented some applications of it for a hyperbolic triangle.

In Subsection 2.4, D. Andrica and C. Barbu [9] presented the hyperbolic version
of Desargues’ theorem in the Poincaré disc model and showed that in some conditions
it admits converse.

In Subsection 2.5, C. Barbu [16] defined the hyperbolic podar poligon and presented
the hyperbolic version of the pedal polygon of Smarandache, this being a generalization
of Carnot’s theorem.

In Subsection 2.6, C. Barbu [15] gave a trigonometrical proof of Steiner-Lehmus in
the Poincaré disc model.

In Subsection 2.7, C. Barbu [19] introduced the concept of hyperbolic isogonal, we
demonstrated Steiner’s theorem that refers to isogonals in the Poincaré disc model,
and we exposed the consequences of this theorem and demonstrated a theorem of
Andreescu refering at isogonal lines in a hyperbolic triangle.

In Subsection 2.8, C. Barbu [19] introduced the concept of hyperbolic simedian,



we presented Mathieu’s theorem in the Poincaré disc model and we give some conse-
quences of it in the hyperbolic geometry.

In Subsection 2.9, C Barbu and L. Pigcoran [33] was given the demonstration of
Nobbs’s theorem in the Poincaré disc model of hyperbolic geometry.

In Subsection 2.10, C. Barbu [20] presented the hyperbolic version of isotomic
transversal theorem in the Poincaré disc model of hyperbolic geometry.

In Subsection 2.11, C. Barbu [20] presented the hyperbolic version of Neuberg’s
theorem in the Poincaré disc model of hyperbolic geometry and some consequences
that derive from it.

In Subsection 2.12, C. Barbu and L. Pigcoran [34] presented the hyperbolic version
of Giilicher’s theorem in the Poincaré disc model of hyperbolic geometry.

In Subsection 2.13, C. Barbu and L. Pigcoran [34] presented the hyperbolic version
of the internal bisector’s theorem, its converse, the hyperbolic version of the external
bisector’s theorem and its converse, and some applications of these theorems.

In Subsection 2.14, C. Barbu and L. Pigcoran [30] presented the hyperbolic version
of Zajic’s theorem in the Poincaré disc model of hyperbolic geometry.

In Subsection 2.15, C. Barbu and N. Sténmez [41] presented the hyperbolic version
of Carnot’s theorem in the model of upper half-plan of Poincaré of hyperbolic geometry,
we showed that in some conditions it admits converse and presented some applications
of it in a hyperbolic triangle.

In Subsection 2.16, C. Barbu and N. Sénmez [40] presented the hyperbolic version
of ortopol’s theorem in diferent models of hyperbolic geometry.

In Subsection 2.17, C. Barbu [22] presented the hyperbolic version of Stewart’s
theorem in the Einstein relativistic velocity model of hyperbolic geometry and gave
some of its consequences.

In Subsection 2.18, C. Barbu [25] presented the hyperbolic version of Van Aubel’s
theorem in the Einstein relativistic velocity model of hyperbolic geometry and gave
some consequences of it.

In Subsection 2.19, C. Barbu [23] presented the hyperbolic version of a theorem
of minimum of Smarandache in the Einstein relativistic velocity model of hyperbolic
geometry.

In Subsection 2.20, C. Barbu [29] presented the hyperbolic version of a theorem of
Pappus in the Einstein relativistic velocity model of hyperbolic geometry, we defined
the antibisector for a hyperbolic triangle and gave some consequences of Pappus’s
theorem.

In Subsection 2.21, C. Barbu [13] presented the hyperbolic version of the cevian tri-
angle theorem of Smarandache in the Einstein relativistic velocity model of hyperbolic
geometry.

In Subsection 2.22, C. Barbu [31] treated some inequalities for a hyperbolic triangle.

In Subsection 2.23, C. Barbu and L. Pigcoran [35] presented the hyperbolic version
of the inequality of Andrica-Iwata and the consequences that derives from it.

In Subsection 2.24, C. Barbu and L. Pigcoran [37] treated some applications of
Cusa-Huygens inequality in a hyperbolic triangle.

In Subsection 2.25, C. Barbu and L. Pigcoran [36] presented the hyperbolic form
of a inequality of Panaitopol and made some considerations on Jordan’s inequality.



In Chapter 3, entitled The fundamental inequality of the triangle between Euclid-
ean geometry and hyperbolic geometry we treated Blundon’s inequality in euclidian
geometry and in hyperbolic geometry. So, in Subsection 3.1, D. Andrica and C. Barbu
[8] presented a geometric proof to the so-called fundamental triangle inequality. Given
a triangle ABC, denote by s the semiperimeter, R the circumradius, and r the inradius
of ABC'. The necessary and sufficient condition for the existence of a triangle, with
elements s, R, and r, is

2R*4+10Rr —r*—2(R—2r)V/ R%2 — 2Rr < s* < 2R?*+10Rr—r?+2(R—2r)\/ R? — 2Rr.

contains a simple geometric proof of the fundamental inequality. We gave the formula
for cos ION in terms of the symmetric invariants of triangle s, R, r, where denote by
O the circumcenter, I the incenter, N the Nagel point of ABC'. This formula contains
in fact the fundamental triangle inequalities and it is connected to the famous Euler’s
determination problem. So, assume that the triangle ABC is not equilateral, the
following relation holds:

2R% + 10Rr — r? — s>
2(R — 2r)v'R? — 2Rr’

From previous theorem we obtain a natural and important problem to construct the
triangle ABC from its incenter I, circumcenter O, and its Nagel point N. Taking
into account that points I, G, N are collinear determining the Nagel line of triangle,
it follows that we get the centroid G on the segment I N such that IG = %I N. Then,
using the Euler’s line of the triangle, we get the orthocenter H on the ray (OG such that
OH = 30G. Now we have reduced the construction problem to the famous Euler’s
determination problem i.e. to construct a triangle from its incenter I, circumcenter
O, and orthocenter H [68]. Some new approaches involving this problem are given by
B.Scimemi [120], G.C.Smith [126], J.Stern [129] and P.Yiu [144].

In Subsection 3.2, D. Andrica and C. Barbu [8] proved a dual version to the Blun-

—

don’s inequality, which gives a formula for cos 1,0 N, in terms of «, R, r,, where denote

2 2 2
by I, the A— excenter, N, the A—adjoint point to the Nagel point N, o = %
and r, is A—exradius of ABC. We prove that the following relations hold:

COS.ﬁ)]\V =

a® + b + 2

0<————< R? —3Rrq — 12 + (R + 2r4)V R? 4 2Rr,,
and ) )
cos I[,ON, = R = 3fra — 1, —a

(R+ 2rq)VR? + 2Rr,

In Subsection 3.3, D. Andrica and C. Barbu [8] presented some inequalities involv-
ing s, R and the exradii of the triangle.

In Subsection 3.4, D. Andrica and C. Barbu [10] we presented a geometric proof
to approach to Blundon - Wu inequality. S. Wu [140] gave a new sharp version of the
Blundon’s inequality by introducing a parameter, as follows: for any triangle A1 A2 As,
the following inequalities hold

2R*+10Rr—12—2(R—2r)\/ R%2 — 2Rr cos ¢ < s° < 2R*4+10Rr—r24+2(R—2r)\/ R2 — 2Rr cos 6.



where ¢ = min |A; — Aj|.

1<i<j<3
In Subsegti(iﬁ 3.5. we presented the hyperbolic version of Blundon’s inequalities.
This form was given by D. Svrtan and D. Veljan [131]. So, they have showed that
for a hyperbolic triangle that has a circumcircle of radius R, incircle of radius r,
semiperimeter s, and excess €, we have

where

D= 8,2[(7“/2R,2€,2 + 4T/4R,4€,2 _ 4T/3R,3€,2 14 6r'R — 12T/2R/2 + 81"/3R/3)8/4

+TI2R/€/(1 — 4R + 47"/2R/2€, _ 87‘/2R/26/2 + 9c’ + 187‘/R,5,)S/3
+r2(2R? — 10r'R' — 1272 R — 2)s™ — 6r"4R'e's' — 1Y),

and 7' = tanh £, R’ = tanh %,z—:’ = cot 5,5 = sinh £.

In Subsection 3.6, D. Andrica, C. Barbu and N. Minculete [26], [11] presented a geo-
metric way to generate Blundon type inequalities, using the barycentric coordinates.
We have introduced the Cevians of rank (k;l;m). The line AD is called ez-Cevian of

rank (k;1;m) or exterior Cevian of rank (k;l;m), if the point D is situated on side
(BC) of the non-isosceles triangle ABC and the following relation holds

BD ( f)k s—c\' fa+b\™
DC  \b s—b a+c
k,l,m € R, and we presented some properties of this cevian. We have showed that

if I, I, I3 are three Cevian points of rank (k;[; m) with barycentric coordinates as
follows:

Ii[ak"(s — a)l"(b +c)™ bki(s — b)li(a +c)™ cki(s — c)l" (a+b)"],
i =1,3,and t} = aki(s—a)li(b+c)™, 12 = bri(s—b)li(a+c)™, 3 = cFi(s—c)li(a+b)™,

1 1
tj ti

s — _
K tht2 e 2+

t2 2

B.i = J — ti
R e I 7

t3 13

Yij = 3 5

1 2 3 41 2 3
tj+tj+tj ty +15 + 13

for all 4,5 € {1,2,3}, then
COSIlI2[3 =

—a?(B12712 + Bagvaz — Ba1v31) — b2 (V1202 + Yozas — v31031) + (2819 + a23Ba3 — i31831)

2\/—51271202 — Y190120% — 12 815¢2 - \/—52372302 - 7230‘2352 - 042352302



and from here we obtain:

—2\/—512712@2 - 7120412()2 - 041251202 : \/—523723612 - 723012352 - 0423ﬁ2302 <

—02(512’7124‘523723—531731)—52 (’71204124-’7230423—’7310431)"’02(0412512+0623523—0431531) <

2\/*51271202 - %2011252 - a12ﬁ1202 ) \/*52372302 - 7230‘2352 - 0423ﬁ2302,

the Blundon’s type inequalities are simple direct consequences of the inequalities —1 <
cos 11513 < 1.
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over time, directly or by implication, contributed with their advice to the creation
of this scientific demarche. I offer thanks to Professor Doctor Dorin Andrica who,
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I express thanks to Professor Doctor Mircea Cragméareanu, to Professor Doctor
Paul Blaga, for the cautious reading of the manuscript,
for the given advice and the compliance that has been shown. Also, I would like to
express thanks to the Cluj-Napoca “Babeg Bolyai” University’s Geometry Chair, to
Professor Doctor Varga Csaba, to Professor Doctor Cornel Pintea, to Professor Doctor
Daniel Vacéaretu, to Professor Doctor Liana Topan, who helped me and sustained me
in elaborating this script. Last, but not least, I would like to express thanks to my
wife, to my son, Matei, and to my parents, for the continuous sustaining as for the
achievement of this important step in my life.



Chapter 1

The Einstein relativistic velocity
model of hyperbolic geometry

Hyperbolic geometry appeared in the first half of the 19" century as an attempt to

understand Euclid’s axiomatic basis of geometry. It is also known as a type of non-
euclidean geometry, being in many respects similar to euclidean geometry. Hyperbolic
geometry includes similar concepts as distance and angle. Both these geometries have
many results in common, but many are different. Several useful models of hyperbolic
geometry are studied in the literature as, for instance, the Poincaré disc and ball
models, the Poincaré half-plane model, and the Beltrami-Klein disc and ball models
etc. Following [134] and [136] and earlier discoveries, the Beltrami-Klein model is also
known as the Einstein relativistic velocity model.

The special theory of relativity was originally formulated by Einstein in 1905,
[65], to explain the massive experimental evidence against ether as the medium for
propagating electromagnetic waves, and Varicak in 1908 discovered the connection
between the special theory of relativity and hyperbolic geometry [138]. The Einstein
relativistic velocity model is another model of hyperbolic geometry. Many of the
theorems of Euclidean geometry have a relative similar form in the Einstein relativistic
velocity model

We present this model of hyperbolic geometry.

A groupoid (G,®) is a gyrogroup if its binary operation satisfies the following
axioms. In G there is at least one element, 0, called a left identity, satisfying

(G1) 0@ a = a, for all a € G. There is an element 0 € G satisfying axiom (G1)
such that for each a € G there is an element ©a € G, called a left inverse of a,satisfying

(G2) Ga®a=0

Moreover, for any a,b,c € G there exists a unique element gyr[a,blc € G so that
the binary operation obeys the left gyroassociative law

(G3) a® (b&c) = (adb) & gyria,blc.

The map gyr|a,b] : G — G given by ¢ — gyr|a,b]c is an automorphism of the
groupoid (G, ®),

(G4) gyrla,b] € Aut(G,®)

10



1. The Einstein relativistic velocity model of hyperbolic geometry 11

and the automorphism gyr|a; b] of G is called the gyroautomorphism of G gener-
ated by a,b € G The operator gyr : G x G — Aut(G,®) is called the gyrator of G.
Finally, the gyroautomorphism gyr[a,b] generated by any a,b € G possesses the left
loop property

(G5) gyr|a,b] = gyr(a © b, b].

As in group theory, we use the notation

aob=a® (Sh)

in gyrogroup theory as well.
A gyrogrup (G, @) is gyrocommutative if its binary operation obeys the gyrocom-
mutative law
a® b= gyrla,bl(b® a),

for all a,b € G.
Let (G,®) be a gyrogroup, and let a,b € G. The unique solution of the equation

a®xr=>
in G for the unknown z is
r=0adDb.
Let (G, ®) be a gyrogroup. Then, for any a,b,c € G we have

a® (Cadb)=0>

gyrla,b] = gyra,b @ a
gyrla,b] = gyr[a ® b, &al
gyr[b,a] = gyr[©a,a & b]
Let (G,®) be a gyrocommutative gyrogroup. Then,

Sa®b) =cach

gyrla, b[{b@® (a®c)} = (a®b) Dc
gyrla,blb=(a®b) S a
(a®b)© (a®c) = gyrla,bl(bec)
gyrla,blgyr[b @ a, c] = gyr[a,b® clgyr[d, ]
gyrla, ©blgyr[b, &clgyr(c, ©a] = gyr[©a ® b, Pa © ]
gyrla, ©blgyr[b, &clgyr|c, &d] = gyr|a, &d]
gyrla, ob] = gyr[©a & b,a & blgyr|a, b]

for all a,b,c,d € G

A rooted gyrovector PQ in a gyrocommutative gyrogroup (G, ®) is an ordered pair
of points P,Q € G. The rooted gyrovector P(@) is rooted at the point P. The points
P and @ of the rooted gyrovector P(Q) are called, respectively, the tail and the head



1. The Einstein relativistic velocity model of hyperbolic geometry 12

of the rooted gyrovector. The value in G of the rooted gyrovector PQ is ©P @ Q.
Accordingly, we write
v=PQ=SP®Q

and call v =6 P @& @ the rooted gyrovector, rooted at P, with tail P and head @ in
G. The rooted gyrovector P(Q) is nonzero if P # Q.

Let PQ = 6P & Q, P'Q' = ©P' & @' be two rooted gyrovectors in a gyrocom-
mutative gyrogroup (G, @) with respective tails P and P’ and respective heads @ and
@Q’'. The two rooted gyrovectors are equivalent,

oP®Q~oP ©Q
if they have the same value in G, that is, if

ePeQ=6P aq.

The relation "~" is an equivalence relation. The resulting equivalence classes are

called gyrovectors.

A real inner product gyrovector space (G, ®,®) (gyrovector space, in short) is a
gyrocommutative gyrogroup (G, ®) that obeys the following axioms:

(1) G is a subset of a real inner product vector space V called the carrier of G,
C V, from which it inherits its inner product, - , and norm, ||-||, which are invariant
under gyroautomorphisms, that is,

(V0) gyrlu,v]a: gyrju,v]b = a- b, for all points a,b,u,v €G.

(2) G admits a scalar multiplication, ®, possessing the following properties. For
all real numbers r,71,79 € R and all points a €G:

(Vl)1®a=a

(V2) (m+m)@a=radra

(V3) (rmra) @a=r1® (re ®a)

(V4) frsai = Top> @ # 0. #£0

(V5) gyr[u,v](r ® a) =7 @ gyr[u, v]a

(V6) gyr[r1 @ v,r @ v] =1

(3) Real, one-dimensional vector space structure (||G||,®,®) for the set |G| of
one-dimensional "vectors"

G| = {£||al]| : a € G} C R, with vector addition & and scalar multiplication ®,
forall € R and a,b € G,

(V7) |lr @ al = |r| @ [|a]

(v8) lab|l < [la] @ [b] .

One can readily verify that (—1)®a = ©a, ||©al| = ||a]|,a®r = r®a. Owing to the
scalar distributive law, the condition for 1 ® a in (V1) is equivalent to the condition

nQa=adbad..da
~———

n times

and
a® (—t) = caxt.

A gyrovector space G = (G, ®, ®) possesses the monodistributive law

reo(rradre®a)=r(rra)dre (rnea).
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Let G = (G,®,®) be a gyrovector space. Its gyrometric is given by the gyrodis-
tance function dg(a,b) :G x G — Ry,

de(a,b) =[[©a @bl = [[boal

where dg (a,b) is the gyrodistance of a to b.
Let a,b be any two distinct points in a gyrovector space (G, ®,®). The gyroline
in G that passes through the points a and b is the set of all points

L=a® (cadb)®t

in G with t € R. Two gyrolines that share two distinct points are coincident. A
gyrosegment ab with endpoints a and b is the set of all points with ¢ € [0, 1] which
verifies the relation L = a @ (©a @ b)®t. The gyrolength |ab| of the gyrosegment ab
is the gyrodistance between a and b,

|ab| = dg(a,b) = [[ca® b

Two gyrosegments are congruent if they have the same gyrolength.
A point b lies between the points a and ¢ in a gyrovector space (G, ®,®) (i) if the
points a, b, ¢ are gyrocollinear, means that, they are related by the equations

ay =ad (©ad b))ty

k = 1,3, for some a,b € G, a# b, and some t; € R, and (ii) if, in addition, either
t1 <tg <tzorits <ty <ty

If the three points aj, ag,ag in a gyrovector space G = (G, @, ®) are gyrocollinear
then

gyrlay, ©aylgyr(as, ©ag] = gyr(a;, Sa].

The gyromidpoint pJ. of any two distinct points a and c in a gyrovector space
(G, ®, ®) is given by the equations

1
pﬁfza@(@agﬂﬂ®§

Two nonzero gyrovectors Sa;®b; and ©ax®by in a gyrovector space (G, ®, ®).
The gyrocosine of the gyroangle o, 0 < a < 7, between the two gyrovectors is given
by the equation

caibb;  Saxdby (1.1)
[Cai®bi|| [[Cax®by|| '

Let s be any positive constant and let (R™, +,-) be the Euclidean n—space, and R? =
{v €R" : ||v|| < s} be the s— ball of all relativistically admissible velocities of material
particles. It is the open ball of radius s, centered at the origin of R™, consisting of
all vectors v in R™ with magnitude ||v|| smaller than s. Einstein velocity addition is a
binary operation, @, in the s—ball R} given by the equation

Ccosx =

1 1 1
UGV =r—pr (Ut — Vit Tu (u-vijuy,
1+572 Yu S 1+'}/u
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for all u,v €RY, where vy, is the gamma factor given by the equation

1 1
Tu = > =
Ji-E -y

Here u - v are the inner product, and [|u]|®> = u-u = u2. A frequently used identity
that follows immediately from (1.2) is

(1.2)

u2

P

2
P21

(R?, ) is Einstein’s grupoid. We naturally use the abbreviation acb = a® (&b)
for Einstein subtraction.

Einstein addition is noncommutative and Einstein addition is also nonassociative.
FEinstein addition satisfies the mutually equivalent gamma identities

u-v
Yugv = TuVv (1+-4;57),

and
u-v

Yuev = TuVv (1 - ?) (13)
for all u,v € R?. The gamma identity (1.3) signaled the emergence of hyperbolic
geometry in special relativity when it was first studied by Sommerfeld and Varic¢ak in
terms of rapidities. Then, the rapidity ¢, of a relativistically admissible velocity v is
defined by the equation

¢, = tanh™* IIvll (1.4)
s
so that
cosh by = 7,
sinh ¢, = ’YVM-
S

Sommerfeld and Vari¢ak proved that
cosh ¢, = cosh ¢, cosh ¢, — sinh ¢, sinh ¢, cos A

where angle A is a hyperbolic angle in the relativistic "triangle of velocities" in the
Beltrami-Klein ball model of hyperbolic geometry. By (1.3) we obtain

u-v 1_7u9v

s? Tulv
Two nonzero gyrovectors u and v from R} are parallel if exists a constant A € R so
that u =\v, the Einstein addition reduces to

SR . A (1.5)
L+ & [ulfv]
and, accordingly,
_ |l + v
[ulf & []v]]

L+ [l v
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Einstein addition determined by (1.5) is commutative and associative. Accordingly,
the restricted Einstein addition is a group operation R?, as Einstein noted in [Einstein,
1]. Einstein made no remark about group properties of his addition of velocities
that don’t need to be parallel. Indeed, the general Einstein addition is not a group
operation but, rather, a gyrocommutative gyrogroup operation, a structure that was
discovered only in 1988 by Ungar [Ungar|. Einstein gyrations gyr[u,v] : R? — R? are
automorphisms of the Einstein gyrogroup (RZ, @), given by the equation

gyr(u, vlw = S(u @ v)e{ud(v & w)}, (1.6)

and they preserve the inner product that the ball RY inherits from its real inner product
space V,
gyr[u,v]a-gyr[u,vlb = a- b,

for all a,b,u,v,w € R7.
From the equation (1.6) we obtain the gyration equation

Au-+Bv
gyrlu, vlw = w+——070H—,
D
for all u,v,w € R, where
1 42 1
A=-—-—-—4 -1 . — .
SQ%H(% )W)t 57y (VW)
2 Tary
+— u-v)(v-w
At D+ VW)
I vy

B=-——

{’Yu(fyv + 1)(11 ’ W)+(7u - 1)’7v(v ’ W)}

u-v
D:7u7v<1+872>+1:7u€9v+1>1

An Einstein gyrovector space (R?,®,®) is an Einstein gyrogroup (RZ,®) with
scalar multiplication ® given by
Ivi" vl
@+?J —0—10 v

(1 858) + (1= )

1M)L
)
s vl

r®v=s

= stanh(r tanh™

where r € R,v €R?,v # 0 and r ® 0 = 0, and with which we use the notation v®r =
TR V.
Einstein scalar multiplication can also be written in terms of the gamma factor as

1-— (’Yv B m)zr Vv (17)

rQV= v

L+ (v — V72 — D7 /e — 1

with v # 0.
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An Einstein gyrovector space (R7,®,®) is a gyrometric space with gyrometric
given by the Einstein gyrodistance function

d(a,b) = [boal. (1.8)

Gyrolines in the Beltrami ball model of hyperbolic geometry, that is, in Einstein
gyrovector spaces, are Euclidean straight lines.

An Einstein gyrotriangle A3 AsAs in Einstein gyrovector space (RZ, @, ®) has (i)
three vertices A, B, C € R?, (i7) three gyroangles a1, as and azg, (¢i7) three sides, which
form the three gyrovectors a2, ags and ag;, with respective (iv) three sidegyrolengths
a12,a23, and agi as defined as follows

aiz = |an| =041 @ Ao,
ags = |lags| = [[©42 @ A3,
azi = azi|| = [[©43© A4

Let ©A41 & Ay and ©A4;1 ® Az be two rooted gyrovectors with a common tail A;. They
include oy = ZA3A; A3, the radian measure of which is given by the equation (1.1).

The following are some theorems proved by A. Ungar, used by us to obtain other
results.

The Hyperbolic Theorem of Menelaus in Finstein Gyrovector Spaces

Let a;, a5 and a3 be three non-gyrocollinear points in an Einstein gyrovector space
(R?, @, ®). If a gyroline meets the sides of gyrotriangle ajazas at points ajs, a3, ags
then

7@a169a12 H@al @ a12|| 76a2®a23 ”@az EB a23” fyea:',@alg ||@a3 @ a13H —
’Y@ag@alg H@az ©® a12|| 7@a3@a23 ”@a3 @ a23H 7@a1®a13 ||6a1 @ a13H

1 (1.8)

where v, = ——2—. ([135], p. 463)

The Hyperbolic Theorem of Ceva in Finstein Gyrovector Spaces

Let aj,a, and a3 be three non-gyrocollinear points in an Einstein gyrovector
space (R? @, ®). Let ajo3 be a point in their gyroplane, which is off the gyroline
ajao, asag, agaj. If ajajsg meets asag at ass, etc., then

7@21169312 ||@al @ a12” 7@a2®323 H6a2 @ a23|| 7@a369a13 H@a3 EB a13|| —
Veag@alg ||6a2 S 312” W@ag@azgg H@a?, D 3.23|| 7@a1@a13 H@al @ a13||

1, (19

where v, = ——~—. ([135], p. 461)
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Law of Gyrosines in Einstein Gyrovector Spaces

Let ABC be a gyrotriangle in an Einstein gyrovector space (RY,®,®) having
the vertices A, B and C, the sidesa=-B® C,b=-C® A and c=—-A® B. Let
a = |lal|,b = ||b||,c = ||c|| be sidegyrolengths of ABC, a,b,c € (—s,s), and a =
/BAC,p = /CBA, v = ZACB are gyroangles of gyrotriangle ABC. Then,

sina  sinf8  sinvy

_ _ 1.1
Yal Wb e (1.10)

where vy, = ——L—. ([135], p. 544)

Law of Gyrocosines in Einstein Gyrovector Spaces

Let ABC be a gyrotriangle in an Einstein gyrovector space (R?,®,®) having
the vertices A, B and C, the sidesa=-B 3 C,b=-C® Aand c=—-AP B. Let
a = |lal|,b = ||b||,c = ||c|| be sidegyrolengths of ABC, a,b,c € (—s,s), and a =
/BAC,p = ZCBA, v = ZACB are gyroangles of gyrotriangle ABC. Then,

Ya = V5Vl — bscs cos @), (1.11)

where v, = ——L—. ([135], p.542)

The Gyrotriangle Bisector Theorem in FEinstein Gyrovector Spaces

Let ABC be a gyrotriangle in an Einstein gyrovector space (R?,®,®) having
the vertices A, B and C, the sidesa=—-B @ C,b=-C® Aand c=—-A@ B. Let
a = |al|,b = ||b]|,c = |/c| be sidegyrolengths of ABC, a,b,c € (—s,s), and let D be
a point lying on the side BC so that AD is the bisector of gyroangle ZBAC. Then,

V8ol |1BD| Y4 |AB]
Yep ICD] vac) |ACI

(1.12)

where vy, = ———. ([136], p.151)




Chapter 2

The hyperbolic version of the
classic geometric results

Hyperbolic Geometry appeared in the first half of the 19"” century as an attempt
to understand Euclid’s axiomatic basis of Geometry. It is also known as a type of
non-Fuclidean Geometry, being in many respects similar to Euclidean Geometry. Hy-
perbolic Geometry includes similar concepts as distance and angle. Both of these
geometries have many results in common but many are different.

2.1 The hyperbolic Menelaus theorem in the Poincaré
disc model

Menelaus of Alexandria was a Greek mathematician and astronomer, the first to recog-
nize geodesics on a curved surface as natural analogs of straight lines. Here, in this
study, we present a proof of Menelaus’s theorem in the Poincaré disc model of hyper-
bolic geometry. The well-known Menelaus theorem states that if [ is a line not through
any vertex of a triangle ABC so that [ meets BC in D, CA in E, and AB in F, then
% . % . % =1 [79]. This result has a simple statement but it is of great interest.
We just mention here few different proofs given by A. Johnson [84], N. A. Court [55],
C. Cosnita [53], A. Ungar [135]. Here we present a proof of Menelaus’s theorem in
the Poincaré disc model of hyperbolic geometry. The author has published the results

in the paper [38].

Theorem 2.1.1. (The hyperbolic Menelaus theorem) If [ is a gyroline not through
any vertex of an gyrotriangle ABC' so that [ meets BC in D, CA in E, and AB in F,
then

18
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Theorem 2.1.2. (Converse of Menelaus’s theorem for hyperbolic triangle) If D
lies on the gyroline BC, E on C'A, and F on AB so that

then D, E, and F are collinear.

Theorem 2.1.3. Let O be a point situated in the interior of a gyrotriangle ABC.
Let I be a gyroline not through any vertex of a gyrotriangle ABC so that O is on
gyroline [, and | meets the gyrosides BC,CA, and AB in the points A’, B’, and C’,
respectively. If A”, B”,C" are the symetrics of the points A’, B’, and C’, respectively
from the point O, and two of the gyrolines AA”, BB"” CC" are concurrent, then all
three are concurrent.

2.2 The Menelaus’s theorem for hyperbolic quadrilater-
als

The well-known Menelaus theorem for quadrilateral states that if X,Y,Z W are
collinear points on the sides AB, BC, C D, and D A respectively,of quadrilateral ABCD,
the % . g% . % . % = 1 [17]. Here we present a proof of Menelaus’s theorem
for hyperbolic quadrilateral in the Poincaré disc model of hyperbolic geometry. The
author has published this results in the paper [18] and [39].

Definition. If A, B and X are distinct points on an h-line, then their hyper-

bolic ratio is h(A, X, B) = %, if X is between A and B, and h(A, X, B) =
sinh(d(A,X))

~ Smh(d(X.B))’ otherwise.
Basic properties of hyperbolic ratio:
1. h(A,X,B) = mz if X is between A and B,then h(A,X,B) € (0,1),
3. if X is on AB, beyond B,then h(A,X,B) € (—o0,—1),
4. if X is on AB, beyond A,then h(A, X, B) € (—1,0),
5. if X and Y are points on the h-line AB so that h(A, X, B) = h(A,Y, B), then
X =Y (the hyperbolic ratio theorem).

For more details see [130].

Theorem 2.2.1. If [ is a h-line not through any vertex of a h-quadrilateral ABC D
so that [ meets AB in X, BC'in Y, CD in Z, and DA in W, then

h(A,X,B) h(B,Y,C) h(C,Z,D)-h(D,W,A) =1

F. Smarandache (1983) has generalized the Theorem of Menelaus for any poly-
gon with n > 4 sides as follows: If a line [ intersects the n-gon A;As...A, sides
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A1As, AsAs, ..., and A, A; respectively in the points My, Mo, ..., and M, then 2041 .

A My Az
M2 2 MnAn_
Mady . Madn 1 [122].

Theorem 2.2.2. If [ is a gyroline not through any vertex of a gyroquadrilateral
ABCD so that [ meets ABin X, BCinY, CD in Z, and DA in W, then

7 ax||AX| ) 7\ 5y||BY| ) Y\cz/ICZ]| ) 7 pw| | DW| 1

Yiex)IBX| Viev|ICY| Vipz|IDZI YV aw||AW]

Corollary 2.2.3. (Transversal theorem for triangles) Let D be on gyroside BC,
and [ is a gyroline not through any vertex of a gyrotriangle ABC such that [ meets
ABin M, AC in N, and AD in P, then

Y anr||AM]| ) 7\ ac||AC] ) 7\ pn|PN] .’.Y\DB\‘DB‘ .

1
Vian|lABl Vian|AN| 7V \par|PM| Y pey|DCY

Theorem 2.2.4. (The Hyperbolic Theorem of Menelaus for n — gons in Einstein
Gyrovector Space) If [ is a gyroline not through any vertex of a n—gyrogon A1As...A,
so that [ meets A1 Ay in My, AsAs in Mo, ..., and A, Aq in M,,, then

Vg ag IMAL Y agpag | Mo As| Y My An) | MnAn| 1

Vg ag) [ MiA2| Y |apyaq) [ M2As| VM g [Mn Ad

2.3 The Hyperbolic Ceva Theorem in The Poincaré Disc
Model

Here, in this study, we present a proof of Ceva’s theorem in the Poincaré disc model
of hyperbolic geometry. The Euclidean version of this well-known theorem states that
if three lines from the vertices of a triangle A; As Ag are concurrent at M, and meet
the opposite sides at P, @), R respectively, then ﬁxz . %ﬁ . % =1 [84]. This result
has a simple statement but it is of great interest. We just mention here few different
proofs given N.A.Court [54], D.Grindberg [75], R.Honsberg [79], A.Ungar [135]. The

author has published this results in the paper [7].

Theorem 2.3.1. (The Ceva’s theorem for hyperbolic triangle) If M is a point not
on any side of a gyrotriangle A;As A3 so that AsM and A;As meet in P, AsM and
AsAq in @, and A1 M and As A3 meet in R, then

(A1P)y (A2R), (A3Q)y
(AQP)W (A?:R)v (AIQ)W
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Naturally, one may wonder whether the converse of the Ceva theorem exists. In-
deed, a partially converse theorem does exist as we show in the following theorem.

Theorem 2.3.2. (Converse of Ceva’s theorem for hyperbolic triangle) If P lies
on the gyroline A1 As, R on AsAs, and Q) on AsA; so that

(Alp)'y . (AZR)'V . (ABQ)'Y _
(A2P)'y (ASR)'Y (AlQ)’y

and two of the gyrolines A1 R, A2Q) and AsP meet, then all three are concurrent.

L,

Definition 2.3.3. The symmetric of the median of a triangle with respect to the
internal bisector issued from the same vertex is called symmedian.

Corollary 2.3.4. The gyromedians of a gyrotriangle A;AsAg are concurrent.

/i)eﬁnition 2.3.5. The gyrolines AM and AM’ agi\sogonals of the gyroangle
BAC if the gyrolines are symmetrical to the gyroangle BAC.

Theorem 2.3.6. If the gyrolines A1 P and A1Q are two isogonals of a vertex Ay
of a gyrotriangle A; A3 A3, and the gyropoints P and @) are on the gyroside A2 A3, then

(CQ)y  (CP)y _ ( (CA1, )2‘

(42Q)y (A2P), — \ (A24y),

Corollary 2.3.7. If the gyroline A1 P is a gyrosymmedian of a gyrotriangle
A1 AsAs, and the point P is on the gyroside AsAs, then

(AsP)y ((A3A1)7>2 .

(A42P), — \ (4A241),

Corollary 2.3.8. The gyrosymedians of a gyrotriangle are concurrent.

Corollary 2.3.9. The internal angle bisectors of a gyrotriangle Ay A, A3 are con-
current.

Theorem 2.3.10. (The Titeica’s Theorem for Hyperbolic Gyrotriangle). Let
A1B1Cy be the cevian gyrotriangle of gyropoint P with respect to the gyrotriangle
ABC, and let [ be a gyroline not through any vertex of a gyrotriangle ABC' so that [
meets the gyrosides BC,C A, and AB in the points Aa, Bs, and Cs, respectively. If the
gyrolines B1Cs and BC meet in the gyropoint As, the gyrolines C1 A2 and C'A meet
in the gyropoint Bs, and the gyrolines A1 By and AB meet in the gyropoint C3, then
the gyrolines AAs, BB3, and C'C3 are concurrent.
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2.4 The Hyperbolic Desargues Theorem in The Poincaré
Disc Model

Here, in this study, we present a proof of Desargues’s theorem in the Poincaré disc
model of hyperbolic geometry. The well-known Desargues theorem states that if the
three straight lines joining the corresponding vertices of two triangles and also meeting
in a point, then the three intersections of pairs of corresponding sides lie on a straight
line [84]. This result has a simple statement but it is of great interest. We just
mention here few different proofs given by N. A. Court [54], H. Coxeter [57], C. Durell
[64], H. Eves [67], C.Ogilvy [111], W. Graustein [74]. The author has published this
results in the paper [9].

Theorem 2.4.1. (The Desargues’s theorem for hyperbolic triangle) If ABC,
A’'B'C" are two gyrotriangles so that the gyrolines AA’, BB', CC’ meet in O, and BC
and B'C’ meet at L, CA and C'A’ at M, AB and A’B’ at N, then L, M, and N are
collinear.

Naturally, one may wonder whether the converse of the Desargues theorem exists.
Indeed, a partially converse theorem does exist as we show in the following theorem.

Theorem 2.4.2. (Converse of Desargues’s theorem for hyperbolic triangle) Let
ABC, A’B'C’ be two gyrotriangles so that the gyrolines BC and B'C’ meet at L, CA
and C'A" at M, AB and A’B’ at N, and the gyropoints L, M, and N are collinear. If
two of the gyrolines AA’, BB',CC’ meet, then all three are concurrent.

2.5 The Smarandache’s pedal polygon theorem

In this note we choose the Poincaré disc model in order to present the hyperbolic
version of the Smarandache’s pedal polygon theorem. The Euclidean version of this
well-known theorem states that if the points M;, 7 = 1,n are the projections of a point
M on the sides A;A; 11,7 = 1,n, where 4,11 = Ay, of the polygon A;As...A,, then

MyA? + Mo A%+ ..+ M, A2 = My A2+ MoA2 + ...+ M, 1A% + M, A2

[123]. This theorem is generalized theorem of Carnot. O. Demirel and E. Soytiirk [60]
gived the hyperbolic form of Carnot’s theorem. In the same maner we present a proof
for Smarandache’s pedal polygon theorem in the Poincaré disc model of hyperbolic
geometry. The author has published this results in the paper [16].
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Observation 2.5.1. (The Mobius hyperbolic Pythagorean theorem) Let ABC
be a gyrotriangle in a Mobius gyrovector space (Vs, ®, ®), with vertices A, B,C € V,
sides a,b,c € Vg and side gyrolenghts a,b,c € (—s,s), a=—-B & C,b=—-C @ A,
c=—-A®B,a=|al,b=|b|,c=|c| and with gyroangles «, 3, and v at the
vertices A, B, and C. If v = /2, then

([135], p 290)

Theorem 2.5.2. Let A1As...A, be a hyperbolic convex polygon in the Poincaré
disc, whose vertices are the points Aj, Ag, ..., A, of the disc and whose sides (directed
counterclockwise) are aj= —A; @ Ag, ag= —As @ As, ..., a,= —A,, & A;. Let the points
M;,i = 1,n be located on the sides aj, as, ..., a, of the hyperbolic convex polygon
A1 A,.. A, respectively. If the perpendiculars to the sides of the hyperbolic polygon
at the points M, M ..., and M,, are concurrent, then the following holds:

|—Ay ® Mi20|—My @ Ag)? @ |—Ag ® Ma> © |- My @ As)? @..® |—Ap ® My|? © |- M, & A1)* = 0.

Observation 2.5.3. For n = 3 we obtain the hyperbolic Carnot theorem [60].

Theorem 2.5.4. Let ABC be a gyrotriangle in the Poincaré disc, whose gyro-
points are A, B and C of the disc and whose sides (directed counterclockwise) are
a=—-B®C,b=—-C®Aand c = —A® B. Let the gyropoints A’, B" and C’ be located
on the gyrosides a,b and c¢ of the gyrotriangle ABC respectively, and let A” be the
reflection of A’ about the midpoint of gyrosegment BC, and construct B” and C” simi-
larly. If the perpendiculars to the gyrosides of the gyrotriangle at the points A’, B’ and
(' are concurrent, and two of the three perpendiculars to the sides of the hyperbolic
triangle at the points A”, B” and C” are concurrent, then the three perpendiculars are
concurrent.

2.6 Trigonometric proof of Steiner-Lehmus theorem in
hyperbolic geometry

In this note we choose the Poincaré disc model in order to present the hyperbolic
version of the Steiner-Lehmus theorem. We mention that N.Sonmez [127] has presented
a trigonometric proof for the Poincaré half plane model but his approach is different
than ours. The Euclidean version of this well-known theorem states that if the internal
angle bisectors of two angles of a triangle are equal, then the triangle is isosceles [57].
This result has a simple statement but it is of great interest. We just mention here
few different proofs given by O.A.AbuArqob, H.E.Rabadi, J.S.Khitan [1], G.Gilbert,
D.MacDonnell [71], H.Hajja [78], M.Levin [91], J.V.Malesevic [95] and A.P.Pargeter
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[113]. We prove that if the internal angle bisectors of two angles of a triangle are equal,
then the triangle is not isosceles. The author has published this result in the paper
[15].

To prove the Steiner-Lehmus’s theorem we use the cosinus theorem, as follow:

Let ABC be a gyro-triangle in a Mobius gyro-vector space (Vs, @, ®),with vertices
A, B, C, corresponding gyro-angles o, 3,7,0 < a4+ 8+ v < 7, and side gyro-lengths
(or, simply, sides) a, b, c. The gyro-angles of the gyro-triangle ABC' are determined by
its sides :

cosa — —a2 4+ b2+ 2 — a?b2c? o1
N 2bsc 1—a?’
S*~s S
2_ 12, 2 212 2
cosf = as —bi 4+ c; —asbic 1
= =)
2a5Cs 1— b2
B a? + b2 — 2 — a?b?c? 1
cosy = : 5
2bsa 1—c?

with as = 2. ([134], p. 259))

Theorem 2.6.1. If the internal angle bisectors of two angles of a triangle are
equal, then the triangle is not isosceles.

2.7 The Steiner’s isogonals theorem for a hyperbolic tri-
angle

Here we give hyperbolic version of Steiner isogonals theorem in the Einstein relativistic
velocity model. The Steiner theorem states that the product of ratios in which two
isogonals from a given vertex of a triangle cut the opposite side is constant, and equal
to the ratio of the squares of adjacent sides [17]. This result has a simple statement but
it is of great interest. We just mention here few different proofs given by R.Johnson
[84], N.A.Court [54], C. Cosnita [53]. The author has published these results in the
paper [19].

We use the law of sines, as follows:

In the hyperbolic triangle let «, 3, denote at A, B,C and a,b, ¢ denote the hy-
perbolic lengths of the sides opposite A, B, C, respectively, then

sin sin 8 sin 7y

sinha sinhb  sinhe

(98], p.112)
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Theorem 2.7.1. (The Hyperbolic Theorem of Steiner in Poincaré disc model).
If the hyperbolic lines AP and AQ are two isogonals of a vertex A of a hyperbolic
triangle ABC, and the points P and @) are on the side BC, then

sinh(d(C, P)) sinh(d(C,Q)) _ <sinh(d(A,C))>2
sinh(d(B, P)) sinh(d(B,Q)) sinh(d(A, B))

Corollary 2.7.2. If the hyperbolic line AP is a symmedian of a hyperbolic triangle
ABC, and the point P is on the side BC, then

sinh(d(C, P)) (sinhb>2
sinh(d(B, P)) sinhc /) -

(8)

In the same way, we present the hyperbolic version of Steiner theorem in the
Einstein gyrovector space. The author has published these results in the paper [31].

Theorem 2.7.3. If the gyrolines AP and AQ are two isogonals of a vertex A of
a gyrotriangle ABC, and the points P and @) are on the gyroside BC, then

2
0@ |CQL Yier ICP] _ (104 |CA
Vgl |1BQl VBp||BP] VB |BA|

Corollary 2.7.4. If the gyroline AP is a symmedian of a gyrotriangle ABC, and
the point P is on the gyroside BC', then

2
Yer |CP] _ [ica ICA]
YBp| |1 BP| VB | BA

Theorem 2.7.5. (The Hyperbolic Theorem of Steiner in Einstein Gyrovector
Space). If the gyrolines AP and AQ are two isogonals of a vertex A of a gyrotriangle
ABC, and the points P and @) are on the gyroside BC, then

2
Neq |CRlL viep [CP <7|CA \CA’>

V5o 1BQl Yisp IBPl  \ Vpa | BA|

Corollary 2.7.6. If the gyrolines AP and AQ are two isogonals of a vertex A of
a gyrotriangle ABC, and the points P and @) are on the gyroside BC, then

Yap| APl vipa [BAl vicp [CP)
Y40 l1AQ| v Bq BRIl 704 |CA

Corollary 2.7.7. If the gyrolines AP and AQ are two isogonals of a vertex A of
a gyrotriangle ABC, and the points P and @) are on the gyroside BC, then

Vcg 1CQ) L e |CP 2 e |CA
Vg |BQl  vBp|1BP| ~ vpa B4
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2.8 Hyperbolic version of Mathieu’s theorem

Here we give hyperbolic version of Mathieu theorem in the Poincaré Model of Hyper-
bolic Geometry. The Mathieu theorem states that if three lines from the vertices of
a triangle are concurrent, their isogonals are also concurrent [85]. We just mention
here few different proofs given by T. Lalescu [88], C. Barbu [17], C. Cosnita [53]. The
author has published these results in the paper [19].

Theorem 2.8.1. If three gyrolines from a gyrotriangle ABC, and concurrent at
P, meet the opposite gyrosides at P;, P, P3 respectively, and the gyrolines AQ1, BQ2,
and C'Q)3 are their isogonal gyrolines, and two of the gyrolines AQq, BQ2 and CQ3
meet, then all three are also concurrent.

Observation 2.8.2. The point of concurrence (@) of gyrolines AQq, BQ2 and
CQs is called the isogonal conjugate of P.

Corollary 2.8.3. The incenter I of a gyrotriangle is its own isogonal conjugate
of I.

Observation 2.8.4. From Mathieu’s theorem result that the symmedians of the
triangle ABC' are concurrent. The point of concurrence of symmedians is Lemoine’s
point of triangle ABC.

Corollary 2.8.5. The isogonal conjugate of centroid of triangle ABC'is Lemoine’s
point of triangle ABC.

2.9 The hyperbolic Nobbs theorem in the Poincaré disc
model

Here we give hyperbolic version of Nobbs theorem. The well-known Nobbs theorem
states that if A’, B’,C’ are the points of contact of the incircle of triangle ABC: A’
on side BC, B’ on side CA, C’ on side AB , and denote the intersection of AB and
A'B’ as C”, and of AC and A’C’ as B”, and let A” be the intersection of BC' and
B’C’, then the points A”, B”, and C” are collinear. The points A”, B”, and C” are
known as Nobbs’ points. The theorem tell us that the Nobbs’ points of a triangle are
collinear. The line on which the points lie on was named the Gergonne line. We just
mention here few different proofs given by C. Barbu [17], C. Cosnitd [53].The author
has published this result in the paper [33].

Lemma 2.9.1. Let A’, B’,C’ be the points of contact of the h-incircle of the
triangle ABC: A’ on h-side BC, B’ on h-side CA, C’ on side h-AB, and I center of
the h-incircle.Then d(4, B") = d(A,C"),d(B,C") = d(B,A’), and d(C, A") = d(C, B').
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Lemma 2.9.2. The h-lines joining the vertices of a h-triangle ABC to the tangent
points A’, B’, and C’ of the inscribed circle are h-concurrent at point I' called the
Gergonne Point of the h-triangle ABC.

Theorem 2.9.3. Let A’, B’,C’ be the points of contact of the h-incircle of the
h-triangle ABC: A’ on h-side BC, B’ on h-side CA, C’" on h-side AB. If B'C’ and
BC meet in A”, C'A’ and CA in B”, A’B’ and AB in C”, then A”, B”, and C" are
h-collinear.

2.10 The isotomic transversal theorem in hyperbolic geom-
etry

Here we give hyperbolic versions of the isotomic transversal theorem. The well-known
isotomic transversal theorem states that if [ is a line not through any vertex of a
triangle ABC so that [ meets sidelines BC,CA, and AB in points A’, B’, and C’,
respectively, and let A” be the reflection of A’ about the midpoint of segment BC,
and construct B” and C” similarly, then A”, B”, and C” are collinear in a line known
as the isotomic transversal of | [86]. We just mention here few different proofs given
by K. Kimberling [86], C. Barbu [17], C. Cosnita [53]. The author has published this
result in the paper [20].

Theorem 2.10.1. (The isotomic transversal theorem). Let [ be a gyroline
not through any gyrovertex of a gyrotriangle ABC such that [ meets gyroside BC', C'A,
and AB in gyropoints A’ B, and C’, respectively, and let A” be the reflection of A’
about the midpoint of gyrosegment BC, and construct B” and C” similarly, then the
gyropoints A”, B”, and C” are collinear.

2.11 The theorem of Neuberg in hyperbolic version

In this note we present the hyperbolic version of Neuberg theorem. The Neuberg
theorem states that if three lines from a triangle ABC, and concurrent at P, meet
the opposite sides at P, P>, P3 respectively; and if we cut off BQ1,CQ2 AQ3 equal
respectively P1C, A, P3B, then AQ1, BQ2, and CQ3 are concurrent [84]. We just
mention here few different proofs given by C. Barbu [17], C. Cosnita [53]. The author
has published these results in the paper [20].
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Theorem 2.11.1. If three gyrolines from a gyrotriangle ABC, and concur-
rent at P, meet the opposite gyrosides at Pi, P», P3 respectively; and if we cut off
BQ1,CQ2 AQ3 equal respectively PiC, P, A, P3B, and two of the gyrolines AQ1, BQ»2,
and C(Q3 meet, then all three are concurrent.

Definition 2.11.2. The gyrolines AQ1, BQ2, and C'Q3 are concurrent in a gyro-
point @, called the isotomic conjugate of P.

Corollary 2.11.3. The centroid G of a gyrotriangle is its own isotomic conjugate
of G.

Corollary 2.11.4. If the Nagel point of the gyrotriangle ABC' exists, then the
Gergonne gyropoint is your isotomic conjugate.

2.12 The theorem of Giilicher in the Poincaré disc model

We present a proof of Giilicher’s theorem in the Poincaré disc model of hyperbolic
geometry. Giilicher’s theorem states that if Q1Q2Q3 is the cevian triangle of point Q)
with respect to the triangle Py P> P3, and Ry RoRj3 is the cevian triangle of point R with
respect to the triangle QQ1Q2@3, then the lines P; R, P, Ro, and P3R3 are concurrent
[77]. The author has published this result in the paper [34].

Theorem 2.12.1 Let Q1Q2Q3 be the cevian gyrotriangle of gyropoint ) with
respect to the gyrotriangle P; P P53, and @ is located inside the gyrotriangle P PsPs.
Let Ry1R2R3 be the cevian gyrotriangle of gyropoint R with respect to the gyrotri-
angle Q1Q2Q3, and R is located inside the gyrotriangle Q1Q2@s. Then the gyrolines
PRy, PRy, and P3R3 are concurrent.

2.13 The bisector theorem in hyperbolic geometry

In this note we present the hyperbolic version of bisector theorem in the Poincaré
disc model of hyperbolic geometry. The bisector theorem states that if AD is a bisector
of interior angle BAC of the triangle ABC), then % = %. We mention some different
demonstrations of this theorem, given by C. Cosnitd [53], A. Johnson [84]. The author
has published these results in the paper [34].
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Theorem 2.13.1. Let ABC be a gyrotriangle in a Mobius gyrovector space
(Vs, @, ®) with vertices A, B,C € Vg, sides a, b, c € V, and side gyrolengths a,b, c €
(—s,s),a=eBaC,b=cC®A, c=0A®B,a=|al],b=|Db|, c=|c|, and let
D be a point lying on side BC of the gyrotriangle so that AD is a interior bisector of
gyroangle /BAC . Then

where vy, =

Theorem 2.13.2. (Converse of the interior bisector theorem). Let ABC
be a gyrotriangle in a Mobius gyrovector space (Vs, ®, ®) with vertices A, B,C € V,
sides a,b,c € V, and side gyrolengths a,b,c € (—s,s), a=6B @& C, b=6C & A,
c=0A®B,a=|all,b=|Db|, c=|c|, and let D be a point lying on side BC' of

the gyrotriangle so that % = E’:ggz, then AD is a bisector of gyroangle /BAC,

v
5.
v
-z

where v, =

')

Theorem 2.13.3. Let ABC be a gyrotriangle in a Mgbius gyrovector space
(Vs, @, ®) with vertices A, B,C € Vg, sides a,b,c € V, and side gyrolengths a, b, c €
(—s,s),a=cBaC,b=cC®A, c=0A®dB,a=|al],b=]|Db|, c=|c|, and let
E be a point lying on gyroline BC so that AFE is the exterior bisector of gyroangle
/BAC . Then

where vy = =5.

Theorem 2.13.4. Let ABC be a gyrotriangle in a Mobius gyrovector space
(Vs, @, ®) with vertices A, B,C € Vg, sides a,b,c € V, and side gyrolengths a, b, c €
(—s,s),a=60BadC,b=cCd®A c=0A®dB,a=|al],b=|Db|, c=|c|, and let
FE be a point lying on the gyroline BC' of the gyrotriangle so that Egg;: = Eﬁg):’
and the exterior bisector of angle /BAC intersect the gyroline BC, then AF is the
exterior bisector of gyroangle ZBAC.

Corollary 2.13.5. Let ABC be a gyrotriangle in a M6bius gyrovector space. If
D is a point on BC such that AD is a exterior bisector of angle ZBAC, and BE, CF
are the interior bisectors of the angles ZABC and ZBC A respectively, then the points
D, E and F are colliniar.

Corollary 2.13.6. (Patrascu’s Theorem for Hyperbolic Gyrotriangle).
Let D be a point on the gyroside BC' of a gyrotriangle ABC, and let E and F' be the
points lying on sides C A and AB of the gyrotriangle ABC so that DF is a bisector of
gyroangle ZADC, and DF is a bisector of gyroangle ZADB, then the gyrolines AD,
BE, and C'F' are concurrent.
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Theorem 2.13.7. Let (Q1Q2Q3 be the cevian gyrotriangle of gyropoint ) with
respect to the gyrotriangle P; P, P3, and @ is located inside the gyrotriangle Py Py Ps. If
the bisectors of gyroangles of gyrotriangle P; P, P3 meet the gyrosides Q2Q3, Q3@1, and
QQ1Q3 at the gyropoints Rj, Re, and Rg, respectively, then the gyrolines Q1 R, Q2Ro,
and (Y3 R3 are concurrent.

Observation 2.13.8. Many of the theorems of Euclidean geometry have a rela-
tively similar form in the Poincaré model of hyperbolic geometry, Giilicher’s theorem
is an example in this respect. In the Euclidean limit of large s, s — oo, v, reduces to
v, so Giilicher’s theorem for hyperbolic triangle reduces to the Giilicher’s theorem of
euclidian geometry.

2.14 Zajic’s theorem in the Poincaré disc model

Here we give hyperbolic version of Zajic’s theorem. The Zajic theorem states that if
A’ is the point of contact of the incircle of triangle ABC on the side BC, X is a point
on the side BC, and T} and T5 are the points of contact of the incircles of the triangles
ABX and ACX respectively, on the side BC, then the segments A’X and TT% are
equal [79]. The author has published this result in the paper [30].

Theorem 2.14.1. If A’ is the point of contact of the incircle of h—triangle ABC
on the h—side BC', X is a point on the h—side BC, and 17 and 75 are the points of
contact of the incircles of the h—triangles ABX and ACX respectively, on the h—side
BC, then the hyperbolic distances d(A’, X) and d(T1,T%) are equal.

Corollary 2.14.2. Let X be a point on the h—side BC of h—triangle ABC, and
A’, A1, Ay are the points of contact of the incircles of the h—triangles ABC, ABX, and
ACX, respectively, on the h—side BC. Then, d(A’, A1) = d(X, A2) and d(4', A2) =
d(X, Ay).

Corollary 2.14.3. If A’ is the point of contact of the incircle of h—triangle ABC
on the h—side BC, then both incircles of h—triangles ABA" and AC A’ touch h—line
AA’ at the same point.
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2.15 The Carnot’s theorem in the Poincaré upper half-
plane model

Here we give a hyperbolic version of the Carnot theorem in the Poincaré upper
half-plane model. The well-known Carnot theorem states that if the points A’, B/, and
C’ are located on the sides BC, AC, and respectively AB of the triangle ABC, then
the perpendiculars to the sides of the triangle at points A’, B’, and C' are concurrent
if and only if

AC” — BC"” + BA? — CA”? + CB” — AB” =0.

The standard simple proof is based on the theorem of Pythagoras. For more details
we refer to the monograph of C. Barbu [17]. We mention that O. Demirel and E.
Soytiirk [60] gave the hyperbolic form of Carnot’s theorem in the Poincaré disc model
of hyperbolic geometry. The author has published these results in the paper [41].

We use the hyperbolic Pitagora’s theorem:

Let ABC be a hyperbolic triangle with a right angle at C. If a,b,c, are the
hyperbolic lengths of the sides opposite A, B, C, respectively, then

cosh ¢ = cosha - coshb. (2)
For the proof of the theorem see [98].

Theorem 2.15.1. Let AABC be a hyperbolic triangle. Let the points A’, B’,
and C’ be located on the sides BC,CA and AB of the hyperbolic triangle ABC
respectively. If the perpendiculars to the sides of the hyperbolic triangle at the points
A’,B’, and C’ are concurrent in the point M, then the following relations hold:

i) cosh M A’(cosh A'B — cosh A’C) + cosh M B’ (cosh B'C' — cosh B'A)+

cosh MC'(cosh C'A — cosh C'B) = 0,

cosh A’B cosh B'C coshC'A

: : = 1.
i) cosh A’C' cosh B’A cosh C'B

Naturally, one may wonder whether the converse of the Carnot theorem exists. In-
deed, a partially converse theorem does exist as we will show in the following theorem.

Theorem 2.15.2. Let AABC be a hyperbolic triangle. Let the points A’, B’,
and C’ be located on the sides BC,CA and AB of the hyperbolic triangle ABC
respectively. If the perpendiculars to the sides of the hyperbolic triangle at the points
B’ and C’ are concurrent in the point M and the following relation holds

cosh A’B cosh B'C coshC’A_
cosh A’/C' cosh B'A coshC'B

L

then the point M is on the perpendicular to BC' at the point A’.
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Observation 2.15.3. We gave the generalisation of the Carnot theorem:

Let A1A5...A, be a hyperbolic convex polygon in the Poincaré upper half-plane,
whose vertices are the points Aj, As, ..., A, and whose sides (directed counterclockwise)
are a1 = A1As, as = AsAs, ...,a, = A,A;. Let the points M;, i = 1,n be located on
the sides a1, ao, ..., a, of the hyperbolic convex polygon AjAs... A, respectively. If the
perpendiculars to the sides of the hyperbolic polygon at the points My, Mo, ..., M,, are
concurrent in a point M, then the following equalities hold
n

cosh M A;(cosh M; A; — cosh M;A;11) =0
=1

KA
where A, +1 = A1,

cosh M1 A, cosh MyAs cosh M, A,
cosh M1 As cosh MaAs " cosh M, A,

1.

Let A1A,...A, be a hyperbolic convex polygon in the Poincaré upper half-plane,
whose vertices are the points Aj, As, ..., A, and whose sides (directed counterclockwise)
are a; = A1As, as = AsAs, ...,a, = A,A;. Let the points M;, i = 1,n be located on
the sides a1, as, ..., a, of the hyperbolic convex polygon AjAs... A, respectively. If the
perpendiculars to the sides of the hyperbolic polygon at the points My, Mo, ..., M, 1
are concurrent in a point M and the following relation holds

cosh M1 A1 cosh MyAs cosh M, A,
cosh M1 As cosh MaAs " cosh M, A,

L,

then the point M is on the perpendicular to A, A at the point M,,.

2.16 The orthopole theorem in the Poincaré upper half-
plane model

Here, in this study, we give hyperbolic version of the orthopole theorem in the Poincaré
upper half-plane of hyperbolic geometry. The well-known orthopole theorem states
that if A’, B’,C" are the projections of the vertices A, B,C of the triangle ABC on
a straight line d, the perpendiculars from A’ on BC, from B’ on C'A, and from C’
on AB are concurrent at a point called the orthopole of d for the triangle ABC [73].
This result has a simple statement but it is of great interes. We just mention here few
different proofs given by J. Neuberg [105], W. Gallaty [70]. The author has published
this result in the paper [40].

Theorem 2.16.1. Let A’, B’,C’ be the projections of the vertices A, B, C of the
hyperbolic triangle ABC on a geodesic segment d. If two of the three perpendiculars
from A" on BC, from B’ on CA, and from C’ on AB are concurrent, then the three
perpendiculars are concurrent.
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Observation 2.16.2. The point of concurrence of the geodesic segments A’A”, B’ B”,
and C'C" is called the orthopol of the geodesic line d in relation to the triangle ABC.

2.17 The theorem of Stewart in hyperbolic version

Here, in this study, we present a proof of the hyperbolic Stewart theorem in the
Einstein relativistic velocity model of hyperbolic geometry. The well-known Stewart
theorem states that if a point D lies between the vertices A and C of the triangle
ABC, then

AB%.DC + BC?- AD — BD*- AC = AC - DC - AD

[58]. We just mention here few different proofs given by O. Demirel [61], W. Stothers
[130] The author has published these results in the paper [22].

Theorem 2.17.1. (The theorem of Stewart in hyperbolic version). If a
point D lies between the vertices A and C of the gyrotriangle ABC, then

V48| Vipc|  1PCl +Y1a¢) - ViBp| - 1BD| = YD - Vipe| - Visp) - [|BD| + |DC| =0,

where |DC|,|BD|, and |BC| noted the gyrolengths of gyrosegments DC, BD, and
BC, respectively.

Corollary 2.17.2. (Median theorem in hyperbolic geometry). Let ABC
be a gyrotriangle, and D is a gyromidpoint of the gyrosegment BC. Then,

_ 74B| T 7AC|
Y|AD| 9. Ve :

Corollary 2.17.3. (The gamma factor of an angle bisector). Let ABC be
a gyrotriangle, and let D be a point lying on side BC' of the gyrotriangle so that AD
is a bisector of gyroangle ZBAC. Then

ot = A IDC (481
AP 5 p) - [1BD] + [DC] |ACT )
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2.18 The theorem of Van Aubel in hyperbolic version

Here, in this study, we give hyperbolic version of Van Aubel theorem. The well-
known Van Aubel theorem states that if ABC is a triangle and AD, BE,CF are
concurrent cevians at P, then ﬁ—g = g—g + % [17]. We just mention here few
different proofs given by C. Barbu [17], N. Minculete [99]. The author has published

these results in the paper [25].

Theorem 2.18.1. If the point P does lie on any side of the hyperbolic triangle
ABC, and BC meets AP in D, CA meets BP in E, and AB meets CP in F, then

Yap AP 7B | BC]
Ypp| |PD| 2

Nag [AE] 1 R [FA] 1
YIEC| |EC] Y|BD| |BD| Y|FB] |F'B] Y|cD |CD|

Corollary 2.18.2. Let GG be the centroid of the hyperbolic triangle ABC, and
D, E, F are the midpoints of hyperbolic sides BC,C A, and AC' respectively. Then,

7ac) [AGl _ viscy |BC
Yiep| |GD| 2

1 1
_|_
YBp|1BD| v cp 1CD]

Corollary 2.18.3. Let I be the incenter of the hyperbolic triangle ABC, and let
the angle bisectors be AD, BE, and C'F. Then,

Y|AB| |AB| YAC| |AC|
Y|BD| |BD| YicD] |CD

Yan Al 1

Y|ID| 1D 2

2.19 Smarandache’s minimum theorem in hyperbolic geom-
etry

In this note we give hyperbolic version of Smarandache minimum theorem in the Ein-
stein relativistic velocity model of hyperbolic geometry. The well-known Smarandache
minimum theorem states that if ABC is a triangle and AA’, BB',CC’ are concurrent
cevians at P, then gf, . Ifg, . gg, > 8 and Jfg‘, + gg, + gg, > 6 [125]. The author

has published this result in the paper [23].

Theorem 2.19.1. If ABC is a gyrotriangle and AA’, BB',CC’ are concurrent
cevians at P, then

Nar| [AP] vpp|[BP] vicp [CP)
Ypa [PA v pp |PB'| vper |PC| — 7
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and
Yap| |AP| L Be |IBP|  vcp| |CP
Ypa |[PA'l  vpp |PB'| v per [PC'| —

Many of the theorems of Euclidean geometry have a relatively similar form in the
Einstein relativistic velocity model, Smarandache minimum theorem is an example in
this respect. In the Euclidean limit of large s, s — 0o, gamma factor ~, reduces to 1,
so that the gyroinequalities (11) and (12) reduces to the

PA PB PC S
PA" PB' PC' — 7

and
PA . PB n PC >3
PA  PB PC' T

in Fuclidean geometry. We observe that the previous inequalities are "weaker" than
the inequalities of Smarandache’s theorem of minimum.

2.20 Pappus’s harmonic theorem in the Einstein rela-
tivistic velocity model

Here, in this study, we present a proof of Pappus’s harmonic theorem in the Einstein
relativistic velocity model of hyperbolic geometry. Pappus’s harmonic theorem states
that if A’B’C’ is the cevian triangle of point M with respect to the triangle ABC
so that the lines B'C’' and BC meet at A", then % = 2‘% [57]. The author has
published these results in the paper [29].

Theorem 2.20.1. (Pappus’s harmonic theorem). If A’B'C’ is the cevian
gyrotriangle of gyropoint M with respect to the gyrotriangle ABC so that the gyrolines
B'C" and BC meet at A”, then

Vgl A'Bl Vg A" B

’y‘A/C'lAICl ’ylA//cl‘A”C‘

Corollary 2.20.2. If A’B'C’ is the cevian gyrotriangle of gyropoint M with
respect to the gyrotriangle ABC' so that the gyrolines B'C’ and BC meet at A”, and
AA' is a bisector of gyroangle £ BAC, then

fY‘A”BHA”B‘ B ’Y\AB\|AB|

’y|A//C||A”C| ’Y\AC\‘AC|
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Definition 2.20.3. The symmetric of the median with respect to the internal
bisector issued from the same vertex is called symmedian.

Corollary 2.20.4. If A’B’C’ is the cevian gyrotriangle of gyropoint M with
respect to the gyrotriangle ABC' so that the gyrolines B'C’ and BC meet at A”, and
AA' is a bisector of gyroangle £ BAC, and AA; is a antibisector of gyroangle £ BAC,

then
" _1
7|A//B||A B| _ <7|A13||A13>
Y arcllA"Cl V14501141
Corollary 2.20.5. If A’B'C’ is the cevian gyrotriangle of gyropoint M with

respect to the gyrotriangle ABC' so that the gyrolines B'C’ and BC meet at A”, and
AA’ is a symmedian of gyroangle £ BAC, and the point A’ is on the gyroside BC,

then )
7|A//B||A”B| _ <,Y|AB|AB|>
’Y‘A//(;' |A”C| 7\AC| IAC‘
Theorem 2.20.6. If A’B’C’ is the cevian gyrotriangle of gyropoint M with respect
to the gyrotriangle ABC so that the gyrolines B'C’ and BC meet at A”, and AA’ is

a bisector of gyroangle £ BAC, the gyrolines A’C" and BB’ meet at D, A’B’ and CC’
meet at F,,AD and BC meet at D', and AFE and BC meet in E’, then

7|A”BHA”B| FY\D/BHD,B‘ 7|E’A/|\E'A'|

TVane)lA7CL T pran DAY || EC

2.21 Smarandache’s cevian triangle theorem in hyper-
bolic geometry

In this study we present a proof of Smarandache’s cevian triangle hyperbolic theorem in
the Einstein relativistic velocity model of hyperbolic geometry. Smarandache’s cevian
triangle theorem states that if A; B1C1 is the cevian triangle of point P with respect
to the triangle ABC, then

PA PB PC  AB-BC-CA

PA, PB, PC; AiB-B,C-CA
[124]. The author has published this result in the paper [13].

Teorema 2.21.1. If A; B1C] is the cevian gyrotriangle of gyropoint P with respect
to the gyrotriangle ABC, then

Y\ pa)lPA| ) 7 \pp||PB| ) TipellPCl Vap|lAB| 7 e IBC| " Vical|CA|

VipaylPALl VippyIPBil VipeyIPCil Viapy |AB1 "V pey|BC1 " Vo, ICAL
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2.22 Inegalities on hyperbolic triangle

In this section we present some inequalities in a hyperbolic triangle. The author has
published these results in the paper [31].

_ Theorem 2.22.1. Let I be the incenter of the hyperbolic triangle ABC. If A<
B < C, then d(A,I) > d(B,I) > d(C,I).

Theorem 2.22.2. If the perpendicular bisector of the side C'A of hyperbolic
triangle ABC' intersect the side BC in D, and M is a point of perpendicular bisector
of CA, then

d(M,A)+d(M,B) > d(D,A) + d(D, B).

Theorem 2.22.3. Let AA’, BB, CC’ be the medians of hyperbolic triangle ABC.
Then,
d(A,A"Y+d(B,B') +d(C,C") < d(A, B) + d(B,C) + d(C, A)

Theorem 2.22.4. Let AA’, BB, CC’ be the medians of hyperbolic triangle ABC.
Then,

2. [d(A', B') + d(B,C") + d(C", A)] < d(A, B) + d(B,C) + d(C, A)

Theorem 2.22.5. In any hyperbolic triangle the following inequalities hold:
. ,20Q . 192 b . .92C
cosha + cosh b+ coshe < a+ 2 | sinh 3 + sinh 3 + sinh 5

b
cosha + coshd < 2 <cosh2 g + cosh? 2) ,

sinh a + sinh b + sinh ¢ <
b b b
4 <sinh g + sinh B + sinh % + sinh % sinh? % + sinh 3 sinh? 1 + sinh g sinh? Z)
where o > 3, and denote by a, b, c the hyperbolic lenghtsides of the triangle.

Theorem 2.22.6. In any hyperbolic triangle the following inequality hold:

b
3 cosh % < cosh a + cosh b + cosh ¢

Observation 2.22.7. From Theorems 2.22.5 and 2.22.6 we obtain:

b b
3 cosh % < cosha + coshb+ coshe < a + 2 <sinh2 g + sinh? 3 + sinh? ;) ,

where o > 3.
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Corollary 2.22.8. In any hyperbolic triangle the following inequality hold:

b
smh2 5 + sinh? é + smh2 ; (1 — cosh a+3+c> .

Theorem 2.22.9. In any hyperbolic triangle the following inequality hold:

b
cosh < cosh2 +cosh2

Theorem 2.22.10. In any hyperbolic triangle the following inequality hold:

sinha sinhbd sinhec
a b

2 b
<24+ 3 (cosh2 5 + cosh? = + cosh? ;) .

Corollary 2.22.11. In any hyperbolic triangle the following inequality hold:

sinha sinhbd sinhe
_|_
a b

3 <5 + s1nh2 + sinh? = b —l— sinh? )

Theorem 2.22.12. In any hyperbolic triangle the following inequality hold:

b
6 sinh % < sinh a + sinh b + sinh c.

Observation 2.22.13. In any hyperbolic triangle the following inequality hold:

b 2 b b b
sinh % < 3 <sinh g + sinh 3 + sinh g + sinh g sinh? % + sinh 3 sinh? 1 + sinh g sinh? Z)

Theorem 2.22.14. In any hyperbolic triangle the following inequality hold:

2 b b
sinh % < 3 (smh + smh b + smh + smh — smh2 + smh ~ sinh? - + smh — smh2 >
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2.23 Andrica-Iwata’s inequality in Hyperbolic Triangle

In the studies by Andrica [5] and Iwata [81], a basic theorem is established to be
a source of inequalities from a euclidian triangle. Andrica-Iwata’s theorem states that
if ABC'is a triangle, and the segments BC, C A, AB have lengths a, b, ¢, respectively,
then

A
> sin —. .
b—|—c_bm2 (2.1)

This result has a simple statement but it is of great interest. We just mention here few
different proofs given by D. Mitrinovi¢, J. Pecarié, V. Volenec [102], C. Tiu [Aplications
in trigonometry, 1992]. In what follows we are going to present the counterpart of these

results for the hyperbolic triangle. The author has published these results in the paper
[35].

We use in our demonstrations this theorems:
Let ABC be a hyperbolic triangle, and the segments have hyperbolic lengths
d(B,C)=a, d(C,A) =b, d(A, B) = c, then

sinh(b) - sinh(c) - cos(A) = cosh(b) - cosh(c) — cosh(a)
([57], p. 238)

Let ABC be a hyperbolic triangle, and the segments have hyperbolic lengths
d(B,C)=a, d(C,A) =b, d(A, B) = c, then

sinh(a) _ sinh(b) _ sinh(c)

sin A sin B sinC

([57], p. 238).

If AD is a median of the hyperbolic triangle ABC and the segments have hyperbolic
lengths d(B,C) = a, d(C,A) =b, d(A, B) = ¢, d(A, D) = d, then

cosh(b) 4 cosh(c)
2cosh (%)

cosh(d) =

[130]

Theorem 2.23.1. Let ABC be a hyperbolic acute triangle or a right hyperbolic
triangle in A, and the segments have hyperbolic lengths d(B,C) = a, d(C,A) = b,
d(A, B) = ¢, then the following inequality holds

sinh(a) - 1
sinh(b) + sinh(¢) ~ v/2cos # ’

where ¢ =1 — (A + B + C) is the defect of the triangle ABC.
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Corollary 2.23.2. Let ABC be a hyperbolic acute triangle or a right hyperbolic
triangle in A, and the segments have hyperbolic lengths d(B,C) = a, d(C, A) = b,
d(A, B) = ¢, then the following inequality holds

sinh(a) 1

sinh(b) + sinh(c) < V2 cos % '

Corollary 2.23.3. Let ABC be a hyperbolic acute triangle or a right hyperbolic
triangle in A, and the segments have hyperbolic lengths d(B,C) = a, d(C,A) = b,
d(A, B) = ¢, then the following inequality holds

sinh(a) < sinh(b) + sinh(c).

Corollary 2.23.4. Let ABC be a hyperbolic acute triangle and the segments
have hyperbolic lengths d(B,C) = a, d(C,A) = b, d(A, B) = ¢, then the following
inequality holds

sinh(a) 1
sinh(b) + sinh(c) < o8 s

Corollary 2.23.5. Let ABC be a hyperbolic acute triangle, and the segments
have hyperbolic lengths d(B,C) = a, d(C,A) = b, d(A, B) = ¢, then
sinh(a) sinh(b) sinh(c) - 3
sinh(b) + sinh(c) ~ sinh(a) 4 sinh(c) = sinh(b) +sinh(a) =~ cos§’

Theorem 2.23.6. Let ABC be a hyperbolic triangle, and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

sinh(a) sinh(b) sinh(c) S 3

sinh(b) + sinh(c) ~ sinh(a) + sinh(c) = sinh(b) + sinh(a) — 2
Observation 2.23.7. The equality

sinh(a) sinh(b) sinh(c) 3

sinh(b) 4 sinh(c) =~ sinh(a) +sinh(c) = sinh(b) +sinh(a) 2

holds if and only if ABC' is a equilateral triangle.

Theorem 2.23.8. Let ABC be a hyperbolic triangle, and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

cosh(b) + cosh(c) > 2 cosh (g) )

Theorem 2.23.9. If AD is a median of the hyperbolic triangle ABC and the
segments have hyperbolic lengths d(B,C) = a, d(C,;A) = b, d(A,B) = ¢, d(A, D) = d,
then
cosh(b) — cosh(c)

sinh(d) > 2sinh (2)
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Corollary 2.23.10. If AD is a median of the hyperbolic triangle ABC and the
segments have hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, d(A, D) = d,
then

2\/sinh bte

Theorem 2.23.11. Let ABC be a hyperbolic triangle, and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

1
V2cosC

sinh b ; c‘ — sinh (g) < sinh(d) <

[sinh (%) + sinh(b)}

sinh(a) > v/cosh(a) — cosh(b — c)

Observation 2.23.12. Using the formula

b b—
cosh(b) — cosh(c) = 2sinh < —;—c) sinh < 5 c) ,

in the previous result we can write

sinh(a) > \/2 sinh <a—|—;)—c> sinh (a—i—;—b)

and the similar relation for sinh(b) and sinh(c).

Corollary 2.23.13. Let ABC be a hyperbolic triangle and the segments have hy-
perbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then the following inequalities

hold
[T [sinh(a) + sinh(b)]

2v/2 [[ sinh(s —a) < [ sinh(a) < <<€
ciclic ciclic 2\/5 H COs %

ciclic

where s is the semiperimeter of the triangle ABC.

2.24 Cusa’s inequality in hyperbolic triangle

In this paper we gave some inequalities in a hyperbolic triangle using Cusa’s in-
equality. The Cusa-Huygens inequality is presented as follows

(cosx)1/3 < sinz < 24 cosx <

v
0 7).
. 3 <<

2

The left-hand side inequality first appeared in [101], while the right-hand side inequal-
ity was first mentioned by Nicolaus de Cusa (1401-1464). We just mention here few
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different proofs given by Baricz [42], Huygens [80], Klén, Visuri, Vuorinen [87], Mortici
[104], Neuman, Sandor [108]. Newman has given in [106] a hyperbolic form for Cusa’s
inequality as follows:

sinh x 2+ coshx
<
x 3

(cosh 3:)1/3 <

(x #0).
We use the following inequalities [87]:

coshx + coshy
h <
cosh /zy < 5 ,

sinh z < 1 n 1 "
— + = cos
g T eE

x

sinh,/ry 1 (sinhz sinhy

—_— < + )
/Ty 2 T Y

where z,y € (0,00). The author has published these results in the paper [37].

Theorem 2.24.1. Let ABC be a hyperbolic acutetriangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

sinh b + sinh c> 2

sinh a

3008%(84-14) <1+ (

where ¢ =1 — (A + B + C) is the defect of the triangle ABC.

Theorem 2.24.2. Let ABC be a hyperbolic acutetriangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

. T+e/2
3(1 + R2)2 . Sin (T/)
4R* sin(e/2) ’

cos A+ cos B+ cosC <

where R = \/Sin(AJra/Q) sin(B+e/2) sin(C+e/2)

sin(e/2)

Corollary 2.24.3. Let ABC be a hyperbolic acutetriangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

3(1 + R?)?

cos A+ cosB +cosC < m.

Theorem 2.24.4. Let ABC be a hyperbolic acutetriangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

(1+ R?)S 1

cos Acos BcecosC < GIR0 sin2(5/2)'
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Theorem 2.24.5. Let ABC be a hyperbolic acutetriangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

2 .
COSégl—FR . sm€A+5/2)7
2 2R? sin(e/2)

where R = \/Sin(’“a/z) Sifsli(f&;r/z/)m sin(C+¢/2)

Corollary 2.24.6. Let ABC be a hyperbolic acutetriangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

A 1+ R? 1
cos — < 5 =
2 2R sin(e/2)

Corollary 2.24.7. Let ABC be a hyperbolic acutetriangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

¢  (1+R?? 1
SCOS—COS—COS—<( ) .

2 2 2 R V/sin(e/2)

Corollary 2.24.8. Let ABC be a hyperbolic acutetriangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

A Bl C _3(1+R%
COS 5 COS 9 COS 5 = 2R2

Theorem 2.24.9. Let ABC be a hyperbolic acutetriangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then

1 2
sinA+sinB +sinC < 3( ;—2}2 ) .

Theorem 2.24.10. Let ABC be a hyperbolic acutetriangle and the segments
have hyperbolic lengths d(B,C) = a, d(C,A) = b, d(A, B) = ¢, then

(1+R?)® 1

Rb \/sin(e/2)

sin Asin Bsin C' <

Theorem 2.24.11. Let x > 0. Then the inequality

sinh \/x 1
MMVEY 1 (2 + cosh z + cosh y)
Ty



2. The hyperbolic version of the classic geometric results 44

holds.

Corollary 2.24.12. Let ABC be a hyperbolic acutetriangle and the segments
have hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then the inequality

sinhvab  sinh vbe N sinh /ca - 3

1
— 4+ 5 (cosha + cosh b + cosh ¢)

Vab Ve | Ve 2

holds.

Corollary 2.24.13. Let ABC be a hyperbolic triangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then the inequality

cosh vVab + cosh vbe + cosh v/ca < cosha + cosh b + cosh ¢

holds.

Theorem 2.24.14. Let x > 0. Then the inequality

sinh z 1 x
— < —= (1 +2005h—>
V =z 2v/2 2

Corollary 2.24.15. Let ABC be a hyperbolic triangle and the segments have
hyperbolic lengths d(B,C) = a, d(C, A) = b, d(A, B) = ¢, then the inequality

\/Sinha+\/sinhb+\/sinhc< 3 +i(cosha+coshb+COShC>
a b c 2v2 V2

holds.

holds.

2.25 On Panaitopol and Jordan type inequalities

In this paper we will consider inequalities of Panaitopol and Jordan type by using
hyperbolic trigonometric functions. We will find upper and lower bounds for the

product
o g
1 ) (1 ,
( * sinh™ z ( + cosh” :c>

where m, n,«, and [ are positive numbers. We present some Jordan’s type inequali-
ties with hyperbolic trigonometric functions. Panaitopol [Problems by geometry (ro-
manian)| proposed two inequalities as the following statements.

Problem 1. If 0 < x < 7/2 and a,b € (0,00), then

(1+ siZaz) <1+ col;x) = <1+\/%)2.
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Problem 2. If 0 < x < w/2 and n is a natural number, then

1 1 n\ 2
1+—— ) (1+ > (1+2%)
sin” x cos"x

In this paper we will consider inequalities of previous type by using hyperbolic trigono-
metric functions.
Lazarevi¢ [89] (or see Mitrinovi¢ [101]) gives us the following inequality:

. h q
(sm a:) < coshz, (z#0, q>3).
x

The following inequalities

3

sinhx<x+%, (0<z<1),
sinhkx  sinhzx
< 0
ke — x (z>0),
1 x2
11— — 1
cosh z 3’ 0 <z <),
1 sin x x ™
, O<z< =),
cosh x T sinh x ( v 2)

have established by R. Klén, M. Visuri si M. Vuorinen [87].

( . ) < ( ) O

where z > 0,a > 0 and 1 < 1/3 was studied recently by Zhu in [139].
The following inequalities are due to Jordan [Jordan]. He had attracted attention
of several researchers

2 .
—x <sinz <z,
T

The author has published this results in the paper [36].

Theorem 2.25.1. Let x, « and § be the positive numbers. Then the inequality
205\ B
o @
1 < (1 ) (1
( + sinh2x> - +sinhac < +cosha:>
holds.

Using Theorem 2.25.1, we formulate the following more general result:
Theorem 2.25.2. Let x > 0 and k € N. If & > 0 and 8 > 0, then the following

inequality
2
[ 2ab o I}
1 — | < (1 7) 14+ ——-
( TV sinn 2k+1x> =\ San2Re < + ok 2’%)

holds.
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Theorem 2.25.3. Let x > 0 and k£ € N. If m,n,a and 8 are positive numbers,
then the following inequalities hold

a B
< (1 ) 1 <3,
’y_( +s.inhmac ( +cosh”:v) -
3 2
«
=11
" <+\/Sinhmxcosh”:c>

1 1 af
=1 2 2 .
* \/(a +5) <sinh2m:1: * coshQ"a:) * sinh™ z cosh”
Theorem 2.25.4. Let z € (O,g). If @ > 0 and 8 > 0, then the following

inequality
2
2 « T afBx
(1 /208 ) <14 b b

where

and

sinh 2z sinhz  sinhz + sinh? x

holds.

Corollary 2.25.5. One has that

2z x 2
sinh 2z < (sinhx)
holds for all z € (0, %).
Corollary 2.25.6. One has that
tanhx <

holds for all z € (0, g) .

Observation 2.25.7. The previous inequality is a weaker form of a result of

Mitrinovi¢ [101] since this inequality holds for = € (0, %) while it holds for = > 0.

Corollary 2.25.8. One has that

2
2 1 T
<1+ sinh2x> < <1+ sinhx) <1+ sinhgv)

holds for all z € (0, g) .

Theorem 2.25.9. Let z € (0,1) and ¢ > 3. Then the inequalities

. 3 <Sinhx<1+£
3 — k2g2 T 5
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holds.

Theorem 2.25.10. Let z € (0,1),« > 0 and < 1/3, then the following inequal-

ity o
T \@ x
(sinhx) <(1—77)+77<1_3)

holds.

Corollary 2.25.11. Let = € (0,1), and n < 1/3, then the following inequality

c1-gs
sinh x 773

holds.

Theorem 2.25.12. Let x € (0, 1). Then the following inequalities

x2 1 x

Z < <1-=
2 T coshx — 3

2
1—

hold.

Theorem 2.25.13. Let £ > 0. Then the function

f(t) = —

cosh’ 7
is decreasing on (0, 00).

Corollary 2.25.14. Let 2 € (0,00). Then the following inequality

1
coshg < 3 + gcoshx

holds.

Theorem 2.25.15. Let x € (0,00). Then the following inequality

sinh x 1

z
T cosh 3

holds.

Corollary 2.25.16. Let = € (0,00). Then the following inequality

T <2+1 b
sinhg 3 3 007

holds.

Theorem 2.25.17. Let « € (0,00). Then the following inequality

sinzx
< cosh zx.
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holds.
Observation 2.25.18. Klén, Visuri, and Vuorinen [87] have shown that the
inequalities
1 sinx T
coshz x sinh x

are true for z € (0,7/2).

Theorem 2.25.19. For z € (0,7/2)

sin x
< Vcoshz.

x

Theorem 2.25.20. For z,k € (0, 00)

sinz  sinhkz
< .
T kx

Theorem 2.25.21. For z € (0,00) and k € [1,00) the following inequality

sinz  sinhkzx
<

x x
holds.
Theorem 2.25.22. Let z,y,2 € (0, %) Then the following inequality

1 1 1 1 1 1
>
cosh £1¥ * cosh 432 * cosh 252 = coshz + coshy + cosh z

holds.

Theorem 2.25.23. Let x,y,z € (0,1). Then the following inequality

1 n 1 n 1 < 1 n 1 n 1
sinh L;“y sinh y—;z sinh 252 — sinhz  sinhy = sinhz

holds.

Corollary 2.25.24. Let z,y,z € (0,1). Then the following inequality

6 1 1 1
< = + - + -
sinh z 4 sinh y + sinh z + sinh %W T sinhz  sinhy = sinhz

holds.



Chapter 3

The fundamental triangle
inequality between Euclidean
geometry and hyperbolic
geometry

3.1 Euclidean version of Blundon’s inequalities

Given a triangle ABC, denote by O the circumcenter, I the incenter , G the centroid,
N the Nagel point, s the semiperimeter, R the circumradius, and r the inradius of
ABC. In this note, we present a geometric proof to the so-called fundamental triangle
inequality. This relation contains in fact two inequalities and it was first time proved by
E. Rouché in 1851 (see [117]), answering a question of Ramus concerning the necessary
and sufficient conditions for three positive real numbers s, R, r to be the semiperimeter,
circumradius, and inradius of a triangle. The standard simple proof was given for the
first time by W.J.Blundon [45] and it is based on the following algebraic property of
the roots of a cubic equation: The roots x1, x2, 3 to the equation

x3+a1x2+a2x+a320

are the side lengths of a (nondegenerate) triangle if, and only if, the following three
conditions are verified: i) 18ajasas + a?a% — 27a3 — 4a3 — 4a3az > 0 ;i) —a1 > 0, a9 >
0, —as > 0; iii) a?{ — 4ajas + 8az > 0. For more details we refer to the monograph
of D. Mitrinovi¢, J. Pecari¢, V. Volenec [102], and to the papers of C.Niculescu [109],
[110], R.A.Satnoianu [119], S.Wu [142] We mention that G. Dospinescu, M. Lascu,
C. Pohoata, M Tetiva have proposed a new algebraic proof to the weaker Blundon’s
inequality s < 2R + (3v/3 — 4)r. This inequality is a direct consequence of the funda-
mental triangle inequality.

In order to state our main results we need to recall some important distances in
triangle ABC. The famous formula for the distance OI is called Euler’s relation and

49
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it is given by
OI* = R* — 2Rr

For the standard geometric proof to this relation we refer to the books of H.S.M.Coxeter
and S.L.Greitzer [56] or T.Lalescu [88]. For a proof by using complex numbers we men-
tion the book of T.Andreescu and D.Andrica [4]. The next important distance is ON
and it is given by

ON =R -2r

The previous relation gives in geometric way the difference between the quantities
involved in the Euler’s inequality R > 2r and it will play an important role in the
proof of our main results. A proof by using complex numbers is given in the book
of T.Andreescu and D.Andrica [4]. Another useful distance is OG and the following
relation holds
a® + b + 2
9 )

where a,b, and ¢ are the side lengths of triangle ABC. The standard proof uses the
Leibniz’s relation combined with the median formula (see [4])

The sum a? + b? + ¢? can be expressed in terms of the symmetric invariants s, R, r
of triangle ABC' as follows:

OG? = R* -

a® +b% 4+ ¢? = 2(s* —r? — 4Rr)

This formula can be found in different references, for instance in D.S.Mitrinovi¢, J.E.
Pecari¢, V.Volenec [102]. The author has published this results in the paper [8].

The following result contains a simple geometric proof to the fundamental inequal-
ity of a triangle.

Theorem 3.1.1. Assume that the triangle ABC'is not equilateral. The following

relation holds : 9 2 2
) 1 —r—
cos ION — R*+10Rr —r* —s ' (3.1.)
2(R — 27")\/@

Theorem 3.1.2. (Rouché¢) The necessary and sufficient condition for the existence
of a triangle, with elements s, R, and r is

2R?*+10Rr —1r*>—2(R—2r)\/R? — 2Rr < s*> < 2R?*4+10Rr —r>4+2(R—2r)\/ R2 — 2Rr.

Equilateral triangles give the trivial situation where we have equality in the pre-
vious inequalities. Suppose that we are not working with equilateral triangles, i.e we
have R—2r # 0. Denote by 7 (R, ) the family of all triangles having the circumradius
R and the inradius r. The previous inequalities give in terms of R and r the exact
interval for the semiperimeter s of triangles in family 7 (R, r). We have

$2n = 2R? + 10Rr — r® — 2(R — 2r)\/ R? — 2Rr

and
20z = 2R? + 10Rr — r? + 2(R — 2r)\/R? — 2Rr.
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If we fix the circumcenter O and the incenter I so that O = v R% — 2Rr, then the
triangle in the family 7 (R, r) with minimal semiperimeter corresponds to the equality
case cos TON = 1, i.e. points I, O, N are collinear and I and N belong to the same ray
with the origin O. Taking into account the well-known property that points O, G, H
are collinear on the Euler’s line of triangle, this implies that O, I, G must be collinear,
hence in this case triangle ABC is isosceles. In Figure 3.1 this triangle is denoted by
ApinBminCmin. Also, the triangle in the family 7 (R, r) with maximal semiperimeter
corresponds to the equality case cos ION = —1, i.e. points I,O, N are collinear and
O is situated between I and N. Using again the Euler’s line of the triangle, it follows
that triangle ABC is isosceles. In Figure 1 this triangle is denoted by ApmazBmarCrmaz-
Note that we have BinCmin > BmazCmaz- The triangles in the family 7 (R, r) are
"between" these two extremal triangles (see Figure 3.1). According to the Poncelet’s
closure Theorem, they are inscribed in the circle C(O; R) and their sides are tangent
externally to the circle C(I;7).

Figure 3.1

From Theorem 3.1.2. it follows that it is a natural and important problem to construct
the triangle ABC from its incenter I, circumcenter O, and its Nagel point N. Taking
into account that points I, G, N are collinear determining the Nagel line of triangle, it
follows that we get the centroid G on the segment I N so that IG = %I N. Then, using
the FEuler’s line of the triangle, we get the orthocenter H on the ray (OG such that
OH = 30G. Now we have reduced the construction problem to the famous Euler’s
determination problem i.e. to construct a triangle from its incenter I, circumcenter
O, and orthocenter H [68]. Some new approaches involving this problem are given by
B.Scimemi [120], G.C.Smith [126], J.Stern [129] and P.Yiu [144].
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3.2 A dual version to Blundon’s inequalities

In this section we consider a triangle ABC' with the circumcenter O, the incenter I,
the excenters I, Iy, I., and N,, Ny, N, the adjoint points to the Nagel point N. For the
definition and some properties of the adjoint points N, Ny, N. we refer to the paper
of D.Andrica and K.L.Nguyen [12].

Let s, R, 7,74, 7, Tc be the semiperimeter, the circumradius, the inradius, and the
exradii of triangle ABC, respectively. We know that points N,, G, I, are collinear and
we have N,I, = 3GI,. The similar properties hold for the triples of points Ny, G, I}
and N,, G, I.. The following relations

OI? = R?> 4 2Rr,,OIf = R?> + 2Rry,, OI? = R? + 2Rr,

and
ON, =R+ 2r,,ONy, =R+ 2r,,ON. = R+ 27,

hold. For a proof by using complex numbers we refer to the paper [12].
Theorem 3.2.1. The following relation holds

R? - 3Rr, — 12—«
(R+ 2rq)VR? +2Rr,’

cos Ima =

2 2 2
where o« = %.

Theorem 3.2.2. (Dual form to Blundon’s inequalities) The following inequalities

hold
0< "< R? — 3Rry — r2 + (R + 2ry)\/R2 + 2Rr,.

Denote by 7 (R, r,) the family of all triangles having the circumradius R and the
exradius rq. The inequalities (15) give in terms of R and 7, the exact interval for «,
for triangles in family 7 (R,r,). We have ain = 0 and qpae = R? — 3Rr, — 12 +
(R + 2r4)VR? + 2Rr,. If we fix the circumcenter O and the excenter I, so that we
have OI, = v/ R? + 2Rr,, then the triangles in the family 7 (R, r,) with minimal « are
degenerated to a point and they correspond to the intersection points of the circles.
In Figure 3.2 these points are denoted by A/ . and A”,,. Also, the triangle in the
family 7 (R, r,) with maximal « corresponds to the equality case cos LL/O-W =—1, i.e.
points I,, O, N, are collinear and O is between I, and N,. Using again the Euler’s
line of the triangle, it follows that triangle ABC' is isosceles. Figure 3.2 presents the
standard geometric configuration illustrating the extremal triangles.
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Figure 3.2

In this case we have also an exterior Poncelet’s closure Theorem, that is the trian-
gles "between" these two extremal triangles belong to the family 7 (R, 7,). We refer to
the paper of L.Emelyanov and T.Emelyanov [7] for a complicate proof of this property.

From Theorem 3.2.1 it follows that it is a natural problem to construct the triangle
ABC from its excenter I,, circumcenter O, and its adjoint Nagel point N,. Taking
into account that points I,, G, N, are collinear, it follows that we get the centroid
G on the segment I, N, so that [,G = %IaNa. Then, using the Euler’s line of the
triangle, we get the orthocenter H on the ray (OG so that OH = 30G. Now we have
reduced again our construction problem to the famous Euler’s determination problem:
to construct a triangle from its incenter I, circumcenter O, and orthocenter H (we
refer to the original reference [68]).

Observation 3.2.3.

1) From Theorem 3.2.1 it follows that it is a natural question to express « in
terms of s, R, r,, in order to obtain a similar formula (3.1). In order to answer to this
question we shall prove that

$5 + 71 (4R + 3ry)s* +72(3r2 — 16R?)s? +r3(ry — 4R)

ab + bec + ca = (s2 +r2)2.

2) The express for « is a complicate function of s, R, r4, that way in order to have a
duality between formulas (3.1) and (3.2) we have to express cos ION in terms of a, R, r.
In this respect, from formula a? +b?+ % = 2(s2 —r?2 —4Rr) we get s> = 2a+4Rr +172.
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Replacing in formula (3.1) we obtain

R2+3Rr—r?—a
(R —2r)vVR? —2Rr

The formal transformation r — —r, gives the duality between formulas (3.1) and (3.2).
We have similar duality relations for 7, 7.

COSIT)]\V =

3.3 Applications to some inequalities in s, R, and the
exradii

In this section we will obtain as consequences to Theorem 3.2.1 some inequalities
involving s, R and the exradii of the triangle.

Corollary 3.3.1. In any triangle with semiperimeter s the following inequalities
hold
2R* 4+ 12 + 4Rr — 6Rry — 2r2 — 2(R + 2ra)V R2 + 2Rr, < s° <

2R® + 7% + ARr — 6Rrq — 25 — 2(R + 2r4)V/ R? + 2Rrq.

Using the fact that r < r, from the right inequality in the previous result we obtain

s < 2R* — 2Rr, — r2 + 2(R + 2r,)\/ R? + 2Rr,.

Corollary 3.3.2. In any triangle with semiperimeter s the following inequality
holds

s2 < min{4R* + 4Rr, + 3r2 AR* + 4Rry + 32, 4R* + 4Rr. + 3r2}.

Corollary 3.3.3. The following inequalities hold

a? + 0%+ < min{8R* 4 4r2 8R? + 4r} SR* + 4r2}.

Theorem 3.3.4. The following inequalities hold:

s> < 2V2(2R + 747,

Observation 3.3.5. The following inequalities hold

i) 82 < 2V2(2R + 1p)ry;
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i) 52 < 2V2(2R + ro)r...

Theorem 3.3.6. In any triangle with semiperimeter s the following inequality
holds

52 < 2V3R(R + 2r,).

Observation 3.3.7. In any triangle the following inequalities hold
i) s < 2V3R(R + 2m);

i) s < 2V3R(R + 2r.).

Observation 3.3.8. Because OI? = R? + 2Rr,, the inequality from Theorem
3.3.6 can be rewritten as following s < v/1201,.

Theorem 3.3.9. In any triangle the following inequality holds: s <2-Ol,.

Theorem 3.3.10. In any triangle the following inequality holds:

i)s% < min{12Rr,, 12Rry, 12Rr.}.

3.4 The natural approach of Blundon - Wu inequalities

S. Wu [141] gave a new sharp version of the Blundon’s inequality by introducing a
parameter, as follows: for any triangle Ay AsAs, the following inequalities hold

2R*4+10Rr—r?—2(R—2r)\/ R% — 2Rrcos ¢ < s° < 2R?*+10Rr—r*4+2(R—2r)y/ R2 — 2Rr cos .
(3.3)

where ¢ = 1<min<3 |A; — Aj|. Next, we called (3.3) the Blundon - Wu inequality. In
ASAWAS

this paper we present a geometric proof to approach to Blundon - Wu inequality. It
is well-known that distance ON is given by ON = R — 2r. Denote by 7 (R,r) the
family of all triangles having the circumradius R and the inradius r. The Blundon’s
inequalities give in terms of R and r the exact interval for the semiperimeter s for
triangles in family 7 (R,r). We have

s =2R?>+10Rr —r? — 2(R — 2r)\/R% — 2Rr
and
20z = 2R? + 10Rr — r® + 2(R — 2r)\/R? — 2Rr.

The triangles in the family 7 (R, r) are "between" two extremal triangles Apin BminCmin
and AmaxBmaxCmax determined by smin and Smax. Denote by Npin and Npax the
Nagel’s points of the triangles ApminBminCmin and Amax BmaxCmax, respectively.
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Obviously, because the distance ON V_is constant, the Nagel’s point N moves on
the circle of diameter NpinNmax, and ION varies from 0 to 180°. The author has
published these results in the paper [10].

Theorem 3.4.1. For any triangle ABC, the following inequalities hold
—cos ¢ < cos TON < cos ¢, (3.4)

where ¢ = min{|A — B|,|B — C|,|C — A|}. Both equalities hold in (3.4) if and only
if the triangle is equilateral.

Observation 3.4.2. In fact ¢ divides the triangles of family 7 (R, ) in function
of the position of the point A on the circle O(R).

3.5 Hyperbolic version of Blundon’s inequalities

In this section we present the hyperbolic version of Blundon’s inequalities. This form
was given by D. Svrtan and D. Veljan [131]. So, they have showed that for a hyperbolic
triangle that has a circumcircle of radius R, incircle of radius r, semiperimeter s, and
excess €, we have

D
572207

where
D = s”[(r®R?e” + 4" R"” — 47 RP? — 14 6¢'R' — 127 R” + 87 R")s"
+r2R'e (1 — 4r'R' 4 47 R’ — 8 R?e” 4 9¢' + 18/ R'e’)s"®
+r2("2R? — 10r'R' — 1272 R — 2)s™ — 61" R'e's’ — 1Y),

I T ’ R 1 _ € o — o s
and 7’ = tanh , R’ = tanh +,¢’ = cot 5, s" = sinh .

3.6 A Geometric way to generate Blundon type inequal-
ities

Let P be a point situated in the plane of the triangle ABC. The Cevian triangle
DEF is defined by the intersection of the Cevian lines through the point P and the
sides BC,CA, AB of triangle. If the point P has barycentric coordinates t1 : o : ts,
then the vertices of the Cevian triangle DEF have barycentric coordinates given by:
D0 : tg : t3),E(ty : 0 : t3) and F(t1 : t2 : 0). The barycentric coordinates were
introduced in 1827 by Mobius. The using of barycentric coordinates defines a distinct
part of Geometry called Barycentric Geometry. More details can be found in the
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monographs of C. Bradley [48], C. Coanda [51], C. Cosnita [53], C. Kimberling [86],
O. Bottema [47], J. Scott [121] and P. Yiu [144]. The author has published these
results in the paper [11].

In the paper [26] we introduced the Cevians of rank (k;l;m). The line AD is
called ex-Cevian of rank (k;1;m) or exterior Cevian of rank (k;l;m), if the point D
is situated on side (BC') of the non-isosceles triangle ABC' and the following relation

holds:
BD_(C)k s—c\' [fa+b\™
DC  \b s—b at+c)
In the paper [26] it is proved that the Cevians of rank (k;[;m) are concurrent in the

point I(k, 1, m) called the Cevian point of rank (k;l; m) and the barycentric coordinates
of I(k,l,m) are:

aF(s —a)(b+ )™ : b (s —b)(a+ )™ : F(s — ¢)'(a+ b)™.

For every point M in the plane of triangle ABC', the following relation holds:

(t1 +ta+t3)MP =t MA+toMB + tsMC.
In the particular case when M = P, we obtain

— — — =
t1PA+toPB+t3PC = 0.

Theorem 3.6.1. If M is a point situated in the plane of triangle ABC, then

(tl +1i9 —|—t3)2MP2 = (thA2 +t2M32 +t3M02)(t1 +1i9 —I—tg) — (t2t3a2+t3t1b2 +t1t202).

Observation 3.6.2. If we consider that 1, to, t3, and t1 + t2 + t3 are nonzero real
numbers, then the previous relation becomes the Lagrange’s relation

M P?

B thA2+t2MB2+t3M02 B t1tats <a2+b2+02>
B t1+t2+t3 (t1+ta+1t3)2 \t1  ta  t3)

Corollary 3.6.3. If we consider M = O, the circumcenter of the triangle, then it
follows ) ) )
t1tats a b c
RP-0P'= —— "+ —+
(t1 + to + t3)? (tl ta 3
with tq,t9,t3 > 0.
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Corollary 3.6.4. In any triangle with semiperimeter s the following inequality
holds: )
R2 _ OP2 Z 4s t1t2t3
(t1 +ta +13)3

with t1,t9,t3 > 0.

C. Cosnitd give in [53] this theorem: If the points P and @ have barycentric
coordinates t1 : to : t3, and u; : us : ug, respectively, with respect to the triangle ABC,
and u = u1 + ug + ug, t = t1 + to + t3, then

2 2 2
e (21522)

where the numbers «, 3, are defined by

ug i3

72-7:7_7
U t’ u t’

U t
U t

uy t

Theorem 3.6.5. Let P and @) be two points different from the circumcircle O,
having the barycentric coordinates ¢y : to : t3, and w1 : uo : usz with respect to the
triangle ABC' and let u = uy +us +wus, t = t1 +to +t3. If uy, uo,us, t1,to,t3 # 0, then
the following relation holds

2 t1tot 2 b2 2 2 b2 2 2 b2 2
2R? — i (B h o) - g (B vt ) tasy (S5 +9)

cos@ =

ti1tot 2 b2 2 2 b2 2
2\/[R2 ~ i (R e)] B e ()]
where a, b, c are the length sides of the triangle and

up  t U to ug t3

1 2
o= —— —: = — — — = — — —,
u t’ﬁ w0 T T

Theorem 3.6.6. Let P and @ be two points different from the circumcircle O,
having the barycentric coordinates ¢y : to : t3, and w1 : uo : usz with respect to the
triangle ABC and let u = w1 + us + ug, t = t1 +to + t3. If uy, ue, us, t1,te,t3 # 0, then
the following relation holds

t1tots a2 b2 2 UL ULU3 a2 b2 2
R —F ()| |R2 - — 4t —+—]| <
\/[ (t1 + to + t3)? <t1 ta  t3 (wr +ug +u3z)®? \wr  wy  uz/)|

2 2 2 2 2 2 2 2 2
a b c titats a b c) UL ULUS (a b c
afy =+ +—|+2R— | 2 (T )+ —+—+—
57(04 64 ’y) [(t1+t2+t3)2 <t1 to  t3 (u1 + ug + u3)?

) [RQM(CLQ+62+CQ>] [32 (axbuc?ﬂ
(t1 +ta+1t3)2 \t1  t2 i3 (up +ug +u3)? \ur  wug  us

where a, b, ¢ are the length sides of the triangle and

Ul tl 5 U9 t2 us t3
o= — — —: = —-— — — = — = —,
U t’ U PR t
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Corollary 3.6.7. The necessary and sufficient condition for the existence of a
triangle, with elements s, R, and r is

2R*4+10Rr —r*—2(R—2r)V/ R%2 — 2Rr < s* < 2R?*+10Rr—r?+2(R—2r)\/ R? — 2Rr.

Observation 3.6.8. Let I3, I, I3 be three Cevian points of rank (k;l;m) with
barycentric coordinates as follows:
Lila¥ (s — a)li(b+¢)™ : bFi(s —b)li(a+ )™ : Fi(s — ¢)i(a+ b)™], i =1, 3.
Then,

cos I Io13 =

—a?(B12712 + Bagvaz — Ba1v31) — b2 (V1202 + Yozas — Y31031) + (12819 + 23Ba3 — i31831)

2\/*612712@2 — V19011202 — 12 815¢2 - \/*52372302 — Ya30i23b? — 042352302

Theorem 3.6.9. The following inequalities hold

—2¢/—B1271202 — V1201262 — @12B12€2 - \/ —B372302 — Ya30023b2 — Q3 Bgsc? <

—a®(Bra712+B23V23— Ba1V31) —b (V12012723003 — V31031 )¢ (12819 + 23893 — 31 851) <

2/ —B1271202 — V19012b% — 1281262 -/ — B3 V930 — Yo3023b% — (a3 Ba3c?
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