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Angle and Circle Characterizations of
Tangential Quadrilaterals

Martin Josefsson

Abstract. We prove five necessary and sufficient conditions for a convedrgua
lateral to have an incircle that concerns angles or circles.

1. Introduction

A tangential quadrilaterals a convex quadrilateral with an incircle, i.e., a circle
inside the quadrilateral that is tangent to all four sides. In [4] and [Sleveewed
and proved a total of 20 different necessary and sufficient condifmma convex
guadrilateral to be tangential. Of these there were 14 dealing with diffdigent
tances (sides, line segments, radii, altitudes), four were about ciraelsidang
their radii), and only two were about angles. In this paper we will prowerfiore
such characterizations concerning angles and circles. First we reveethat can
be found elsewhere.

A characterization involving the four angles and all four sides of a qlaaeiral
appeared as part of a proof of an inverse altitude characterizatiomgéntal
quadrilaterals in [6, p.115]. According to it, a convex quadrilatet&C D with
sidesa = AB, b= BC,c= CD andd = DA is tangential if and only if

asin Asin B+ csinCsin D = bsin Bsin C 4 dsin D sin A.

In the extensive monograph [9, p.133] on quadrilateral geometry, tlosving
characterization is attributed to Simionescu. A convex quadrilateral is thagén
and only if its consecutive sides b, ¢, d and diagonalp, ¢ satisfies

lac — bd| = pq cos O

wheref is the acute angle between the diagonals. The proof is a simple application
of the quite well known identit@pg cos 6 = |b? + d* — a? — ¢?| that holds in all
convex quadrilaterals. Rewriting it as

2pq cosf = ’(b+ d)? — (a+ ¢)* + 2(ac — bd)

we see that Simionescu’s theorem is equivalent to Pitot’s thearene = b + d

for tangential quadrilaterals. In Theorem 2 we will prove another ctariaation
for the angle between the diagonals, but it only involves four differéstadces
instead of six.

)

Publication Date: January 23, 2014. Communicating Editor: Paul Yiu.



2 M. Josefsson

2. Angle characterizations of tangential quadrilaterals

Itis well known that a convex quadrilateral has an incircle if and only iffthu
angle bisectors of the internal vertex angles are concurrent. If thi$ @st, it is
the incenter. Here we shall prove a necessary and sufficient coniditian incircle
regarding the intersection of two opposite angle bisectors which charactee
incenter in terms of two angles in two different ways. To prove that oneasfeth
equalities holds in a tangential quadrilateral (the direct theorem) was keprat
[1, p.67].

Theorem 1. A convex quadrilateral BC D is tangential if and only if
LAIB+ /CID =7 =/ZAID + /BIC
wherel is the intersection of the angle bisectorsAandC.

Proof. (=) In a tangential quadrilateral the four angle bisectors intersect at the
incenter. Using the sum of angles in a triangle and a quadrilateral, we have

A B C D 27
JAIB+/CID =7 — | — + — — =4+ = =271 — =
+ £C T <2+2>—|—7r <2—|—2> T 5 T

The second equality can be proved in the same way, or we can use thatthe f
angles in the theorem make one full circle,441D + /BIC =27 — m = .

Figure 1. Construction of the poinf3’ and D"’

(<) In a convex quadrilateral wheteis the intersection of the angle bisectors
at A andC, and the equality

ZAIB + /CID = Z/AID + /BIC 1)

holds, assume without loss of generality thg® > AD and BC' > C'D.* Con-
struct pointsD’ and D" on AB and BC respectively such thal D’ = AD and
CD"” = CD (see Figure 1). Then triangle$/ D’ and AID are congruent, and
so are triangle€'ID” andCID. ThusID’' = ID = ID"”. These two pairs

Lif instead there is equality in one of these inequalities, then it's easy to seberguadrilateral
is a kite. It's well known that kites have an incircle.
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of congruent triangles and (1) yields thaBID' = ZBID", so trianglesBID’
and BID" are congruent. ThuB8D’ = BD". Together withAD’ = AD and
CD" = CD, we get

AD'+ D'B+CD=AD+BD"+D"'"C = AB+CD=AD+ BC.

ThenABC'D is a tangential quadrilateral according to Pitot’'s theorem. [

The idea for the proof of the converse comes from [8], where Goutlssad this
method to prove the converse of a related characterization of tangerdaidiilatr
erals concerning areas. That characterization states thas ifhe intersection of
the angle bisectors a1 andC' in a convex quadrilateral BC' D, then it has an
incircle if and only if

Sare + Scrp = Sarp + Ssic,

where Sxyz stands for the area of triangl€Y 7. According to [9, p.134], this
theorem is due to V. Pop and |. Gavrea. In [6, pp.117-118] a similaacteiza-
tion concerning the same four areas was proved, but it also includesuthsides.
It states thad BC'D is a tangential quadrilateral if and only if

c-Sarp+a-Scip=b-Sarp +d- Ssrc,

wherea = AB, b= BC,c=CD andd = DA.

The next characterization is about the angle between the diagonals. We will
assume we know the lengths of the four parts that the intersection of thendlago
divide them into. Then the question is, what size the angle between the diagon
shall have for the quadrilateral to have an incircle? This means that tredfittee
guadrilateral are not fixed and the lengths of them changes as we eaantje
between the diagonals. See Figure 29 ¥ 0, then clearlya + ¢ < b + d; and if
0 — m, thena + ¢ > b+ d. Hence for somé < 6 < m we havea + ¢ = b + d,
and the quadrilateral has an incircle.

Figure 2. The diagonal parts
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Theorem 2. If the diagonals of a convex quadrilateral are divided into partse
andy, z by their point of intersection, then it is a tangential quadrilateral if and
only if the angled between the diagonals satisfies

(w—x)(y — 2) (2(wx +y2) — /(0 + 2)2(y + 2)% + 4(wx — yz)2)
(w+2)2(y + 2)2 — 16wxyz ’

Proof. A convex quadrilateral is tangential if and only if its consecutive sidés
¢, d satisfies Pitot’s theorem

cosf =

a+c=>b+d. 2
The sides of the quadrilateral can be expressed in terms of the diagotabpd
the angle between the diagonals using the law of cosines, according to wleh (
Figure 2)

a? = w? 4 y* — 2wy cos b,
b? = 22 + 9% + 2xy cos b,
& =2%+ 2% — 2z cos,
d? = w? 4 2% + 2wz cos b.

Here we usedos (7 — 0) = — cos 6 in the second and fourth equation. Inserting
these into (2) yields

Vw? + 32 — 2wy cosf + /a2 + 22 — 222 cos §

= /22 + y2 + 22y cos b + Vw? + 22 + 2wz cos b.

The algebra involved in solving this equation including four square rootstis n
simple. For this reason we will use a computer calculation to solve it. Squaring
both sides results in a new equation with only two square roots. Collecting them
alone on one side of the equality sign and squaring again gives anotierosr)

this time with only one square root. The last step in the elimination of the square
roots is to separate that last one from the other terms, on one side, arthgqu

a third time. This results in a polynomial equationdss ¢ that has 115 terms!
Factoring that with the computer, we obtain

(w+ )2y +2)2 (-1 +T)(1+T)
. (—wa2 + 2wyx — y?a? + 2wlyz — dwyzz + 2tz — w?2? + 2wz
— 2222 — 4w?yaT + dwyz®T — 4wy?2T + dw?zzT + 4yxzT — dwa?2T
+ dwy2®T — dyx 2T + w?y?T? 4 2wy T? 4 322> T? + 2wy 2T>
— 12wyxzT? + 2yz?2T? + w?22T? + 2wa2*T? + 222°T?) =0
where we pufl” = cos §. None of the factors but the last parenthesis gives any valid

solutions. Solving the quadratic equation in the last parenthesis with the compute
yields

2

dw —x)(y — 2)(wa +yz) £ /4w —2)*(y — 2)*P1

T —
2P,

®3)
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where
Py = w?y? + 2wyx + 4w’a® + y2x? + 2wiyz — dwyrz + 2yiz
4+ w?2? + 49227 + 2wxz? + 2222
and
Py = w?y? 4+ 2wyx + y?2? + 2wlyz — 12wyzz + 2yx’z + w?2? + 2warz? + 1222
= (wy + 22)* + (wz + yz)* + 2(wy + 22) (w2 + yz) — dwryz — 12wry>
= (wy + xz + wz + yz)* — 16wryz = (w+2)*(y + 2)* — 16wryz2.
Thus
Py = (w+2)*(y + 2)? — Swayz + 4w’x? + 492>
= (w+2)*(y + 2)° + 4(wz — yz)*.
Inserting the simplified expressions fBr and P; into the solutions (3) and factor-
ing them, we get
(w—x)(y — 2) (2(wx +y2) £ /(0 +2)2(y + 2)% + 4(wx — yz)Q)
(w+z)2(y + 2)? — 16wzyz ’
To determine the correct sign, we study a special case. In an isoscejestial

trapezoid wherev = y = 2u andxz = z = u (herew is an arbitrary positive
number), we have

cosf =

u2(8u2:|:\/9u2-9u2+0) 8+90
ouZ-9u? — 16 - 4ut 17

For the solution with the plus sign, we geis# = 1. Thusé = 0 which is not a

valid solution. Hence the correct solution is the one with the minus sign. O

cosf =

Coroallary 3. A convex quadrilateral where one diagonal bisect the other has an
incircle if and only if it is a kite.

Proof. (=) Ifin a tangential quadrilaterab = x ory = z, then the formula in the
theorem indicates thabs ¢ = 0. Thusf = 7, so one diagonal is the perpendicular
bisector of the other. Then the quadrilateral must be a kite, since onendiag@a
line of symmetry.

(«) If the quadrilateral is a kite (they always have the property that one dé&go
bisect the other), then it has an incircle according to Pitot’s theorem. O

3. Circlecharacterizations of tangential quadrilaterals

To prove the first circle characterization we need the following theorems co
cerning the extended sides, which we reviewed in [4] and [5]. Since ltite gare
to find a proof of it in modern literature (particularly the converse), wet $tar
proving it here. It has been known at least since 1846 accordin@jo [1

2Here we used thay/(w — z)%(y — 2)? = (w—x)(y— z). We don't have to put absolute values
since there ist in front of the square root and we don'’t yet know which sign is cdrrec
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Theorem 4. In a convex quadrilaterad BC'D that is not a trapezoid, let the
extensions of opposite sides intersectzaand F'. If exactly one of the triangles
AEF and CEF is outside of the quadrilaterad BC D, then it is a tangential
guadrilateral if and only if

AE+CF = AF +CE.

Figure 3. Tangential quadrilateral with extended sides

Proof. (=) In atangential quadrilateral, let the incircle be tangent to the sides
BC,CD,DAatW, X,Y, Z respectively. We apply the two tangent theorem (that
two tangents to a circle through an external point are congruent) s¢wvees to
get (see Figure 3)

AE+CF =AW+ EW+FX -CX =AZ+EY +FZ-CY =AF+CE.

(<) We do an indirect proof of the converse. In a convex quadrilaterarevh
AE + CF = AF + CE, we draw a circle tangent to the sidd$3, BC, CD. If
this circle is not tangent t® A, draw a tangent to the circle parallel iA. This
tangent interseci B, CD and BF at A’, D' and F’ respectively (see Figure 4).
We assumeD A does not cut the circle; the other case can be proved in the same
way. Also, letG be a point onD A such thatd’G is parallel to (and thus equal to)
F'F. From the direct part of the theorem we now have

AF +CE=AFE+CF'.
Subtracting this fromdE + CF = AF + CE, we get
AG = AA' + A'G.

This equality is a contradiction since it violates the triangle inequality in triangle
AGA'. Hence the assumption th&tA was not tangent to the circle must be in-
correct. Together with a similar argument in the case whehcuts the circle this
completes the proof. O

3And thus not a parallelogram, rhombus, rectangle or a square either.
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F

A A B
Figure 4. The tange’ F’ is parallel toAF

Remark. If both trianglesAEF and CEF are outside of the quadrilateral
ABCD, then the characterization for a tangential quadrilater&is+ DF =
BF + DE. ltis obtained by relabeling the vertices accordingite~ B — C' —

D — A in comparison to Theorem 4.

The direct part of the first circle characterization was a problem megand
solved at [7]. We will use Theorem 4 to give a very short proof inclgdine
converse as well.

Theorem 5. In a convex quadrilateral BC'D that is not a trapezoid, let the ex-
tensions of opposite sides interseckaand F'. If exactly one of the triangled E F°
andCEF is outside of the quadrilateral BC'D, then it is a tangential quadrilat-
eral if and only if the incircles in trianglegsl EF" and C E'F' are tangent toF F' at
the same point.

Proof. It is well known that in a triangle, the distance from a vertex to the point
where the incircle is tangent to a side is equal to the semiperimeter of the triangle
subtracted by the side opposite to that vertex [2, p.184]. Now assume ttedaac
in trianglesAEF andC EF are tangent td’ F' at G and H respectively. Then we
have (see Figure 5)
2(FG-FH)=(EF+AF—-AE)—(EF+CF—-CFE)= AF+CE—-AE—-CF.
Hence

G=H & FG=FH & AE+CF=AF+CE

which proves that the two incircles are tangent at the same poiftroii and only
if the quadrilateral is tangential according to Theorem 4. O

Remark.If both trianglesAE F andC E'F are outside of the quadrilaterdlBC D
(this happens iff" is below AB or E is to the left of AD in Figure 5), then the
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Figure 5. Two tangent points &F'

theorem is not true. In that case the two triangles that shall have tangentan
at FF are insteadBFF andDEF.

The next theorem concerns the same two incircles that we just studied.

Theorem 6. In a convex quadrilaterall BC' D that is not a trapezoid, let the exten-
sions of opposite side4B and DC intersect atF, and the extensions of opposite
sidesBC and AD intersect atF'. Let the incircle in triangleAE'F be tangent to
AFE and AF at K and L respectively, and the incircle in triangté £ F' be tangent
to BF andDE at M and N respectively. If exactly one of the triangld#’ F’ and
CFEF is outside of the quadrilateral BC D, then it is a tangential quadrilateral
if and only if K LM N is a cyclic quadrilateral.

F

K B

Figure 6. HereABC D is a tangential quadrilateral
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Proof. (=) In a tangential quadrilateral BC'D, the incircles in trianglesiEF’
andCEF are tangent tdZ F' at the same point? according to Theorem 5. This
together with the two tangent theorem yields th&t = FG = FN andFL =
FG = FM, so the triangle& K N and F' LM are isosceles (see Figure 6). Thus
ZENK = 4L andZFLM = 438, TrianglesALK and CNM are also
isosceles, s ALK = % andZCNM = % Hence for two opposite angles
in quadrilateralK LM N, we get

A+B n—-A _ A+ D
JKLM + /KNM = (72152 T L (F=C, AT
2 2 2 2
A+B+C+D
=27 — 5 =T

where we used the sum of angles in a quadrilateral. This mean&thaf N is a
cyclic quadrilateral according to a well known characterization.

Figure 7. HereABC' D is not a tangential quadrilateral

(<) If ABCD is not a tangential quadrilateral, we shall prove thd@tM N is
not a cyclic quadrilateral. WheABC' D is not tangential, the incircles in triangles
AEF andCFEF are tangent t&v F' at different points7 and H respectively. We
assume without loss of generality th@tis closer toF' thanH is* ThusEK =
EG > FH = EN andFL = FG < FH = FM (see Figure 7). Applying that

in a triangle, a longer side is opposite a larger angle, we/deN K > 5= and

/FLM > "‘*TB. TrianglesALK andC'N M are still isosceles. This yields that
A+B w—A w-—B

JKLM < 7 — _
<7 2 2 2

4The other case can be dealt with in the same way. What happens is thaalblities below
will be reversed.
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and/KND < — “TD. Hence for two opposite angles LM N,
7m—C A+D>
_ =,

p T
again using the sum of angles in a quadrilateral. This proves thaB{&' D is not
a tangential quadrilateral, theiL M N is not a cyclic quadrilateral. O

_B
JKLM + /ZKNM < © . +(

Corollary 7. The incircle inABC D and the circumcircle tad LM N in Theo-
rem 6 are concentric.

Figure 8. The two concentric circles

Proof. The incircle inABCD is also an incircle in triangled ED and AF' B (see
Figure 8). The perpendicular bisectors of the si&e¥ and LM are also angle
bisectors to the angled ED and AF B, hence they intersect at the incenter of
ABCD. This proves that the two circles are concentric. O

Next we will study a related configuration to the one in Theorem 6, with two
other incircles. In [4, pp.66—67] we proved that in a convex quadrdbat€BC D,
the two incircles in trianglegl BD andC BD are tangent t& D at the same point
if and only if ABCD is a tangential quadrilateral. These two incircles are also
tangent to all four sides of the quadrilateral (two tangency point peegirn [11,
pp.197-198] it was proved that  BC'D is a tangential quadrilateral, then these
four tangency points are the vertices of a cyclic quadrilateral that isecdnic with
the incircle inABCD. Another proof of the concyclic property of the four tan-
gency points was given in [9, pp.272—-273]. Now we shall prove thattngerse
is true as well and thus get another characterization of tangential quedita

Theorem 8. In a convex quadrilateral BC' D, let the incircles in trianglesi BD
and C'BD be tangent to the sides &fBCD at K, L, M, N. ThenABCD is a
tangential quadrilateral if and only if{ LM N is a cyclic quadrilateral.
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C

A K
Figure 9. HereABC' D is not a tangential quadrilateral

Proof. Only the proof of the converse is given, but a proof of the direct gweor
is obtained by simply changing all the inequalities below to equalities. Thus we
prove that ifABC D is not a tangential quadrilateral, th&h. M N is not a cyclic
quadrilateral.

Let the incircles in trianglesiBD andC'BD be tangent taBD at G and H
respectively, and assume without loss of generality hés closer toD than H
is. If K, L, M, N are the tangency points @tB, AD, C'D andC' B respectively,
then according to the two tangent theor&k = BG > BH = BN andDL =
DG < DH = DM (see Figure 9). Since a larger angle in a triangle is opposite
a longer side, we have thatBK N < ™52 Also, ZAKL = ™4 since triangle
AK L is isosceles. Thus

m™—B n T—A _ A+ B

2 2 2
In the same way we haweDM L < ™52 andZCMN = “EC, S0
m™—D LT ¢ C+D

2 2 2
Hence for two opposite angles KLM N,
A+B+C+D _

2

This proves that ifABC D is not a tangential quadrilateral, th&nhL M N is not a
cyclic quadrilateral. O

LLKN > 7 —

LLMN > 7 —

ZLKN + ZLMN >

4. A related characterization of a bicentric quadrilateral

A bicentric quadrilateralis a convex quadrilateral that is both tangential and
cyclic, i.e., it has both an incircle and a circumcircle. In a tangential quadalate
ABCD, let the incircle be tangent to the sidd#3, BC', CD, DA atW, X, Y,

Z respectively. It is well known that the quadrilater&@BC' D is also cyclic (and
hence bicentric) if and only if the tangency choiffi§” and X Z are perpendicular



12 M. Josefsson

[3, p.124]. Now we will prove a similar characterization concerning thdigara-
tion of Theorem 6.

Theorem 9. In a tangential quadrilateralA BC' D that is not a trapezoid, let the
extensions of opposite sidelsB and DC' intersect atF, and the extensions of
opposite sideBC and AD intersect atF'. Let the incircle in triangleAEF be
tangenttoAE and AF at K and L respectively, and the incircle in trianglé £ F’
be tangent taBF" and DE at M and N respectively. If exactly one of the trian-
glesAEF andCFEF is outside of the quadrilateral BC D, then it is a bicentric
guadrilateral if and only if the extensions &f N and LM are perpendicular.

Figure 10. Angle between extensions of opposite sidds bi\i N

Proof. Let J be the intersection of the extensions/ofN and LM, andv the angle
between them. Thed INC' = ZENK = 252 andZJMC = ZFML = 48
(see Figure 10). Thus, using the sum of angles in quadrilaf&¥al/ N, we have

A+B A+D A+B+C+D A+C A+C
v=2n—C-— — =2r— — =71— .
2 2 2 2 2
Hence -
so the extensions dK N and LM are perpendicular if and only if the tangential
quadrilateralABC'D is also cyclic. O
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The Associated Har monic Quadrilateral

Paris Pamfilos

Abstract. In this article we study a natural association of a harmonic quadrilat-
eral to every non-parallelogrammic quadrilateral. In addition we investide
corresponding association in the case of cyclic quadrilaterals and thresteac-

tion of the quadrilateral from its harmonic associated one. Finally, wecigso

to a generic quadrilateral a cyclic one.

1. Harmonic quadrilaterals

Harmonic quadrilaterals, introduced by Tucker and studied by Neubgrg (
p.206], [6]) can be defined in various equivalent ways. A simple one isaw d
the tangent$' A, F'C' to a circlex from a pointF’ (can be at infinity) and draw also
an additional secarft BD to the circle (see Figur&(l)). Another definition starts

Figure 1. Definition and a basic property

with an arbitrary triangled BD and its circumcircle: and defines as the inter-
section ofx with the symmedian fromi. These convex quadrilaterals have several
interesting properties exposed in textbooks and articles ([5, p.100,p[8D6ne

of them, used in the sequel, is their characterization as convex cyclicilgiacs,

for which the products of opposite side-lengths are eqdal||C'D| = |BC||DA|

or, equivalently, the ratios of adjacent side-lengths are e@%lz %. Another
property, also used below, deals with a dissection of the quadrilateral in sirizila
angles (see FigurgI1)), which | formulate as a lemma without a proof.

Lemmal. Let ABC D be a harmonic quadrilateral ané® be the projection of its
circumcenterk’ onto the diagonaBD. Then trianglesADC, APB and BPC are
similar. Furthermore, the tangents of its circumcircle at poidtand C' intersect
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at a point F' of the diagonalB D and the circumcircle of AC' F' passing through
K andP.

1

Figure 2. Determination by andr = {451 Kite

Note that, up to similarity, a harmonic quadrilateral is uniquely determined by
its anglew = /BCD and the ratio- = % = % (see Figure([)). In fact,
fixing the circlex and taking an inscribed angle of measurethe angle-sides
determine a chord@ D of length depending only on andw. Then, points4, C' on
both sides ofBD are determined by intersectimgwith the Apollonius circle ([2,
p.15]), dividing BD in the given ratior-.

A special class of harmonic quadrilaterals, comprising the squares, isithe o
of kites which are symmetric with respect to one of their diagonals (see Figure
2(I11)). Excluding this special case, for all other harmonic quadrilaterale ilex
kind of symmetry with respect to the two diagonals, having the consequiate,
in all properties, including one of the diagonals, it is irrelevant which drnhe

two is actually chosen.

XY
\
\
\
\

Figure 3. Harmonic trapezia

Another class of special harmonic quadrilaterals is the ohaxhonic trapezia
comprising all equilateral trapezia with side lengths satisfying- b (see Figure
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3). This, up to similarity, is also a one-parameter family of harmonic quadrilaterals
Given the circlex(r), each harmonic trapezium, inscribedxinis determined by
the ratiok = § < 1 of the small parallel to the non-parallel side-length. A short
calculation shows that to each such trapezium corresponds a speaiglera3 D
with data ) )

a=FkKr, b:%r, cos B = 12:‘ ,

wherek/ = |/#2-(-k22

2. The associated harmonic quadrilater al

In the sequel we restrict ourselves to non-parallelogrammic convexitpiad
als. For every such quadrilateyal= ABC'D there is a harmonic quadrilaterg|
naturally associated t@a The next theorem shows how to construct it.

Theorem 2. The two centerg, Z; of the similaritiesf,, fo, mapping respectively
fi(A) = C, fi(B) = D, fo(B) = D, fo(C) = A, of a non-parallelogramic
quadrilateralp = ABCD, together with the midpointd/, N of its diagonals

AC, BD, are the vertices of a harmonic quadrilateral= N Z; M Z,, whose

circumcirclex passes through the intersection poiof the diagonals.

Figure 4. The harmonic quadrilateral associated to a quadrilateral

In fact, letk be the circle passing through the midpoints NV of the diagonals
and also passing through their intersection p@ntSome special cases in which
point £ is on line M N are handled below. Poirff; is the center of similarityf;

([3, p.72], [11, II, p.43]) mapping the triangléB Z; correspondingly ontd’'D 7,
(see Figuret). Analogously, pointZ; is the center of the similarity mapping the
triangle BCZ, onto DAZ,. It follows easily, that the triangles based on the di-
agonals, ACZ, and BDZ, are also similar, their similarity ratio being equal to
those of their medians fror;, as well as their corresponding bases coinciding

with the diagonals\ = ||§11AAQ‘ = %. This implies also that the angles formed

by corresponding medians of the two similar triangles are equal A¥Z; and
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EM Z, are equal angles. This implies that is onk. Analogously is seen théf;
is also onx and that the rati §§N| = \. Thus,

M|
ZiN| _ |Z2N]|
Z,M| | Z,M]

which means that the cyclic quadrilatefalM Z, N is harmonic.

(1)

Figure 5. PointE coinciding with N PointZ; coinciding withE

In the case one of the midpoints of the diagonals coincides with their intersection

point (N = F) the circlex passes through the midpoinig, V of the diagonals
and is tangent to the diagonal (), whose midpoint coincides with (see Figure
5(I)). Another particular class is the one of trapezia, characterized byathéiat
one of the similarity centers;) coincides with the intersectiafi of the diagonals
(see Figures(11)).

3. Theinverse construction

Fixing a harmonic quadrilatergland selecting two opposite vertic&s, Z- of
it, we can easily construct all convex quadrilategalsaving the given one as their
associated. This reconstruction is based on the following lemma.

Figure 6. Generating the quadrilateral from its associated harmonic one
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Lemma 3. Letp = ABCD be a convex quadrilateral with associated harmonic
oneq = N Z, M Z,, such thatZ; is the similarity center of triangled BZ,, CD Z;.
Then triangleN M Z, is also similar to the above triangles.

In fact, by the Theorem 2, triangle$C'Z,, BD Z, are also similar, an&V, be-
ing the midpoint of sideAC', maps, by the similarity sendingC' 7, to BD 7, to
the corresponding midpoimt/ of C'D (see Figures). This implies that triangles

Z1AN, Z, BM are also similar, henc#ﬁzzll—]\]\y| — fgig“ Since the rotation angle,

involved in the similarity mappingdC'Z, to BDZ, is the angled Z; B, this an-
gle will be also equal to angl&’ Z; M, thereby proving the similarity of triangles
ABZiandNM Z,.

Lemma 3 implies that all quadrangles= ABCD, having the given quad-
rangleq = NZ,MZ, as their associated harmonic, are parameterized by the
similarities f with center atZ;. For, each such similarity produces a triangle
ABZ; = f(NMZ,) and defines through it the two vertices B. The other
two verticesC', D of the quadrilaterap are found by taking, correspondingly, the
symmetrics ofA, B with respect taV and M. Note, that, by reversing the argu-
ment in Lemma 3, the diagonals”, BD of the resulting quadrilateral intersect at
a point £ of the circumcircle of the harmonic quadrilateral. Hence their angle is
the same with angl&/ Z; M. Also the ratio of the diagonals of BC D is equal to

the ratioﬂﬁﬁ'l , thus it is determined by the harmonic quadrilateral N Z, M Zs.

We have proved the following theorem.

Theorem 4. Given a harmonic quadrilateray = NZ, M Z,, there is a double
infinity of quadrilateralsp = ABCD havingq as their harmonic associate with
similarity centers atZ; and Z, and midpoints of diagonals dt/ and N. All these
guadrilaterals have their diagonals intersecting at the same anigle M, the
same ratio% = ||§22ﬁ,“ and their Newton lines coinciding with/ N. Each of
these quadrilaterals is characterized by a similarftyvith center atZ;, mapping
f(ZINM) = Z1 AB.

Figure 7. Alternative generation gfBC' D from the harmonic quadrilateral
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An alternative way to generate all quadrilaterals with given harmonic egeoc
q = NZ1MZ, and similarity centers a¥,, Z,, is to use a poiniz on the cir-
cumcirclex of ¢, draw linesE M, EN, and consider their intersectiords C' with
the circles passing throughi and Z;. Equivalently, construct all triangles;, AB
similar to Z; N M and having the verted on line EN. Then the other verte®
moves on lineZ N ([11, 11, p.68]) andC, D are again, respectively, the symmetrics
of A, B with respect taV and M. A fourth method is described §v.

4. Tworelated similar quadrilaterals

In order to prove some additional properties of our configuration, thefing
lemma is needed, which, though elementary in character, | could not locedefa p
of itin the literature. For the completeness of the exposition | outline a shawf pr
of it.

Figure 8. Quadrilateral from angles and angle of diagonals

Lemma 5. Two quadrilaterals having equal corresponding angles and equal an-
gles between diagonals are similar.

In fact, letABC D be a quadrilateral with given angles and the angletween
its diagonals. The two triangleBC D, FAD, where E, F' are the intersection
points of opposite sides, have known angles and are constructible up tarigymila
Thus, we can fix triangld/C'D and move a line parallel tal F' intersecting the
sidesEC, ED correspondingly aB’, A’. The quadrilateral with the required data
must have the angle formed at the intersection pbint (A’C, B'D) equal tow.
This positionK for P is found as follows (see Figus). As A’ B’ moves parallel to
itself it creates a homographic correspondeBte+ A’ between the points of the
linesEC' andE D and induces a corresponding homography between the pencils of
lines atC' and D. Then, according to the Chasles-Steiner theorem, the intersection
point P of corresponding ray§' A’, D B’ describes a conic ([9, p.109]). Itis easily
seen that this conic is a hyperbola passing through the vertices of triaidgie,
whose tangents &, D are parallel toA’ B’ and its center is the midpoirdt/ of
CD. The intersection poink’ of the conic with a circular are of points viewing
CD under the anglev determines the quadrilateral with the required properties
and shows that it is unique, up to similarity.
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Figure 9. Four circles intersecting on the sides

Theorem 6. (1) The circlesa = (Z1NA),5 = (Z1M B) pass through the in-
tersection pointA’ of the Newton line with sidelB. Analogously, the circles
v=(Z1NC),0 = (Z1 M D) pass through the intersection poi@it of the Newton
line with sideC'D.

(2) Circles 8 and~ intersect at a point3’ of BC. Analogously circlesx and §
intersect at a poin®’ of AD.

(3)The centers\”, B”, C”, D" of corresponding circleg, 3, v, § build a quadri-
lateral A” B”"C" D" similar to ABC D, whose diagonals pass through

(4) Analogous to the above properties hold by replacifigvith Z; and defining
A', B',C", D" and circlesa, 3,~, § properly.

In fact, (1) and (2) result by a simple angle chasing argument (seesFEipui3)
follows from the Lemma 5 and the fact that B”C” D" has the same angles with
ABCD and also the same angle of diagonals, which interse@t 4) is proved
by the same arguments.

5. The case of cyclic quadrilaterals

The location of the similarity centels,;, Z; in the case of a cyclic quadrilateral
is, in most cases, immediate according to the following.

Theorem 7. In the case of a cyclic quadrilateral = ABC D, whose opposite
sides intersect at points, GG, the similarity centers/;, Z, are the intersections of
the circumcirclex of the associated harmonic quadrilateral with the cirgleon
diameterF'G.
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Figure 10. The case of cyclié BC D

In [7] it is proved that a quadrilateralis cyclic if and only if the circleu, with
diameterF’G, is orthogonal to the corresponding cirele= (M N E). Thus, in this
case there are indeed two intersection poifitsZ, on  (see Figure0). There is
also proved, that in this case lid&7 is the polar ofE and coincides with the rad-
ical axis of the pencil of circles generated bynd the circumcirclé. of ABCD.
Since anglel’Z, G is a right one and point&B, C, N, F') make a harmonic divi-
sion, the two linesZ, G, Z1 F' are the bisectors of the angleZ,C as well as of
angleAZ D. Thus, anglesiZ; B andCZ; D are equal and anglesZ,C, BZ1 D
are also equal. Sinag is on the radical axis of and\ the quadrilateral’ D7, E
is cyclic, hence the angldsC'Z; andE D Z, are equal. This implies that triangles
AZ,C and BZ1C are similar and from this follows that trianglesZ, B, CZ1 D
are also similar. This identifies poitf; with the center of similarity transform-
ing AB to C'D. Analogously is proved the corresponding property for the other
intersection pointZs.

Next theorem explores the possibility to determine a generic cyclic quadailater
p = ABCD on the basis of its associated harmonic one.

Theorem 8. A convex cyclic quadrilatergb, whose opposite sides intersect, is
uniquely determined from its associated harmonic quadrilateeid the location
of the intersection’ of the diagonals op on the circumcirclex of q. Point £
can be taken arbitrarily on the arc defined B Z,, which is less than half the
circumference ok. All cyclic quadrilaterals resulting by such a choice Bfhave
the angle between their diagonals equaltd; M Z5 or its complementary and the

ratio of diagonal-lengths equal t% = ‘éz%ﬂ.

The first statement follows easily from two facts. The first is that, accgrtin
Theorem 7, the circlg on diametel’G, whereF, G are the intersections of oppo-
site sides op = ABCD, is orthogonal to the circumcircle of ¢ and its center is
at the intersectioi of tangents ta, respectively aZ, andZ, or the pole ofZ; Z,
with respect tos. Hence this circle is constructible from the data of the harmonic
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Figure 11. Constructing the cyclié BC' D from its associated harmonic

guadrilateraly = M ZN Z,. The second fact, proved in the aforementioned ref-
erence, is that the circumcircleof the quadrilaterap is orthogonal tg: and its
center is the diametral poir@ of E with respect to circles. This implies that\

can be constructed as the circle, which is orthogonal &md has its center &3.
Having this circle, we obtain the vertices of the quadrilateraly intersecting it
with lines EM andEN. The other statements follow from fundamental properties
of the harmonic quadrilateral, such as, for example, the fact,ithay are sepa-
rated byZ;, Z> and that generic cyclic convex quadrilaterals have the intersection
point £ always in the ar&Z; Z5, which is less than half the circumferencexof

Figure 12. Associated harmonic quadrilateral of an isosceles trapezium

Having excluded from the beginning the parallelogrammic quadrilateralshwhic
have both pairs of opposite sides intersecting at infinity, the case of cy@idrg
laterals, not included in both theorems, is the one of equilateral trapeziagha
one pair of sides intersecting at infinity. In this case the harmonic assocsated
found easily, having the similarity centers coinciding correspondingly witlinthe
tersection poinE’ = Z; of the diagonals and the circumcenter= 7, (see Figure
12). Theorem 8 is not valid in this case, since, then, there are infinite maltig cyc
guadrilaterals with the same harmonic associate. In fact, in this case, éwatey c
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centered atZo = O, with radiusr > |Z;Z5| defines, through its intersections
with lines Z1 M, Z1 N, an equilateral trapezium having the given= NZ, M Z,

for harmonic associated. Two other cases, in which the intersection Bahthe
diagonals ofp = ABC'D coincides with a particular point, are the quadrilaterals
havingEl = N, i.e., coinciding with the midpoint of one diagonal (see FiglLag

Figure 13. The casE = N

and the quadrilaterals = ABC D, which are also themselves harmonic. In this

Figure 14. The case= ABCD is also harmonic

caseF is on the diameter of the circumcircleof ¢, which contains the intersection
point H of the diagonals of. Then the polat of H with respect ta< coincides
with the radical axis of the circle and the circumcircle\ of p (see Figurd 4).

6. Thetwo lemniscates

Fixing the harmonic quadrilateral= N Z,M Z5, as seen in the previous sec-
tion, all cyclic quadrilateralp, havingg as their associated, are parameterized by a
point £/ varying on an ar&; Z, of the circumcircles of ¢g. The following theorem
shows that the vertices of the resulting quadrilatepals ABC D vary on two
lemniscates of Bernoulli ([10, p.13], [4, p.110]).
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Theorem 9. The vertices of all convex cyclic quadrilaterals= ABC D, having

the same harmonic associated quadrilateyak N Z M Z5 are on two Bernoulli
lemniscates with nodes, respectively)atand N. Each pair of opposite vertices
lies on the same lemniscate and is symmetric with respect to the corresgondin
node.

Figure 15. Geometric locus of vertices ABC D with given harmonic associated

The proof of the theorem follows from a simple calculation, using cartesian
coordinates centered at the vertdk of the given harmonic quadrilateral =
NZ1MZ,. Vertex N is set at(n,0) and the circumcircles of ¢ intersects the
y-axis at(0,t). PointP(p,0) is the center of the circlg, which passes through
71, Zy and is orthogonal ta. The equations can be set in dependence of the pa-
rametersu, p andt by following the recipe of reconstruction pffrom ¢, described
in Theorem 8. For a variable poit(u,v) on k, the intersection points of line
E M and the circle), centered at the diametr@ of the pointE and orthogonal to
u, are found by eliminatingu, v) from the three equations representing the circle
A, the lineM E and the circle:. These are correspondingly:

:U2+y2—2x(n—u)—2y(t—v)—2pu+pn = 0,
ve—uy = 0,

2 2 _
u+v°—nu—tv = 0.

Eliminating (u, v) from these equations, leads to an equation of8ttle degree,
which splits into the two quadratids: — p)? = 0, (z — n)? + (y — t)? — (n? +
t?) +np = 0 and the equation of the fourth degree

(2* +y°)* + np(y® — 2*) — 2ptay = 0,
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for the coordinates$z, y) of the points4 andC'. The first equation represents the
line z = p not satisfied by the pointd, C. The second represents the cirdle
obtained whery = M and satisfied byl, C' only whenAC is tangent tos at M.
Finally the last equation, by inverting on the unit circle, leads to

np(y? — %) — 2ptzy + 1 =0,

representing a rectangular hyperbola centered at the origin. By thekma@iin
property of Bernoulli's lemniscates to be the inverses of such hyper{idlas 110]),
this proves the theorem for the pair of opposite vertidesrdC'. For the other pair

of opposite verticesB and D, an analogous calculation, leads to a corresponding
system of three equations

22 +y? —2x(n—u) —2y(t —v) —2pu+pn = 0,
v+ (n—uy—nv = 0,
w4 v —nu—tv = 0.

Here again, elimination ofu, v), transfer of the origin aiv, and inversion on the
unit circle centered aV, leads, through the factorization of an equation o-t
degree, to the equation of the rectangular hyperbola

(n® —np)(y* — %) + 2t(n — p)ry + 1 =0.

This, using the aforementioned property of Bernoulli’'s lemniscate, pribvethe-
orem for the vertice® and D.

Remarks.(1) Using, for convenience, the corresponding equations of thengeta
lar hyperbolas, one can easily compute the symmetry axes of the lemnisadtes an

Figure 16. The similarities of the two lemniscates

see that they are obtained, respectively, by lid€5 BD, when their intersection
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E is such thatFO is parallel to lineM N (see Figurel6). A simple computa-
tion shows also that the two lemniscates are similar with respect to two similar-
ities. The first oneP’ = f,(P) has its center a¥;, its oriented rotation-angle

equals/M Z; N and its ratio isr; = 'éi%'. The second similaritys’ = f»(S)

has its center a¥s, its oriented rotation-angle equal&V Z, M and its ratio i s
ro = {zg =i

(2) Fixing a certain lemniscatg one can use the above results to give a parametri-
zation of all cyclic quadrilaterals, up to similarity, by three poifits Zs, P prop-
erly chosen on the lemniscate. In fact, select first two pothi<Z,, each on a dif-
ferent loop and on the same side of the a&{s of £ (see Figurd 6). This, together
with the nodeM of £ creates a triangl&, M Zs> with the angle af\/ greater than a
right one. This triangle defines also a unique pdintsuch thaty = N7, M Zs is
a harmonic quadrilateral. Excepting the squares, all other harmonicilgids,
up to similarity, are obtained in this way. Haviggone can define the similarity
f1 of the previous remark. Then, every poifiton the arcy = 71 2%, whereZ*
the symmetric ot7, with respect ta\/, defines a cyclic quadrilateral= ABCD.

Figure 17. The four lemniscates

PointB = f1(A), pointC'is the symmetric ofA with respect ta\/ and pointD is
the symmetric ofB with respect taVv.

(8) The symbolg = NZyM Z, for the harmonic quadrilateral sets a certain
order on its vertices. In the resulting construction of the cyclic quadrillateta
ABCD itis assumed that, 7 play the role of the similarity centers add, N
are the midpoints of the diagonals. Interchanging these roles, changethals
related cyclic quadrilaterals. Thus, giviggwithout an ordering for its vertices,
produces two families of cyclic quadrilaterals, depending on how we imgerpr
its two pairs of opposite vertices. Figure 17 shows the two pairs of lemniscates
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corresponding to the two interpretations of the opposite vertices of the harmo
quadrilateraly = ABCD. All cyclic quadrilaterals having for their associated
harmonic, have their vertices on these lemniscates.

7. Theassociated cyclic quadrilateral

Starting with an arbitrary convex quadrilatepa ABC D with intersections of
opposite side$” andG, we can, through the intermediate construction of its asso-
ciated harmonic, pass to a natuaakociated cycliquadrilaterap’ = A’B'C'D’.

In fact, consider the associated harmopie Z{ N Z; M of p and from this, con-

Figure 18. Quadrilateral = ABCD and its associated cycli¢ = A'B'C'D’

struct, following the recipe of Theorem 8, the corresponding cytlie A’B’'C’'D’
(see Figurel8). From its definition,p’ has the same harmonic associagedith

p. Further it is easy to see thatlA’| = |CC'|,|BB’| = |DD’| and the ratio
“g‘gl,‘l = %(see Figurd ). If one of the intersection points, G of the opposite
sides is at infinity them is a trapezium and the corresponding harmonic quadri-
lateral has one of the similarity centds; ) coinciding with the intersectiof of

its diagonals. Excluding this case, the procedure described above candrsed.
Starting from the convex cyclic quadrilatergl = A’B’C’D’ and taking on its
diagonals segments

|AA|  JA'CY]

|BB'|  |B'D'|

we obtain quadrilaterals = ABC' D with the same associated harmonic quadri-
lateral. This gives an alternative construction of the one exposé&8.inn the
excluded case of trapezja= ABCD, the result is different and the procedure
must be slightly modified. In fact, in this case there is no proper associatéd cy
guadrilateral, the corresponding construction leading to a degeneditequyadri-
lateral, which coincides with a trianglé, C” D" (see Figurel9). In this case the
quadrilateralg’ = A’B’C’'D’, having the same associated harmonic quadrilateral
g = NZyMZ5 with p are also trapezia and are obtained by taking an arbitrary
point A’ on Z; N, on the other halfline tha®v and projecting it parallel td/ N

|AA'| = |CC'|,|BB'| = |DD'|  inratio
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Figure 19. For trapezia the associated cyclic degenerates to a triangle

onto B’ on Z M. Then taking, respectively, the symmetri¢g, D’ with respect
to N andM.
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Dynamics of the Nested Triangles Formed by
the Tops of the Perpendicular Bisectors

Grégoire Nicollier

Abstract. Given a triangle, we construct a new triangle by taking as vertices
the tops of the interior perpendicular bisectors. We describe the dynaics
this transformation exhaustively up to similarity. An acute initial triangle gener
ates a sequence with constant largest angle: except for the equitzteealthe
transformation is then ergodic and amounts to a surjective tent map ofténe in
val. An obtuse initial triangle either becomes acute or degenerates ynmgac
right-angled state.

1. Introduction

The midpoints of the sides of a trianglg3C' are the vertices of theedialtrian-
gle, which is obtained from BC' by a homothety of ratie-1/2 about the centroid.

By iterating this transformation, one obtains a sequence of directly similarcheste
triangles that converges to the common centroid. The feet of the mediares and
the perpendicular bisectors generate thus a boring sequence! Tloétlee angle
bisectors are more interesting: the iterated transformation producesensecqpf
nested triangles that always converges to an equilateral shape vasish@8] for
isosceles initial triangles and in [2] for the general case (in 2006). 111 999s,
four papers [3, 4, 9, 1] analyzed tpedalor orthic sequence defined by the feet
of the altitudes: Peter Lax [4] proved the ergodicity of the construction.cive
sidered in [5] reflection triangles and their iterates: the vertices of the ewgte

are obtained by reflecting each vertex4BC in the opposite side. We were able
to decrypt the complex fractal structure of this mapping completely: the segse
generated by acute or right-angled triangles behave nicely, as theysataaverge

to an equilateral shape.

The tops of the medians, angle bisectors, and altitudes are the vertices of the
original triangle. But what about the tops of the interior perpendiculachiss of
ABC' as new vertices? We found no trace of this problem in the literature. The
solution presented here offers an elementary and concrete approcttdo® and
requires almost no calculations. Note that another kind of triangle and @olyg
transformations have a long and rich history, those given by circulararlicem-
binations of the old vertices, like Napoleon’s configuration (see theeedes in

Publication Date: February 3, 2014. Communicating Editor: Paul Yiu.
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A A M. By B
Figure 1. Triangled, B1C1 of the tops of the interior perpendicular bisectors

[6]): their dynamics can be best described by using convolution ptedud a
shape function relying on the discrete Fourier transform [6, 7].

2. Triangle of thetops of the perpendicular bisectors

Let A = ABC be a triangle with corresponding angles3, v and opposite
sidesa, b, c. The interior perpendicular bisectors issued from the side midpoints
M,, M,, and M, end atA;, By, and(C, respectively (Figure 1). The triangle
Ay = A1B1Cy = T(A) is thechild of A, andA a parentof A;. We denote
the mth iterate of the transformatidfl by 7™, m € Z. We are interested in the
shapeof the descendants and ancestoragf.e., in their angles. In this paper, we
provide an exhaustive description of the dynamic¥ afith respect to shape.

We consider only two types of degenerate triangles, the “isosceles! weeass-
sign angle®°, 0°, 180° to every nontrivial segment with midpoint and anghes,
90°, 0° to every nontrivial segment with one double endpoint. A nondegenerate
triangle isproper. We identify the shape of a triangle with the point of the set

S={(a,8)]0° < B <a<90°—3/2} U{(0°0°),(90°0°)}

given by the two smallest angles &f (Figure 2). S is the disjoint union of the
subsetsD, R, and.A of the obtuse, right-angled, and acute shapes, respectively.
We denote the shape of an isosceles triangle with equal anglss/,,, 0° <

a < 90°. The shapes of the isosceles triangles formrtwé of S, whose top is

the equilateral shapg.. The transformatiofi’ induces a transformationof S.

We setr(Igpo) = Igpo by definition. The children of right-angled triangles are
degenerate with two vertices at the midpoint of the hypotenuseaps the whole
segmentR to Iygo. There are no other proper triangles with a degenerate child.
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Figure 3. Isosceles parent triangles with angles 8 for o > 60°,45° < a <
60°, anda < 45°

The roof is invariant under (Figure 3).1y. and the points of the right roof side
are fixed points, and

Irq if 0° <« <45°
T(la) = § Tigoo—20  if 45° < a < 60° .
I, if 60° < v < 90°
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Whena grows,7(1,,) travels on the roof as follows: fromye to Igge for 0° <
a < 45°, then back talgy. for 45° < o < 60° before descending the right roof
side for60° < a < 90°. Each shapd, has thus one, two, or three isosceles
parents according as it lies on the left roof side/g@t or Iggo, or on the rest of
the right roof side, respectively. F60° < a < 90°, the three isosceles parents
of I, are itself, the point where the parallel T through I, cuts the left roof
side, and the reflection of this parent in the linefaf An equilateral triangle has
four isosceles parents: itself and three of shape. I, degenerates eventually to
Igp- (and this aftern steps) if and only it = 90° /2™ for some integefn > 0.
Otherwise,l, # Iy reaches its final nondegenerate sthte, or I1590_on,, after
n steps, where, > 0 is given by30°/2" 1 < o < 45°/2"~!in the first and by
45° /21 < o < 60° /2"~ in the second case.

We consider the tangents of the angleg\of

U+ v
w — 1

u=tana, wv=tanf, w=tany=

We write tan(a, 3) for (tan «, tan ). In the (u, v)-plane, the transformation in-

[w]

duced byr is essentially the radial stret¢h, v) — (u,v). More precisely, we
u

have the following result.

Theorem 1. When(a, 3) is the shape of the proper obtuse or acute triangylehe

|w]

anglesa; and 8; of T(A) are acute withn; > (1 andtan(aq, 81) = — (u, v).

According as the parent is obtuse or acute, its child has a smaller or the sam
largest angle.

Proof. We first look at the acute ca86° > v > « > 3 > 0° (Figure 1). LetD be
the intersection of sidewith the perpendicular bisector of By Thales’ theorem,
A M:.M,Cy, and M.B1 DM, are convex cyclic quadrilaterals with circumcircles
of diameters4;Cy andB1 D, respectively. One has thug = ZM .M, B = v =
/M_.B1D and

CiM. CiM. c¢/2 DM, tanp
M.B,  ¢/2 DM, M.B; tana
Sincea; = v, one hasy; < ZA1C1B = a < 7.

In the obtuse casg > 90° > « > 5 > 0°, A, lies on the right of\/. and B; on
the left. One considers the quadrilaterddsA, M,Cy and By M.D M, to geta; =
LM .M,Cy =180° — v = LM_.B1 D andtan $; = tan 3 - tan(180° — «y)/ tan a.
One hasy; = 180° — (a1 + B1) = v — B1 < 7. O

tan f; = tan-y.

An acute shape and all its descendants lie thus on a parallel to the line of the
right-angled shapes: for every € (0°,15°], the segment of acute shap@§®
parallel toR from 450y, to Iggo 2, is invariant under (Figure 4).

The shape of an obtuse or right-angled child;, ) is (a1, 1) sincey; > ag
(with equality for(«, 5) = Igp-). The shape of an acute child(is:, 81), (71, 61),
or (f81,71) sincea; > (3. We describe below the conditions of each occurrence.
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Note that(v1, 1) is the horizontal reflection dfx;, 1) in the line of the right roof
side and thats1, 1) is the reflection ofy;, 51) in the line of the left roof side.

Theorem 2. The acute shapgv, §) and its reflection in the line oR, the obtuse
shape(90° — 3,90° — «), share the same child.

Proof. The tangents of the shapes drev) and (v/,v") = (1/v,1/u). Since
w' = —w andv’ /u’ = v/u, the children have the same angles. O

As a consequence, the segmé&htof obtuse shapes joiningg. and Iygo is
reflected inR by 7 to the right roof side consisting of fixed points (Figures 2 and
4). (When an isosceles child triangle has a scalene parent, note thatcioaf
in the child’'s axis gives a second parent triangle.) Andgore (0°,15°], the
action of r on the segmerngbt of obtuse shapes parallel ® from Iy5._, to
(90° — 4¢p, 2¢) € Q is the reflection taPZ¢ followed by 7: sincePZ¢ is invariant
underr, 7 mapsP2™ to P,

3. Dynamics of the transfor mation

Consider a slopa with 0 < A < 1. On the segment = \u, 0 < u < /1/X,
lw| is given by(1 + A\)u/(1 — \u?) and is a strictly growing convex function of
u with image|0, +00). The segment = Au, 0 < u < /1/A, is thus stretched
bijectively and continuously to the whole half-line= A\u, u > 0, by the map

|wl

(u,v) — —(u,v), whose only fixed point is the origin. The strictly growing
u

curvesl'y corresponding to these segments are given by
I'y: fB=arctan(Atana), 0°<a<90°, 0< <1,

which is 5 = a for A = 1: they link the originy. and the point(90°,90°),
are symmetric in the line oR, and provide a simple covering ¢fa, 8) | 0° <
B < a < 90°} (Figures 2 and 4). The lower parP:‘;\bt of the"y’s for 0° <
a < arctan y/1/\ cover the set of the obtuse and proper right-angled shapes. The
middle parts['5° for arctan \/1/A < a < arctan /1 + 2/ cover the set of the
acute shapes. By Theorem 1, the transformatistretches eacﬁgbt to the doubly
bent curvel'8e" linking Ipe and Igg- (Figure 2): I'®"s obtained froml, by a
horizontal reflection of its upper part in the line of the right roof side fotdvioy a
partial reflection in the left roof side. By Theoremr2maps each path§® (joining
a right-angled shape and an isosceles fixed poim) ¢ the way back alonﬁge”t
from Igg. to the right roof side.

T provides thus a simple covering 61 U R \ {Igo-} (by obtuse shapes ex-
clusively), a fivefold covering ofA without roof, a triple covering of the section
{Io | 45° < a < 60°} of the left roof side, a double covering @f,- and a
guadruple covering of the right roof side without endpoints. The ¢ogesf A
without roof consists of three layers of obtuse and two layers of acupesh
More precisely, each regiafl,, C O bordered by the curve™"(R) and its parent
curver"~1(R) is mapped byr bijectively and upwardly (along the curvés,)
to the next less obtuse regidh, ; for all integersn > 1 (Figure 2). The curve
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Figure 4. The five parents of the acute sh&p&’, 30°) € £ and the parent
curves of the segmefZS

T "(R), n = 0, joins 450 j9» and Igpo. Every neighborhood of the-axis con-
tains all but finitely many ancestor regions@§, the region of theslightly obtuse
shapes Op \ {I30-} is the disjoint union of three layers of the fivefold covering
of A without roof and of a double covering of the acute roof section witligyst
and Iyg-. Each of the following three subregions ©f is mapped bijectively to
A without roof (along the three smooth sections of the cufﬁ}§§’) . the lower
subregionO!*", the middle leng2", and the upper subregiaf,” delimited by
the curvesr—1(R), Q, £°, andR. The curveL® consists of the obtuse parent
shapes mapped to a bend point of some cm}ﬁ?@ton the left roof side. The re-
flections of O and O, in the line of R, separated by the cun&?’, constitute
the remaining two layers of acute shapes in the covering.of

The shape of an acute chitda, 5) is (a1, 1) if the parent(a, ) lies in O{)OW,
(v1, B1) if the parent is inOT or A", and (51, 71) if the parent is located be-
tween£°tand £2€ (Figure 2).

The bijective stretch

p i {(u,0) |u >0 > 0,uv <1} = {(u,v) |u>v >0}, (u,v) T(U,U)
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is the inverse function of

V(w4 v)2 + 4udv — (u+ )
2u2v

plu,v) = (u, ).

One parenta, 5) of the proper shapéy;, ;) is thus the obtuse shape given by
tan(a, 8) = p(tan(aq, B1)) (Figure 4). When(ay, 81) is an acute shape, the
parent(a, 8) lies in O and the other parents are the obtuse shdpés?’),
(o, 8") given bytan(a’, ') = p(tan(y1, £1)), tan(a”, 8") = p(tan(y1, 1))
and their acute reflection®0° — 3’,90° — o) and (90° — 8”,90° — &) on
P€§1+ﬁ1_900)/2. Except(«, ), the parents are the vertices of a rectangle. The
parent(«, 3) and(aq, 51) lie on the same curvE)y (A = tan 31/ tan ay), whereas
(o/, 8) and(a”, 8") reach their child by traveling on bent curve$™ and I'bem
(N = tan 1/ tan~y;, \ = tan oy / tany;), after the first bend fofo/, /) € O
and the second fai”, 3") € Oy".

Each acute nonequilateral triangle has exactly five differently placeshtsar
by axial symmetry, an isosceles child has one or two pairs of inverselyweng
scalene parents according as its equal angles are larger or small&Othavwe
already mentioned the four parents of an equilateral triangle: itself and tfre
shapelsgo. The formula fomp(u, v) shows that the parents of a given proper triangle
are all constructible by straightedge and compass.

The parents$a, 3) of the proper right-angled shapgs; , 51) with tan(a;, 51)=
(u1,v1) are the obtuse solutions afv; = 1 and constitute thus the curve

T Y R)\ {Tooo}:  tan*(a+ B) =tana/tanB, 0°<B<a, a+ < 90°

(Figure 2). Since:; /v1 = u/v, the proper shapes of 2(R) are the shapesy, 3)
below~1(R) with tan?(a; + 81) = tana/tan 3, and so on. For each integer
n > 1, a parametric representation of the curvé'(R) without Iyg- is given by
tan(a, B) = p" (@, 1/4) with tan 8 = 42 tan o and (@, 1/4) = tan(a, 90° — &),
45° < & < 90°, wherep™ denotes thenth iterate ofp. The maximal elevation of
77"(R) seems to be approximate?g° /n.

|w]

Because the origin is the unique fixed point of the stréich)) — T(U,’U)

in the set{(u,v) | v > v > 0,uv < 1}, the only possible fixed point af on
'y N S (besides the endpoints) is the double poinT§f" (Figure 2). But this
acute double point is the unique pointDje”ton its parallel toR and is forced
to be its own child. The curvé; of the nonisosceles fixed shapes jolgs and
Igoo in A and lies below’2% the shapesa, 5) € C; are thus the solutions of the
equation(a, 8) = (v, B) = (S1,71), i.e, u = vy, which can be transformed into
v? + (u — u®)v + u? = 0. The solution that corresponds to shapes is
L)

Cri: v:§(u -1- (u2—1)2—4), uw=tana, v =tan B, u > V3.
When the shapéx, ) of A lies onCy, T(A) is directly similar to A, sinceA =
ABC andA; B1Cy are then equally oriented with= a1 > a =1 > 8 =.
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In general, one finds the child of the acute shé&pg3) as follows. Draw the
curvel', through(«, 8) by takingA = tan 8/ tan . The child is the point where
the parallel taR through(«;, 3) cuts one of the two bent sectionsIde (Figure 2).

A proper scalene shage, ) on the curvel°t which links Igge and I5go, is
the obtuse parent of sonig, 45° < & < 60°. I; = (&, &) is the bend ofg’emon
the left roof side. Before bending, was the poin{180° — 24, &) located on the
curvel's, like its parent(a, 3). One has thus

A = tan &/ tan(180° — 24) = (tan® & — 1)/2

andtan(a, 8) = (u,v) = (u, Au) with w < 0. The conditionr(«, 8) = I, is
equivalent taw; = vy, since the twesmallerangles ofl'(A) have to be equal. The
equationw; = v; can be transformed intb+ u/v = v/1 + w? and further, since
v = Au anduv < 1, into

Atanau? + A\ + 1)u — tan & = 0.
The positive solution: gives

tan & + cot &)? 2 tan & + cot &
ﬁobt: — t — \/( —
v tana 16 tan? & — 1 4 ’
B =180° — a — 24, 45° < & < 60°.
One obtains the parametric representatiof ¥fby reflection inR or (since now
uv > 1) from the equation\ tan & u? — A(\ + 1)u — tan & = 0, which leads to

ac. _/(tané + cot &)? 2 tan & + cot &
£ tanO‘_\/ 16 tanla—1 " 4 ’
B=2&—a, 45°<d&<60°.

The segmenPZ parallel toR from Iyse,, 10 Ioge 24, 0° < ¢ < 15°, has
five parent curves (Figure 4R5¢is doubly covered by itself under, once by the
portion between the left roof side antf’, once by the restPZ° is covered twice
by Pgbt through reflection followed by. And the curve

Ks:  tan(a, ) = p(tan(a,90° + 2¢p — @)), 45°+ ¢ < a < 90° — 2o,

formed by the parents i®°" of some shape aP3¢is mapped bijectively ont®°
(along thel'y's). Ky, links Iy 504,/2 and the end shap@0° — 4y, 2¢) of P};bt.
The regionOy \ {1300 } is the disjoint union of the nested pointed arckigsJ P};bt,
0° < ¢ < 15°. Such an arch coverBf,}C three times under: down, and up, and
down again.

When restricted tchc, the transformatiom amounts to the surjective tent map
t — 2min(t,1 — t) of the unit interval and is thus ergodic once the appropriate
measure has been defined (see Section‘Pgﬁ.is first folded byr about the point
on £&in such a way that its left endpoint coincides with the fixed right endpoint
(Figure 4). Both halves, being held firmly at their common right end, are then
stretched to the left until each of them covers sinBfj. The subregions of acute
shapesd'®®, A™d and.A"9" delimited inA by the curvesR, C;, and£2° (Figure 2)
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are thus transformed in the following way along the parallel® to4'*"t is mapped
bijectively to.AMid U Afight gmid g Aleft and 419"t to A, giving two acute parents
to every acute shape not lying on the left roof side. According as thte abape

is on the right or left o’y, it is located between its acute parents or on their left,
respectively (Figure 4).

Take a unit circle and draw a horizontal chot@ below the diameter at distance
sin2¢, 0° < ¢ < 15°. The acute shapesy, 3) of the segmenP2® are then
represented by the inscribed trianglé®C for which C' lies between the north
pole and the limit positio);,, wherea = v = 90° — 2. 7 movesC on this arc.

The120 integer-angled shapds. on the roof and2m?°, (45 —m)°) on Q have
integer-angled children. A systematic search shows that there are oniywetter
such casesr(36°,12°) = (48°,18°), 7(42°,12°) = (54°,18°), 7(66°,18°) =
7(72°,24°) = (54°,42°), 7(50°,30°) = 7(60°,40°) = (70°, 30°), 7(70°, 30°) =
7(60°,20°) = I50.. These cases verify the identity

tan(60° — ) tan(60° + ) tan § = tan 39

for § = 12°, 18°, 6°, 20°, and10° in order: tan 12° tan 48° / tan 36° = tan 18°
and so on.

4. Thetransformation as symbolic dynamics

We use symbolic dynamics to give a short and elementary proof of theieityod
of 7 on every segmerfeZ®. We identifyP2¢, 0° < ¢ < 15°, with the interval0, 1],
where0 = Igpo_2, and1l = Iy504, are the isosceles endpoints on tight and
left roof sides, respectively (Figure 4). We represent each skla@é?f;c by its
infinite binary address = x1x9x3... giving the position ofs with respect to
the fractal subdivision ofZ® induced by the monotonicity intervals efand its
iterates. Thekth digit of the address i8 or 1 according as™* restricted tonD‘C is
direction-preserving or reversing in a neighborhood of the shapkgddresses of
turning points end in a constant sequenc@sbr 1s). If x is eventually periodic,
we overline the period’s digits. We identify the ertisand10. The childr(s) is
then given by a left shift whem; = 0 and a left shift with permutatiof < 1 in x
whenz; = 1. Note thatr"(z) = 41 ... or 7"(x) = (zp41 ... )ow1 according
asz ...z, contains an even or odd numberisf,

The shape o3¢ is 1/2 = 01 and the nonisosceles fixed poinRi&3 = 10. The
parents ofr are0x andlxo.1 (these are thacuteparents of the shape). The only
ancestors of) are the addresses ending(iror 1, i.e., integer multiples of some
27",

We prove that the orbit of becomes eventually periodic if and only if the dig-
its of x are eventually periodic. Consider first an eventually periodic sequence
T = 21... 2P Pn. SINCE{PT - Dn, (D1 - Pn)ows1} CONtains bothr*+7(z)
and7%+27(z), one of them ig*(z), whose orbit is thus periodic. Conversely, if
the orbit ofz = 225 ... is eventually periodic with*(z) = 7¢+7(z), 7%(x) is a
periodic sequence given by, 1542 ... Of (Tx+1Zk42 - - - o1, I.€, the sequence
x is eventually periodic.
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Figure 5. Curveg, of the2-cycles

The only2-cycle is2/5 = 0110 <« 1100 = 4/5. Figure 5 shows the two
curvesC, of these2-cycles inA. When the shapén, 3) of A lies onCa, T%(A)
is inverselysimilar to A, sinceA = ABC and A, BoC, are then equally oriented
with v = 83 > a = as > f = 7 if (o, ) is on the left of 2 andy =
Yo > a = P2 > = asif (e, ) is on the right of£2¢. The two3-cycles are
010 = 2/7 + 100 = 4/7 +— 110 = 6/7 — 010 and00111000 = 2/9 — 4/9 —
8/9 — 2/9. The iterated tent map™, n > 1, has2” fixed points inPgC: since
2" > 2422 ...+ 2"~ for n > 2, 7 hasn-cycles (offundamentaperiodn)
in ch for all integersn > 1. It is easy to see that th#" fixed points are the
fractions2k/(2" — 1), 2k/(2™ + 1) in [0, 1] and that forn > 3 such a fixed point
generates an-cycle if and only if it cannot be written with a smaller denominator
2™ £ 1. One can construct addresses with almost any behavior under iterition o
7. We design for example an addresgnsewhose forward orbit is dense iﬁf;‘c:
concatenate successively all binary words of length 3, and so on to an infinite
sequence, and submit if necessary each of them in order to a permutationin
such a way that the original word appears as head of the correspatetiogndant
of Zdense

The measure of an interval @%2° of kth generationj.e., with an address of
lengthk, is 2~% by definition. 7 is then measure-preserving @@C. By using the
binomial distribution, it is easy to see that almost all shapégjﬁihave anormal
address [9]. An addressis normal if, for every fixed integet > 1, all binary
words ofk digits appear with the same asymptotic frequec§ as heads of the
successive™(z), n € N. The descendants of a normal address visit thus all
intervals ofkth generation with equal asymptotic frequency, and this for ekery
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the forward orbit of almost every shape Bf° “goes everywhere ifPZ° equally
often”, 7 is an ergodic transformation @fgc.
We conclude by formulating a condensed version of our results.

Theorem 3. Consider the map that transforms a triangle into the triangle of the
tops of its interior perpendicular bisectors.

(1) An acute initial triangle generates a sequence with constant largest angle:
except for the equilateral case, the transformation is then ergodic in shage
amounts to a surjective tent map of the interval. A proper obtuse initial triangle
either becomes acute or degenerates by reaching a right-angled state.

(2) A proper triangle is the transform of exactly one, four or five triangles atco
ing as it is nonacute, equilateral, or acute but not equilateral, respectively
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Kitta’s Double-Locked Problem

J. Marshall Unger

Abstract. | present strongly contrasting solutions of a remarkable sangaku. The
general solution requires Fujita’s celebrated mixtilinear circle theorem. The data-
specific solution shows the premodern Japanese preoccupation with Pythagorean
triples.

1. The Problem

Shinpeki sanpo [2] is a collection of problems that FUJITA Sadasuke ordered
his son Yoshitoki to compile to show off the prowess of his disciples, although
problems of enthusiasts from other schools were also included. The problem in
question ([2, 1.42-3]), which was not discussed in [3], [4] or [5], is reproduced in
Figure 1 followed by my translation.
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Figure 1.

A circular segment is split by a line such that its resulting parts
contain two congruent circles as shown in the figure. The diameter
of the large circle is 697 inches; the diameters of the congruent
circles are 272 inches each. What is the length of the chord of the
segment?
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The answer is 672 inches.

The method is as follows: Substract twice the small diameter (d)
from the large diameter (D). Call the difference heaven (k). Add
this to d. Call this earth (e). Add 10 times the square root of eh to
4h + 6e. Call this man (m). Now divide 3(m + D) + e by d, take
the square root, and divide it into m. You get the chord asked for.

By KITTA Yasohachi Motokatsu, a disciple of Fujita Sadasuke of
the Seki School, at Kojimachi in the Eastern capital, in the 9th year
of Tenmei (1789), first (lunar) month.

As we shall see, one can analyze the figure and verify that the numerical solution
is correct for the given data. Yet the analysis that emerges does not lead to the stated
solution procedure, which may be paraphrased in modern notation as follows:

3(m+ D) +e m
o

h=D-2d, e = h+d, m = 10Veh+4h+6e, w = g =

2. A data-driven solution

Given D = 697 and d = 272, we notice that all but the chord length are divisible
by 17 and that (v/h, v/d, 1/€) is a Pythagorean triple.

D d h e m T
n 697 272 153 425 5712 672
n/17 41 16 9 25 336  39.52941

Since w = g whether one uses the first or second row of numbers, Kitta evidently
scaled up the data to ensure that = would be an integer.

Because segment-inscribed circles in many but not all other sangaku problems
touch the segment’s chord at its midpoint, and since that is (approximately) what
one sees in Figure 1, Kitta’s readers were likely to take this for granted even though
it was not included in the statement of the problem. In fact, this is a necessary
condition for Kitta’s solution, but it would have led readers acquainted with other
sangaku results into a less than general line of reasoning such as the following.

Lemma 1 ([3, 2.2.7]). Theradius of the mixtilinear incircle touching the legs of a
right triangle with sides a, b, ¢ (hypotenuse) and its circumcircleisp =a + b —c.

Proof. In Figure 2, triangle ABC has a right angle at C, and the circle (.J) touches
BC, AC at T,, Ty, respectively. P is the orthogonal projection of the circumcenter
O on JT4. Intriangle PO.J, we have

(G-)+(o-2) = (5 )

2 2 2
a b c
— o —ap—bp+2p* = — — 2,
4+4 ap —bp—+2p 1 cp+p

Since a? + b? = ¢?, this quickly reduces to the result. O

or
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Figure 2.

Corollary 2. p = 2r, wherer istheinradius of theright triangle ABC.

Corollary 3 ([5, 254, 275-76]). The difference between each leg and the radius of
the mixtilinear circle istwice the sagitta on that leg, i.e.,

2ko=a—p and 2k, =0b— p.

Proof. a —p=a—(a+b—c)=c—b=2(5— %) =2(R—OM,) = 2k,. The
proof for b is analogous. a

If2p = kg, then2(a +b—c¢) = 3(c—b), 4a +4b — 4c = ¢ — b, 4da + 5b = 5.
From this, (4a + 5b)? = (5¢)? = 25(a? +b?), 16a? + 40ab + 25b* = 25a> + 25b,
9a? = 40ab, and a : b =40 : 9. It follows that a : b: c: p =40:9: 41 : 8.

Figure 3.

Assume BC = 40, CA =9, and AB = 41. Now add E such that BE touches
(OJ) at T.. We seek the length of BE (see Figure 3). Let F' be the intersection
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of CA and BFE extended. By equal tangents on (.J), let F'T; = FT, = z. Since
BT, = BT, = 40 — 8 = 32, by the Pythagorean relation for the triangle F'BC,

(8 +2)% +40% = (32 + 2)? = :)::4—??.

This means that CF =8+ 422 = & and BF =32 + 4 = 136,

By the intersecting chords theorem, EF - BF = AF-CF,and EF = 4CCE —

3.8, 3. = 2 Thisgives BE = 136 — 296 — 872 Scaling up by 17 gives the
answer.

In summary, if one focuses on the data given and applies other well-known
sangaku results, one can verify the value of the given answer. Kitta does not state
that AC touches (J) in Figure 3, although this is true for the given data. But
neither does Kitta state that the circle inscribed in the segment touches BC at its
midpoint, which is in fact a necessary condition, so it would not be unreasonable
for the reader to think that both pieces of information were to be inferred from the
data. Yet a little experimentation shows that Kitta’s method is valid even when AC
does not touch (J).

3. The general case

Let us start afresh with the Figure 4, in which YJ = g. By an elementary

sangaku theorem ([3, 1.1]), EY = 2,/4 (£ —d) = \/d(D - 2d) = V/dh.

Figure 4.

By the intersecting chords theorem, FA = \/d(D —d) = v/de. Hence b =

2EA = 2v/de. Let r be the inradius of ABC, p = Vde + v/dh = Y A, and
q = Y'A. Notice that all seven right triangles

IJK, ATY', YIK, AJY, IYY', YJI, AYI
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Y'I 1K Iy’ IK
are similar. In particular, £2 = V7 and = yra- Thatis, § —r = ==
and IK = 7. Hence, —r=r-5%. But by applymg Fujita’s m|xt|I|near circle
theorem ([3, 2.2.8], also [7, 8] %) W|th A on (0), =z .= 2p. Therefore, 4 S5—1T= r-%.
" 2d 2
Solving for r, r = d2+ljlp
Likewise, since the trlangles AEP and BZ'I are similar, = = =4, Using
22 again, this becomes 2 = ¢ — 22 Solving for ¢, ¢ = Z212) o, replacing

q_
r
o 2dp* b+4p  p*(b+4p)

T2 +4p2 24 B2+ 42

Now, b + 4p = 6+/de + 4+/dh, and, because d = (/e + v'h)(v/e — Vh), we
see that p* = (/e + Vh)3(v/e — Vh) and

& +4p” = (Ve +Vh)?* (Ve - Vh)* +4(ve + Vh)(Ve — Vh)(Ve + Vh)?
= (Ve+Vh) (Ve —Vh)Ve— Vh+4(ve+ V)
= (Ve+Vh)?* (Ve —vVh)(5v/e+3Vh).

_ \etvh
d2+4p T 5ye+3vVh

and

_ 2Vd@3ve +2vh)(ve + Vh)
5ve +3vVh

This is Kitta’s formula because m = 10v/eh+4h+6e = 2(3\/e+2vh)(\/e+Vh),
and

3(m+D)+e = 3(m+2e—h)+e = 3m+Te—3h = 25e+30Veh+9h = (5v/e+3Vh)>.

But we are not quite done since Kitta defined w as v/ (5\/”"/_) and used m to

define the numerator of ¢ = ™. Why not set wy = W#&f and mg = “0=¢ _ p

and have ¢ = m0’7 | suspect the reason is that Kitta relied on two other sangaku
results, which took him on a circuitous path to c.

One result was an expression for the diameter of the circumcircle in terms of
two sagittae and the inradius of a circumscribed triangle (see Figure 5), D =
%. This follows from the equivalent of Carnot’s Theorem stated in terms
of the sagittae on the sides of a triangle rather than the signed perpendicular dis-
tances from the circumcenter to the sides. This elegant version of the theorem was
cited as if common knowledge, with no mention of Carnot, in a Meiji period paper
by Y. Sawayama ([6, 153]), and we can reasonably conclude that it was known in
premodern Japan.

Hence,

Proof. If n is the third sagitta in Figure 5, Sawayama’s form of Carnot’s Theorem
states that d + ¢ + n = D — r. Hence 2D — 2n = 2(d + ¢ + r). Since the
right triangles C'PQ and AIY are similar, 5= = Z; but by the intersecting chords

1The proof in [7] was flawed and is superseded by [8].
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Figure 5.

theorem, n(D — n) = (). Hence D —n = % - n, or, n = -2, Now, another
sangaku theorem ([3, 2.2]) states that the square of the distance from the vertex of
atriangle to its incenter is four times the product of the sagittae on the adjacent
sides. In the present case, 4d¢ = 22, where 22 = ¢ + r2. Therefore, 2D — 2n =

D(4d¢—r? D(4de—r? Ade(d+4+
2D — PO and so 2(d + £ + 1) = 2UdT0) oy p = 2T, O

Armed with D = % and ¢ = %, one calculates ¢ by the intersecting
chords theorem without much difficulty because D — ¢ factors nicely into

A20 4 4d0% 4 4dbr | AdP0 4 Adlr + 02 0(2d 4 7)?
4dl — r? 4dl — r? 4dl —r? -~
Therefore,
c\2 2(2d +1r)? 2d + )%zt 2d + 1)%(q% + r2)?
(5) = UD=0)= 4(d€ - r2) - 1(6d2(322 )—r2) - : 1)6d(2qq2 )
_ (@ +4p?)PrP2d+ ) (Vd(5ve +3Vh) + p)P(d + 4p°)?
B 64d*p? B 4d2(5\/e + 3V/h)*
_d(d+4(Ve +VR)H)2(3/e + 2vh)?
B (5v/e + 3vh)*
_ (Ve—=vVh)(Ve+ Vh)*(3ye + 2vh)
B (5/€ + 3V/h)? '
Hence,
. 2\/(@— VI)(VE + VRPBYE+2Vh)? M\/<¢é+ Vh)2(3VE +2Vh)?
h (5y/€ + 3v/h)? a (5v/€ + 3v/h)? '

(We get to the same expression if we eliminate D using D = 2e — h, but the
algebra is lengthier.) Thus we obtain a quadratic in ¢ with no linear term and
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therefore with symmetric roots, one negative definite and one positive. From this

perpsective, ¢ = 4 /’Zj—ﬁ and Kitta’s definitions of m and w make sense.
I have recently discovered that this problem is the first one discussed by AIDA
Yasuaki in a manuscript criticizing various solutions in Shinpeki sanm ([1, 1.5-6]).

. S - . _ 2V/d(3vet+2vh) (VetVh) :
Aida’s solution is equivalent to the equation ¢ = 5/erash derived

above. In terms of the notation we have been using, Aida sets iy = \/d(D — d)
and eg = \/hZ — d? + hy (thatis, eg = \/d(D — 2d) + +/d(D — d)), and writes
c= ﬁ + ey, avoiding Kitta’s m and w placeholders altogether.

4. Discussion

Kitta evidently took pains to write up this problem in such a way that even a
reader who could verify the numerical result might still be baffled by the general
procedure. In this way, it is like a double-locked box. For the sophisticated solver,
the unanswered question is why neat Pythagorean relationships emerge in the data.

A connection between the general and special cases of the problem lies in the
fact that, if 4 and p are integers, then &, d, and e are perfect squares and (A, v/d, \/€)
is a Pythagorean triple. To prove this, recall that di? = (/e + vh)*(v/e — Vh)2

2
Replacing h with e — d and solving for e, e = (dixj)Q; that is, 5 = (%) .
Thus, provided d and p are integers, e and d are perfect squares, and, since h+d = e

implies h = (p? — d?)?, h is a perfect square too.
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Appendix (by the editor): Kitta’s configurations with integer diameters

Given a triangle ABC' with sidelengths BC' = a, CA = b, AB = ¢, semiperimeter s,
and area A, the radius of the mixtilinear incircle in angle A is
o be é _ beA
P = cos?4  s(s—a) s s} s—a)
where r = % is the inradius of the triangle. With reference to Figure 5, d = R(1 —

cos B) = 2Rsin® Z. The condition 2, = d becomes 228 — 2ake . (=—)(-4) gjnce
A? = s(s —a)(s — b)(s — ), this reduces to 4c(s — b) = s(s — a), and a? — b? + 7c* —
10bc + 8ca = 0. By completing squares, we rewrite this as (a + 4¢)? = (b + ¢)(b + 9¢).
It follows that

a=—4c+/(b+c)(b+9c) = —dc+ /(b + 5¢)? — (4c)2.

To obtain integer solutions we put b+ 5¢ = p? + ¢, 4c = 2pq for relatively prime integers
p and q. This leads to

b=2p*+2¢° —5pq, c=pg, a=2(p"—q*—2pq).

. - - - - - 5 - - .
These satisfy the triangle inequality if and only if p > =. The circumradius of the triangle

is rational if and only if the area is an integer. Since A = 2pq(p — 2q9)+/(2p — 5¢)q,
we choose p and ¢ such that 2p — 5¢ : ¢ = u? : v? for relatively prime integers u, v.

Equivalently, (p,q) = (222, 2%) with g = ged(u? + 5v%, 2v%). The following table
shows that with small values of u and v, we exhaust all examples in which a, b, ¢, after
reduction by their gcd, are all integers below 1000.

[ulvllpfafa b c | DJd=2p. [ [AT)]
1[1][3]1] 4 5 3 5 z ;| 2
1221841 8 84| & 34 32 | 68
2(1]]9]2]4 40 9 | 41 17 EE
1[3][23] 9] 68 18 207 2] 14F 23738
3|1 7[1] 68 65 7 |2 E s | B
234918313 520 441 [ B2 240 23] 360
3[2][29] 8 313 325 116 B3| 150 22 [ 100
471]21] 2 [353 340 21 [[ L= 80 | 20
5] 1[[15] 1388 377 15 |22 B L1 2

Kitta’s example is the one obtained from (u,v) = (1,2), magnified by a factor 8 to
make the circumradius an integer. Here are the only configurations with integer values of
a, b, ¢, D,and 2p, = d, all below 1000:

| a b c || D |d:2pa / |ATb|
8 10 6 [ 10 5 1] 5
41 40 9 || 41 17 > | 8
328 680 672697 272 256 | 544

408 390 42 || 442 117 1 39

J. Marshall Unger: Department of East Asian Languages & Literatures, The Ohio State Univer-
sity, Columbus, Ohio 43210-1340, USA
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Distances Between the Circumcenter of the Extouch
Triangle and the Classical Centersof a Triangle

Marie-Nicole Gras

Abstract. We compute, in a triangle, the distances between the circumcenter
of the extouch triangle and the circumcenter, the incenter, and the orthocenter,
respectively. For this calculation, we use the absolute barycentric coordinates
and obtain relatively simple formulas which seem unknown. To conclude, we
compute the barycentric coordinates of the incenter of the extouch triangle.

1. Introduction

We consider a triangle ABC and we denote by O the circumcenter, I the in-
center, H the orthocenter, GG the centroid, and IV the nine-point center. We denote
the side-lengths by a, b, ¢, the semiperimeter by s, R the circumradius, and r the
inradius. The distances between the classical centers of the triangle ABC are well
known. We recall that

OI* = R* —2Rr,
OH? = R* — 8R? cos A cos B cos C,
HI? = 21 — 4R? cos A cos B cos C.

Figure 1.

It is well known that the circle through the excenters of triangle ABC' has center
I’, the reflection of I in O, and that the radii through the excenters are perpendic-
ular to the corresponding sides of ABC'. It follows that the extouch triangle XY Z
is the pedal triangle of I’, and its circumcircle is the common pedal circle of I’ and

Publication Date: February 24, 2014. Communicating Editor: Paul Yiu.
The author would like to thank Paul Yiu for his help in the preparation of this paper, for his
suggestions and valuable supplements.
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its isogonal conjugate I'*. The circumcenter  is the midpoint between I’ and I'*.
In this note we compute the distances between 2 and the above classical triangle
centers.

Theorem 1. .
(@) Q0% = R? - W cos Acos B cosC.

(b) QI? = 2R?> — 4Rr — w cos A cos B cos C.
(c) QH? = 2R? — 4Rr — 21 — w cos A cos B cosC.

™

We collect a number of useful formulas for cyclic sums of trigonometrical ex-
pressions involving the angles of a triangle.

Lemma 2.
(@) cos A+ cos B+ cosC = %.

(B) 2 cyaie cos Beos & = (2}22;; )" 1 cos A cos B cosC.
(©) X eyaticSin Acos A = 7.
(d) chchc(cos B+ cosC)sinA = sinA +sin B +sinC = 3.

(e)sin Asin BsinC = ) cos BeosC)sin A = 575.

CyCliC(

2. Homogeneous barycentric coordinates of some centers

In the Encyclopedia of triangles centers[1], henceforth referred to as ETC, Kim-
berling publishes a list of more than 5600 triangle centers with homogeneous tri-
linear and barycentric coordinates. In this paper we consider barycentric coordi-
nates exclusively. An introduction to barycentric coordinates can be found in [3].
Sometimes it is useful to work with absolute barycentric coordinates. For a finite
point, the absolute barycentric coordinates can be found from a set of homogeneous
barycentric coordinates by dividing by its coordinate sum. If the triangle center
X (n) in ETC is a finite point, we denote by («v,, 55, 7») its absolute barycentric
coordinates.

[n [X(n) ] an |
1 T Bsind .
3| O %(RCOS A)
4| H W@R cos B cos C)
8 | N, %(QR(COS A+ cosBceosC) — 2r)
200 L % -2R(cos A — cos BcosC)
40| I %(QRCOSA —r)

The isogonal conjugate of I’ := X (40) is the triangle center X (84).

RsinA  (2Rcos B—r)(2Rcos C—r)
s T .

Proposition 3. ags =
Proof. Since, in homogeneous barycentric coordinates,

X(40) = (sin A(2Rcos A —7) : sin B(2Rcos B —1) : sinC(2RcosC —r)),
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we have

sin A sin B sin C'
X(84) = : : .
(84) (QRCOSA—T 2RcosB —r 2RCOSC—T’>
Therefore,
sin A
2Rcos A—r

g4 = sin A + sin B + sin C'
2R cos A—r 2R cos B—r 2RcosC—r

sin A(2Rcos B — r)(2Rcos C' — r)
> eyclic St A(2Rcos B —1)(2Rcos C — 1)’

Using the formulas in Lemma 2, we have

Z sin A(2Rcos B —r)(2RcosC — r)

cyclic
= 4R? Z sin A cos BcosC — 2Rr Z sin A(cos B + cos C) 4 12 Z sin A
cyclic cyclic cyclic
rs S S
= 4R2-ﬁ—2Rr-§+r2-E
_ r2s
= =
From this the result follows. O

Lemma4. Thelinejoining X (40) and X (84) contains the Nagel point X (8).

Proof. With ¢t = -5, we have

ﬁ!
(1 —t)auo + tass
Rsin A r r  (2Rcos B —7r)(2RcosC — )
= 1——) (2 s A — _.
] <( 2R)( Fcos )+ 2R r
Rsin A 2 2
= T:l <2RcosA—rcosA—r+;R+2RcosBcosC’—r(cosB+cosc)+;R)

. A 2
_ [Bsin <2RcosBcosC’+2RcosAr(cosAJrcosBJrcosC’) —7r+ ;)

rs
: 2
= Rsin A 2RcosBcosC’Jr2RcosAf7"~RJrrfrJrL
rSs R R
Rsin A
= s:; (2Rcos BcosC + 2R cos A — 2r)

= asg.

]

Proposition 5. The circumcenter €2 of the extouch triangle lies on the line joining
X (40) and X (8). It hasfirst absolute barycentric coordinate

inA [2R?
a:RS:: (fcosBcosC+2RcosA—(R+r)>_
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Since €2 is the midpoint of X (40) and X (84), it follows from Lemma 4 that

it lies on the line X (40) X (8). Furthermore,

1
— (0 + aga)

2

RsinA (2RcosA—r (2Rcos B —r1)(2RcosC —r)
TS < 2 * 2r )

RsinA (2Rcos A—1)r+ (2Rcos B —r)(2RcosC — r)
rs 2r

Rsin A 4R?cos BcosC + 4Rr cos A — 2Rr(cos A + cos B + cos C)
rs 2r

Rsin A 4R?cos BcosC +4Rrcos A — 2(R+17)r
rs 2r
: 2

RS;?A (2]5 cos BcosC + 2R cos A — (R—i—r)) i

Remark. In ETC, Q is the triangle center X (1158).

Figure 2.

Figure 2 shows €2 on the line joining I’ to N,. Since the deLongchamps point
L = X (20) is the reflection of H in O, O is the common midpoint of 77" and H L.
From this, I H is parallel to I’ L. Also, the centroid G divides both segments I N,
and HL intheratio 1 : 2, HI is also parallel to N,. It follows that L lies on the
line I' N, and I’ is the midpoint of LN,.

Lemma6. QI' = & . HT.



Distances between circumcenter of extouch triangle and classical centers 55
Proof. By Proposition 5,
Rsin A (2R?
a—ayy = o < cos BecosC +2Rcos A— (R+1r) — (2Rcos A — r)>
rs T
RsinA (2R?
— oo < cos BcosC — R>
rs T
R RsinA
— v o (2Rcos BcosC — )
T TS
R
= ?(a4 —ay).
(]

3. Proof of Theorem 1

Lemma7. (a) 2Q0? — QI? = 4Rr — @ cos A cos B cosC.

(b) 2Q0% — QH? = 4Rr + 2r* —

T

A

Figure 3.

Proof. (a) Applying Apollonius to the median QO of triangle QI1’, we have

From this,
2002 — Q1% =

QI% 4+ QI” = 2(Q0* + OI?).

QI — 2012
2
R—zHIQ — 2007
,
R2

= (2r? — 4R? cos Acos BcosC) — 2R(R — 2r)
4

4
4Rr — i; cos A cos B cos C.
r

(b) Applying Apollonius to the median QO of triangle QH L, we have

QH? + QL? = 2(Q0% + OH?).

4,%2 (R? + 2Rr — 3r?%) cos A cos B cos C.
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From this,
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200% — QH? = QL? — 20H?

2
= MHIQ —20H
T
2
= (R;r)(%g — 4R? cos A cos Bcos C)

— 2R?(1 — 8cos A cos B cos C)

4 2
= 4Rr + 2r% — ri; (R2 +2Rr — 37’2) cos A cos B cosC.

([l
Lemma8. Q02 —QI? = —R?2+ 4Rr — 4TR3 cos Acos BeosC.
Proof. We begin with AI? = - ’";A = (Sjl;jé’;ic) = =%bc = bc — %”C =
sin 5
4R?sin Bsin C — 4Rr; similarly for BI? and CI2. Therefore,

aAI? + BAB? + 4C1T?

= 4R?sin Asin BsinC (

p L0
sinA  sinB sinC

>4Rr(0z+ﬁ+7)

AR >—4Rr

+ sinB  sinC

R 2R?
= 2rs- — E ——cos BcosC +2RcosA— (R+r) ) —4Rr
rs r

cyclic

2R?
= 2R Z (rcosBcosC+2RcosA— (R+r)> —4Rr

cyclic

2R +r)r R+

2R2
= 2R( <
r

SR +COSACOSBCOSC>+2R- —3(R+T))—4Rr

3

R

4R
= 2R%? — 4Rr + — cos Acos BcosC.
r

We make use of a formula of Scheer [2]. For an arbitrary point P,

QP? = aAP? + BBP% + yCP? — (Bya® + yab® + afc?).

Applying thisto P = O and P = I respectively, we have

QO0? — QI? = (AO? + BBO? + vCO?) — (aAI* 4+ BBI? +~CI?)

= R?— (aAI” + BBI? + 4CI?)

2 2 4R?
= R°— (2R* —4Rr + —— cos Acos Bcos C)
r

3

4R
= —R?>+ 4Rr — —— cos Acos B cosC.
r
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Now we complete the proof of Theorem 1.
(a) For the distance from €2 to the circumcenter:

Q02 = (200° — QI?) — (0% — QI?)

4
<4Rr — % cos A cos B cos C)
r

3
— <R2 +4Rr — ﬁ cos A cos B cos C’>
T

B AR3

= R? ——(R—r)cos Acos BcosC.
r

(b) For the distance from €2 to the incenter:
Qr? = Q0? — (Q0? — QI?)

- (R2 ———(R—7) cosAcosBcosC)

3

— <R2 + 4Rr — ﬂ cos A cos B cos C)

r
4R3

2R?* — 4Rr — —— (R —2r)cos Acos B cos C.
r

(c) For the distance from §2 to the orthocenter:

QH? = 2007 — (2002 — QH?)

3
=2 (R2 - %(Rfr) cosAcosBcosC’>
r

2
— <4R7’ + 212 — % (R2 + 2Rr — 3r2) cos A cos B cos C’)

4R?
’I“2

= 2R? —4Rr — 2r% — (R2 —4Rr + 37’2) cos Acos BceosC.

The proof of Theorem 1 is now complete.

Since the centroid G and the nine-point center N divide the segment OH in the
ratio OG : ON : OH = 2 : 3 : 6, further applications of the Apollonius theorem
yield the distances from €2 to G and N.

Corallary 9.
(a) QG* = 2(5R? — 6Rr — 3r%) — % (9R? — 18Rr + 5r?) cos A cos B cos C.
(b) QN2 = %RQ —2Rr —r? — 27%2 (2R2 —5Rr + 2r2) cos Acos BcosC.

Remarks. (1) Since 4R? cos A cos B cos C = s% — (r + 2R)?, these distances can
all be expressed in terms of R, r, s.
(2) We also note the two simple relations:
(i) Q0 + o2 = BB g2,
T _ OIxHI
(if) QI = =25,
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4. The cyclcocevian conjugate of the Nagel point

Since the circumcircle of the extouch triangle is the pedal circle of I’ = X (40),
it is also the pedal circle of I'* = X (84). The pedals of X (84) are the vertices of
the cyclocevian conjugate of the Nagel point N, = X (8). It is interesting to note
that this is also a point on the line I’ N,,. In ETC, this is X (189) with homogeneous
barycentric coordinates are

1 1 1
(cosB+cosC—cosA—l "cosC +cosA—cosB—1" cosA—|—cosB—cosC—1>'

Figure 4

Proposition 10. The first absolute barycentric coordinate of the cyclocevian con-
jugate of the Nagel point is

Rsin A

g9 = ((2Rcos A — 1) + k(2R cos BecosC — 1)),

where
(4R + r)r + 4R? cos A cos B cos C
r2+4R%2cos Acos BcosC

Proof. The point X (189) divides I’ N, in the ratio

N, X(189) : X(18NI' =t :1—t
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_ —4Rr H
fort = r2+4+4R? cos Acos BcosC'” From this,

a1gg = tago + (1 —t)ag

in A
— Rsin (t(2Rcos A—71)+ (1 —t)(2Rcos BcosC + 2R cos A — 2r))

rs
in A
_ fsin (2RcosA—r)+ (1 —t)(2RcosBcosC —1)).
rs
The coefficient 1 — ¢ is k given in the statement of the proposition. O

5. The centroid and orthocenter of the extouch triangle

The centroid of the extouch triangle is very easy to determine: It is the triangle
center

X+Y+7Z 1<(0,c—|—a—b,a+b—c) N (b+c—a,0,a+b—c)

3 3 2a 2b
(b+c—a,c+a—>,0)
* 2c )
_ (a(b+c)(b+c—a),blc+a)(c+a—Db),cla+b)(a+b—rc))
6abc ’

This is the triangle center X (210) in ETC. Clearly,

alb+c)(b+c—a)
6abe '

@210 =

By expressing this in the form

in A
g = 150 (]; - (sin B + sin C)(sin B + sin C' — sin A)) . Q@
s

we easy determine also the orthocenter of the extouch triangle:

Proposition 11. The orthocenter of the extouch triangle hasfirst absol ute barycen-
tric coordinate

o = Rsin A (R((sinB +sinC)(sin B+sinC —sin A) — 4cos A)

s
4 2

- RcosBcosC’+2(R+r)>.
r

Proof. Since the orthocenter divides the centroid X (210) and the circumcenter
Q in the ratio 3 : —2, we have the first absolute barycentric coordinate equal to
o/ = 3a1p — 2a. The result follows from Proposition 5 and (1) above. O

Remark. In terms of a, b, ¢, the orthocenter of the extouch triangle has homoge-
neous barycentric coordinates

(af(a,b,c)g(a,b,c) :bf(b,c,a)g(b,c,a): cf(c,a,b)g(c,a,b))
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where
fla,b,¢) = a*(b+c¢) —a’(b—c)* —ab+c)(b—c)* + (b* — 2)?,
gla,b,c) = a® —a*(b+c) —2a3 (b — )2 + 2a*(b+ ¢)(b? + )
+ a(b — 4bPc — 26%% — 4b® + ) — (b — )2 (b + ¢)>.

Itis not in the current edition of ETC and has (6—9—13)-search number 52.7618273660 - - -

6. Theincenter of the extouch triangle
Lemmal2. Letd/, V', ¢’ bethe sidelengths of the extouch triangle XY Z.
a? = a*(1-sin BsinC), V2 =0b*(1-sinCsinA), > = c*(1—sin Asin B).

Proof. It is enough to establish the expression for a’2. Since AY = s — c and
AZ = s — b, applying the law of cosines to triangle AY Z, we have

a?= (s—b)?+(s—c)* —2(s—b)(s—c)cos A

= (s=b)2 4+ (s—c)* —2(s—Db)(s—c) (20052;1—1)

- (s—b)2+(s—c)2+2(s—b)(s—c)—4(5—b)(s—c)~S(Sb; @)
2
= (-D)+(-aP -
_ oo
N be
= a*(1 —sin Bsin Q)
since A = %casinB = %absin C. O

Proposition 13. Theincenter of the extouch triangle has homogeneous barycentric
coordinates

(sin B+sinC —sin A)(v1 —sinCsin A ++v1 —sin AsinB) : -1 --).

Proof. With reference to triangle XY Z, this incenter has homogeneous barycen-
tric coordinates (a’ : o' : ¢/). The absolute barycentric with reference to ABC'is
therefore

dX+bVY +cJZ

a +b +c
In homogeneous coordinates, this can be taken as
dX+VY +7
a(0,c+a—ba+b—c) V(b+c—a,0,a+b—c) db+c—a,c+a—>0)
+ +
2a 2b 2¢c

_ ;((b—kc—a) (Z*i)’“”‘b) (i#;’),(wb—c) (+Z))

The result follows from the law of sines and an application of Lemma 12. O
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We conclude by giving the coordinates of the incenter of the extouch triangle in
terms of a, b, c. Using the Heron formula

202¢2 + 2¢2a% + 2a2b% — ot — bt — 4

A? =
16 ’
we have
o 4a’bc — 16A2
@ = 4bc
B 4a’be — 2b%c? — 2¢%a® — 2a%b? + at + bt + ¢
B 4bc
_at—2a%(b—¢)? + (b* — ?)?
N 4be '
Therefore,
a  /be(at —2a2(b— )2 + (b2 — 2)?)
a 2abc ’
similarly for & and <. This leads to

(bJrcfa (\/ca 4 2b2(c — a)? + (2 — a2)2) + ab(c* — 2¢2(a — b)2 (27b2)2)>

This is a triangle center not in the current edition of ETC. It has (6 — 9 — 13)-
search number 4.66290502201 - - -
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The Touchpoints Triangles and the Feuer bach Hyperbolas

Sandor N. Kiss and Paul Yiu

Abstract. In this paper we generalize the famous Kariya theorem on the per-
spectivity of a given triangle with the homothetic images of the intouch triangle
from the incenter to the touchpoints triangles of the excircles, leading to the triad
of ex-Feuerbach hyperbolas. We also study in some details the triangle formed
by the orthocenters of the touchpoints triangles. An elegant construction is given
for the asymptotes of the Feuerbach hyperbolas.

1. Introduction

Consider a triangle ABC' with incircle I(r) tangent to the sides BC, C A, AB
at X, Y, Z respectively. These form the intouch triangle T; of ABC. For a real
number ¢, let T;(¢) be the image of the T'; under the homothety h (I, £). Its vertices
are the points X (¢), Y'(¢), Z(t) on the lines I.X, IY, IZ respectively, such that

IX(t)=1IY(t) = IZ(t) = t.

The famous Kariya’s theorem asserts that the lines AX (¢), BY (¢), C'Y (t) are con-
current, i.e., the triangles ABC and T;(t) are perspective, and that the perspector
is a point Q(t) on the Feuerbach hyperbola .7, the rectangular circum-hyperbola
which is the isogonal conjugate of the line OT joining the circumcenter and the in-
center of ABC'. This fact was actually known earlier to J. Neuberg and H. Mandart;
see [5] and the interesting note in [2, §1242]. We revisit in §3 this theorem with a
proof leading to simple relations of the perspectors Q(¢) and Q(—t) (Proposition
4 below), and their isogonal conjugates on the line OI. In §5 we obtain analo-
gous results by replacing T;(¢) by homothetic images of the touchpoints triangles
of the excircles, leading to the triad of ex-Feuerbach hyperbolas. Some properties
of the triad of ex-Feuerbach hyperbolas are established in §§7-10. Specifically,
we give an elegant construction of the asymptotes of the Feuerbach hyperbolas in
§10. The final section §11 is devoted to further properties of the touchpoints trian-
gles, in particular, the loci of perspectors of the triangle H®H®H¢ formed by their
orthocenters.

Publication Date: March 11, 2014. Communicating Editor: Nikolaos Dergiades.
We thank Nikolas Dergiades for suggestions leading to improvements over an earlier version of
this paper.
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2. Generalization of Kariya’'stheorem

Let a, b, c be the sidelengths of triangle ABC, s = %(a+b+c) the semiperime-
ter, and A the area of the triangle. It is well known that
(i) A =rs,
(i) abc = 4RA for the circumradius R, and
(iii) 16A2% = a?(b? + % — a?) + b*(? + a? — b%) + 2 (a® + b? — ).
We shall work with homogeneous barycentric coordinates with reference to tri-
angle ABC, and refer to [7] for basic results and formulas.
Let T be the pedal triangle of a point P = (u : v : w) in homogeneous barycen-
tric coordinates. The vertices of T are the points
X=(0: (@®>+V*—cAu+2d*v: (¢ +a* - V*)u+ 2d°w),
Y = ((a®>4+b* = Ao +20%u: 0: (b +c — a®)v + 20%*w),
Z = ((*+a®>—v)w+2%u: (>4 —a®)w+ 2% : 0).
For a real number £, let T, be the image of T under the homothety h(P, k).
Lemma 1. The vertices of T, are the points
X = (2a*(1 = k)u: (a® +b0* — A)ku+2av: ( +a® —b)ku + 2d°w), (1)
Vi = ((a® + b — kv +20%u: 20*°(1 — k)v: (b + 2 — a®)kv +20%w),  (2)
Zr = (4 a®> = b)kw +22u: (0> + 2 —aP)kw + 2% : 2¢2(1 — k)w).  (3)

Proof. The point X}, divides the segment PX intheratio PX; : X, X = k: 1—k.
In absolute barycentric coordinates,

Xp= (1—k)P+kX
(1 —Fk)(u,v,w) n k(0, (a® + b? — ?)u + 2a2v, (¢? + a? — b*)u + 2a%w)
u+v+w 2a2(u + v + w)
(2a%(1 — k)u, (a® + b* — A)ku + 2a2v, (¢® + a® — b?)ku + 2a*w)
2a2(u + v+ w)

Ignoring the denominator, we obtain the homogeneous barycentric coordinates of
X, given above; similarly for Y;, and Z. O

Proposition 2. The only points that satisfy Kariya’s theorem, as the incenter I
does, are the orthocenter H, the circumcenter O, and the three excenters I, Iy, I..

Proof. The equations of the lines AX;,, BYy, CZ,, are
(® + a® = b*)ku + 2a*w)y — ((a® + b* — A)ku + 2a°v)z = 0,
—((b? + ¢ — a®)kv + 2b%w)x + ((a* + b — kv + 20%u)z = 0,
(0> + ¢ — a®)kw + 220)z — (¢ + a® — V) kw + 2¢%u)y = 0.
They are concurrent if and only if

0 (4 a® —Hku+2a°w  —((a® + b — A)ku + 2a°v)
— (b + & — a?)kv + 20%w) 0 (a® +b* — kv +20%u | =0.
(0 + 2 —aPkw + 22 —((2 +a® — b?)kw + 2c%u) 0
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Equivalently, 2F (P) - k — F5(P) = 0 for every k, where

Fi(P)= Z a?(b% + & — a®)u(v® — bPw?),
cyclic
Fy(P) = Z (? +a® = bH)(a® + b* — Au(*v? — b*w?).

cyclic

This means that F}(P) = F»(P) = 0. The point P is common to the McCay
cubic pK (X (6), X (3)), and the orthocubics pK (X (6), X (4)). These appear in
[3] as KOO3 and K006 respectively. It is known that the common points of these
circumcubics are the vertices of ABC' and the points H, O, I, I, I, I, as can be
readily verified. O

The case P = H is trivial because the perspector is H for every k.

The case P = O is also trivial because the triangle T, is homothetic to ABC,
and the perspector is obviously the point Q. on the Euler line dividing OH in the
ratio k : 2. This follows from

OQr:QrH=0X(k): HA=Fk:2.

Figure 1

In the remainder of this paper, we study the cases when P is the incenter or an
excenter.
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3. Kariya'stheorem and the Feuer bach hyperbola
The pedal triangle of the incenter I = (a : b : ¢) has vertices
X=0:a+b—c:c+a—0b),
Y= (a+b—c:0:b4+c—a),
Z=(ct+a—-b:b+c—a:0).
Y(t

The coordinates of X (),
by putting & = £.

(t), Z(t) can be determined from equations (1), (2), (3)

Proposition 3. The lines AX (t), BY (t), CZ(t) are concurrent at the point

1 1 1
Q) = (2rbc Tt + 2 —a?) 2Zrca+ (A +a®—b2)  2rab+t(a? + b7 — 02)> ’
which is the isogonal conjugate of the point P(¢) dividing O in the ratio “
OP(t): P(t)I =R : t.
Proof. Writing the homogeneous barycentric coordinates of X (¢), Y (¢), Z

1
X(t) = :
(t) <>k>|<>l<>k* 2rca+ (2 + a2 — b2) 27"ab+ta2-|-b2_02>
1
Y(t) = : :
®) <2rbc+t(b2+02a2) T 2rab+ta2+b2

7):
2 = 1 1 )

<2rbc+t(b2+cz—a2) : 2rca + t(c? + a? — b?) PR

we note that the lines AX (¢), BY (t), CZ(t) are concurrent at a point Q(¢) with
coordinates given in (4) above. This is clearly the isogonal conjugate of the pomt

P(t) = (2rabc-a +ta*(b? 4 ¢* — a?), 2rabe - b + th* (¢ + a® — b?),
2rabe - ¢ + tc(a® + b* — ¢?))
= 2rabe(a, b, c) + t((a*(b* + * — a?),b*(* + a* — b*), 2 (a* + b* — ¢?))
= 2r-4Rrs(a+b+4c)-I+t-16A%-0O
= 16r*s* - R- 1+ 16A%-¢t-O
= 16r°s*(R-1+1t-0).

In absolute barycentric coordinates, P(t) = R]{iio This is the point dividing O1

intheratio OP(t) : P(t)I = R : t. O

It follows that the locus of the point Q(t) is the Feuerbach hyperbola .%. The
center is the Feuerbach point F, the point of tangency of the incircle and the nine-
point circle (see Figure 2). Note that for each ¢, the points P(¢) and P(—t) divide
O1 harmonically.
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Proposition 4. The line joining Q(t) and Q(—t) contains the triangle center
o - a(b+c) blc+a) cla+b) 5)
" \b+tc—a cta-b a+b—c)’

Proof. The line joining Q(t) to Q(—t) has equation

Z a(b—c)(b+c—a)4b?Pr® —t*(b* + & — a®)*)z = 0.

cyclic
With (x : y : z) given in (5) we have

Z a?(b® — A4V Ar? — 2 (0* + ¢ — a?)?)

cyclic

= 4a%b%*r? Z V=) | -2 Z a?(b? — A) (b + & — a?)?
cyclic cyclic

= 0.

While the first sum obviously is zero, the second sum vanishes because the Euler
line

YW=+ —a’)r=0 (6)
cyclic

contains the circumcenter. O



68 S. N. Kiss and P. Yiu

Remark. The triangle center H; is the orthocenter of the intouch triangle Tj; it
appears as X (65) in [4]. It divides OI in the ratio R + r : —r. Its isogonal
conjugate is the Schiffler point

. <a(b+c—a) Cbleta—b) c(a+b—c)>,

: : 7
b+c c+a a+b ()

which is the point of concurrency of the Euler lines of the four triangles ABC,
IBC,ICA,and IAB. Therefore, H; is a point on the Jerabek hyperbola ¢

a?(b?> — ) (b + * — a2)+62(02 —a?)(c® +a® — b?) +02(a2 —b?)(a® +b* — ¢?)
x Yy z

the isogonal conjugate of the Euler line.

:07

4. Thetouchpointstriangles

Consider the A-excircle I,(r,) of triangle ABC, tangent to the sidelines BC' at
X, CAatY,, and AB at Z, respectively. We call triangle T, := X,Y,Z, the
A-touchpoints triangle. Clearly,

A

s—a

1. Xe =1,Y, =124 =71¢ =

In homogeneous barycentric coordinates these are the points

I, = (—a:b:c),

Xoe= 0:c+a—-b:a+b—c),

Yo= (—(c+a—-0):0:a+b+c¢),

Zg= (—(a+b—c):a+b+c:0).

Similarly, we also have the B-touchpoints triangle Ty, := XY}, Z, from the B-

excircle I(rp) and the C-touchpoints triangles T, := X.Y.Z. from the C-excircle
I.(r.) (see Figure 3).

Consider the reflection I! of I, in the line Y, Z,. Since Y,Z, is perpendicular
to the line Al,, I] lieson Al,, and I,I] = 2r, siné. On the other hand, 1,1,

. . . “ .
being a diameter of the circle through I, B, I,, C, has length F(Z7T) ~ s
It follows that
A a a
LJ& 10 = 27‘asm§ : @ =r,: s A =r,:2R=1,X,: 1,1

Therefore, X, 1/, and I'I are parallel. Note that the midpoint of X, I/ is the nine-
point center of T,.

The same conclusions apply to the other two touchpoints triangles Ty, := XY, 7,
and T, := X_.Y.Z, associated with the B- and C-excircles I(ry) and I.(r.).

Corollary 5. (a) The Euler lines of the touchpoints triangles of the excircles are
concurrent at O.

(b) The nine-point centers of the touchpoints triangles form a triangle perspective
with the extouch triangle X,Y;Z. at the infinite point of the OI line.
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Figure 3.

Let H* be the orthocenter of T',. Since the nine-point center N, is also the mid-
point of its circumcenter I, and H“, we obtain, from the parallelogram H° X, 1,1/,

H= X +1I. — 1,

= Xa + #E(I Ia)
= Xa + W(I - Ia)

(s=b)B+(s—c)C  2s(s=b)(s—c) [aA+bB+cC —aA+bB+cC
B a * abe ( 2s B 2(s —a) )
_ (b+c)(s=Db)(s—c) s(c—a)(s—0b) s(a—b)(s—c)
B be(s — a) At ac(s — a) B ab(s — a) ¢

Proposition 6. In homogeneous barycentric coordinates, the orthocenters of the
touchpoints triangles are the points

HL:(aw:c):b@;a):—da—?),
o (b s )

a+b—c a+b+c b+c—a

HL_(aw—@.-w@—ay da+®)‘

 \c+a—-b b+c—a  a+b+c

Remark. The orthocenter H* of T, divides OI, intheratio R — r, : r4; similarly
for H® and H¢. These orthocenters lie on the Jerabek hyperbola _# (see Figure 4).
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Figure 4.

Proposition 7. The triangle H*H®H¢ is perspective with the orthic triangle H, H, H,.
(of ABC) at H;.

5. Kariya'stheorem for the A-touchpointstriangle

Consider the image of the A-touchpoints triangle T, under the homothety h (Ia, %)

for a real number ¢. This is the triangle T, (¢) with vertices X, (t), Ya(t), Z4(t) on
the lines 1, X,, 1,Ya, 1,7, respectively, such that

1o Xo(t) = 1Yo (t) = I, Za(t) = t.

These points can be determined from Lemma 1 by putting £ = % In homoge-
neous barycentric coordinates, they are

X,(t) = (2(rqg —t)a? : —2rqab+t(a® + b2 — ) : —2rqca + t(c? + a® — b?)), (8)
Y, (t) = (=2rqab+t(a® +0? — c?) : 2(ry — t)b? : 2rabe + t(b* + 2 — a?)), 9
Zo(t) = (=2rqca +t(c? + a® — b%) : 2rabe + (b2 4+ % — a?) = 2(rq — t)c?).  (10)
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Proposition 8. The lines AX,(t), BY,(t), CZ,(t) are concurrent at the point

Qult) = : - :
T\ 2rgbe + (b2 + 2 —a?) T —2rqca + t(c? + a? — b?)
1
: 11
—2rqab + t(a? + b2 — 02)> ’ (1)

which is the isogonal conjugate of the point P, (¢) dividing O1, in the ratio
OP,(t): P,(t)l, = R : —t.

Figure 5.

Proof. Rewrite the homogeneous barycentric coordinates of X, (t), Ya(t), Z.(t)
as follows:

1 1
Xa(t) = : :
a(?) <* T —2rqca +t(c? + a2 — b2) " —2r,ab +t(a? + b2 — Cz)> )

1 1
Y. (t) = : : ,
®) <2rabc+t(b2+02 —a?) e —2rqab + t(a? + b2 —02))

Za(t) = . : ! DKk kK K
T\ 2rbe + (02 + 2 —a?) T —2rgca+t(c? +a? —b?) ’

It follows easily that the lines AX,(t), BY,(t), CZ,(t) are concurrent at a point
with coordinates given in (11) above (see Figure 5). This is clearly the isogonal
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conjugate of the point
P,(t) = (a*(2rqbe +t(b* + ¢ — a?)), b*(—2rqca + t(c? + a® — b?)),
A (—2rqab + t(a® +b* — c2)))
= —2rqabc(—a, b, c) + t((a*(b* 4 * — a?),b*(c* 4+ a® — b?), 2 (a® + b* — ¢?))
= —2r,-4Rrs(b+c—a)-I, +t-16A%- 0O
= —16rr4s(s —a) - R-I, +16A%-t-O
= —16A%*(R-1, —t-O).

In absolute barycentric coordinates, P,(t) = %j‘o. This is the point dividing
Ol, intheratio OP,(t) : P,(t)I, = R: —t. O
Proposition 9. The locus of the point Q,(¢) is the rectangular circum-hyperbola
Fo: alb—c)(a+b+c)yz+blc+a)a+b—c)zx —c(a+b)(c+a—b)zy =0
with center

Fo=(—(b—ca+b+c):(c+a)*a+b—c):(a+b*(c+a—0)),
the point of tangency of the nine-point circle with the A-excircle.

Proof. By Proposition 8, the locus of Q,(t) is the isogonal conjugate of the line
Ol,. Itis a rectangular hyperbola since it contains the orthocenter H, the isogonal

conjugate of O. The center of the hyperbola is a point on the nine-point circle. The
equation of the line O1, is

T Y z
a?(b?> + c? —a?) b*(c +a®—b?) A+ -c2)|=0.
—a b c

After simplification, this becomes
—be(b—c)la+b+c)(b+c—a)x
—ca(c+a)la+b—c)(b+c—a)y
+abla+b)(b+c—a)(c+a—b)z=0.

Replacing (z,y, ) by (a?yz, b*zz, c2xy) we obtain the equation of the hyper-
bola .#, given above. Since the center of the circumconic pyz + qzx + rzy = 0is
the point

(plg+r—p)iglr+p—q) :r(p+q—r)),

with

p="bec(b—c)(a+b+c), ¢q=ca(ct+a)(a+b—c), r=—abla+b)(c+a—>b),

we obtain the center of the hyperbola as the point

Fo=plg+r—p):qr+p—q):r(p+q—r)

= —2abc(b—c)*(a +b+c) : 2abe(c + a)*(a+ b — ¢) : 2abc(a + b)*(c + a — b)
= —(b—c)?la+b+c):(c+a)* (a+b—c): (a+b)?(c+a—0).
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This is indeed a point on the line joining I, to the nine-point center

N = (a®>(B*+) = (2 =cH)? : (P +a?)— (P —a?)? : A(a®+0*)—(a®—D?)?).
(12)
It is routine to verify that

2abc(—a, b, c)
+ (@®(B* 4+ ) — (0* — )2, 032 + a®) — (2 — a?)?, A (a* + V) — (a* — b%)?)
= (b+tec—a)(—0b—-c)?*@a+b+c)(ct+a)a+b—rc),(a+b)*c+a—Db).
Since the coordinate sum in (12) is
2(2b%c? + 2c%a? + 2a%V* — a* — bt — )

=2a+b+c)(b+c—a)(ct+a—Db)(a+b—c)
= 32A%,

this is the point dividing N1, in the ratio

R 2A R
—a): 2_9. —a) - 2 4t e 4t
2abc(b+c—a) : 32A* =2-4RA(b+c—a) : 32A 5 bre—a_32 Tw
i.e., the point of tangency of the nine-point circle and the A-excircle. O

Proposition 10. The line joining Q,(t) and Q,(—t) contains the orthocenter H®
of the A-touchpoints triangle T,,.

Proof. The equation of the line Q. (t)Qa(—t) is
alb—c)(a+b+c)(— 4b202r2 +t2(0* + ¢ — a®)?)z
+b(c+a)(a+b—c)(—4cta®r: + 13 +a® — b*)?)y
—cla+b)(c+a—b)(—4a®b*r: +12(a® + b* — *)?)z
=0.
Substituting the coordinates of the point H“ given in Proposition 6, we obtain
— 4a®b*c*r? ((b2 — )+ (P —a?) + (a® - b2))
+ 12 (a2(02 — )02 + 2 — a?)2 + 02(2 — a?)(c? + a? — b?)?
+ A(a® - b*)(a® + b - ?)?)
=0,

as in the proof of Proposition 4. O

6. Thetriad of ex-Feuerbach hyperbolas

We call the hyperbola .%, in Proposition 9 the A-ex-Feuerbach hyperbola. We
also consider the triangles T (t) := X3(¢)Y3(t) Zp(t) and T (t) := X (t)Ye(t) Zc(2).
These vertices are the points on the lines 1, Xy, I,Y;, I Z;, satisfying

I X (1) = LYy (t) = L Zy(t) =1,
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and X (t), Ye(t), Zc(t) on I. X, I.Y,, 1.7, satisfying

I.X.(t) =1.Yc(t) = 1. Z:(t) = t.
In homogeneous barycentric coordinates,

Xp(t) = (2(rp — t)a® : —=2rpab + t(a® + b — c2) : 2ryca + t(c? + a® — b?)),
Yy(t) = (—2rpab + t(a® +b* — c?) : 2(ry, — t)b? : —2rpbe + t(b* + 2 — a?)),
Zy(t) = (2rpca+t(c? + a® — b?) 1 —2rpbe +t(D? + ¢ — a?) : 2(ry — t)c?);
Xo(t) = (2(re — t)a* : 2reab+t(a® +b* — c?) : —2r.ca +t(c? + a® — b?)),
Y.(t) = (2reab + t(a® +b* — %) : 2(re — )b? : —2r.be + t(b* + 2 — a?)),
Z.(t) = (—2reca +t(c® +a® = b%) 1 —2r.be + (b + 2 —a?) : 2(r, — t)c?).

Clearly there are analogous hyperbolas %, and %, which are isogonal conju-
gates of the lines O, and OI.. These hyperbolas have centers

Fy= ((b+c)*a+b—c): —(c—a)(a+b+c): (a+b)>b+c—a)),
F. = ((b+c)2(c+a—b): (c+a)2(b+c—a): —(a—b)2(a+b+c)).

Remark. The centers of the triad of ex-Feuerbach hyperbolas, being the points of
tangency of the nine-point circle with the excircles, are perspective with ABC' at
the outer Feuerbach point

X(12) = (

b+c—a c+a—b a+b—c

(b+c)? . (c—l—a)z' (a—|—b)2>'

Figure 6.
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Proposition 11. The triangle X, (¢)Y;(¢) Z.(t) is homothetic to the intouch trian-
gle at the point (a(rq — t) : b(rp — t) : c(re — t), which divides OI in the ratio
2R + r —t : —2r (see Figure 6).

7. Some special cases

7.1. t = R. By Corollary 5(b), the point P,(R) is the infinite point on the line
O1I,. It follows that Q,(R) is on the circumcircle. It is the (fourth) intersection of
the hyperbola .#, with the circumcircle. These points are the reflections of H in
F,, Fy, F, respectively (see Figure 7).

Figure 7.

7.2. t = 2R. It is well known that the circumcenter of the excentral triangle is
the reflection I’ of I in O, and is the point of concurrency of the perpendiculars
from the excenters to the respective sidelines of triangle ABC' (see Figure 6), and
the circumradius is 2R. It follows that the points X, (2R), Y;(2R), Z.(2R) all
coincide with this circumcenter. It follows that the lines AQ,(2R), BQy(2R),
CQ.(2R) are concurrent at this point. ¢ = 2R is the only nonzero value of ¢ for
which the triangle Q,(¢)Q»(t)Qc(t) is perspective with ABC.

In this case, both Y.(2R) and Z(2R) are the reflection of I" in the line I, I.. We
call this X’. The line AX" is the reflection of AI’ in II.. Since I I.. is the external
bisector of angle A of triangle ABC, AX’ and AI’ are isogonal lines with respect
to this angle. Likewise, we have Y’ = Z,(2R) = X.(2R) with BY”, BI' isogonal
with respect to B, and and Z’' = Y,(2R) = X,(2R) with CZ’, C1' isogonal with
respect to C. It follows that AX’, BY’, CZ’ are concurrent at a point P, which
is the isogonal conjugate of I’, and lies on the Feuerbach hyperbola .# (see Figure
8).
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VA

Figure 8.

8. Second tangentsfrom O to the ex-Feuerbach hyperbolas

S. N. Kiss and P. Yiu

The hyperbolas .%,, %, %. also appear in [1], where they are called the ex-
central Feuerbach hyperbolas. Neuberg [5] also mentioned these hyperbolas. The
A-ex-Feuerbach hyperbola .%,, being the isogonal conjugate of the line OI,, is
tangent to the line at I,, (see Figure 9). If the second tangent from O to .%#, touches
it at Ty, then the line 1,7, is the polar of O with respect to the hyperbola .%,. This

is the line

be(b—c)(a+b+c)a®+c —a®)+ (b+c)(c+a—Db)a+b—c)x

+calc+a)(a+b—c)(c(a® +b* =) = (a+b)(b+c—a)(c+a—b)
—ab(a+b)(c+a—Db)(b(+a*>—b*) — (c+a)a+b—c)(b+c—a)

=0.

Y

z

)
)

Apart from the excenter I, this line intersects the hyperbola .%, again at

a

Ta= <a(62—|—c2—a2)+(b+c)(c+a—b)(a+b—c)

b

@@+ —A) —(a+b)btc—a)cta—b)

c

: b(c2+a2—b2)—(c+a)(a+b—c)(b+c—a))'
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Similarly, the second tangents from O to .%;, and .%, (apart from O1, and O1,.)
touch these hyperbolas at

Ty = (c(a2+b2—c2)—(a+b)(b+c—a)(c+a—b)
b
W E+a— )+ (c+a) atb—c)btc—a)

: a(b2+62—a2)—(b—i—c)(c—i—a—b)(a—i—b—c))’
and

(b(c2—|—a2—b2)—(c+a)(a+b—c)(b+c—a)
b
Ca?+ 2 —a) —(bt+co)cta—b)atb—o)

T. =

&
’ c(a2+b2—c2)+(a+b)(b+c—a)(c+a—b)> ’
These three points of tangency form a triangle perspective with ABC' at

T= (a(aB®*+c —a®) —(b+c)c+a—b)(a+b—c))
S b(b( +a®—b?) — (c+a)a+b—c)(b+c—a))
e(c(a® +0* =) = (a+b)(b+c—a)(c+a—D))).

Figure 9.
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This is the triangle center X (46) in [4]. It has a number of interesting properties.
It divides OI externally in the ratio R + » : —2r, and can be constructed as the
cevian quotient H/I. In other words, it is the perspector of the orthic triangle and
the excentral triangle. Therefore, the point 7;, and similarly T, and T, can be
easily constructed as follows.

(1) Join I, and H, to intersect the line OT at T

(2) Join A and T to intersect the hypebola .%, at T, (see Figure 9).

9. A correspondence between the Euler line and the Feuerbach hyperbola

Let P = (u : v : w) be an aribitrary point. The lines PI,, PI,, PI,. intersect
the respective ex-Feuerbach hyperbolas at

W, = ((b—c)(a—i-b—l—c)_ cta)la+b—c) (a—i—b)(c—ka—b))’

cv — bw ' aw + cu ’ bu + av
W, = <(b+c)(a+b—c): c—a)(a—i—b—l—c): (a+b)(b+c—a)>
cv + bw aw — cu bu + av ’
W = ((b+c)(c+a—b). cta)b+c—a) (a—b)(a+b—c)>
¢ cv + bw ' aw + cu ’ bu — av ’

Figure 10.
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These form a triangle perspective with ABC'. The perspector is the point
W b+c ' c+a ‘ a+b
S \(b+tc—a)(cv+bw) (c+a—b)aw+cu) (a+b—c)(bu+av)/)’

Proposition 12. The perspector W is on the Feuerbach hyperbola if and only if P
lies on the Euler line.

Proof. The perspector W is on the Feuerbach hyperbola if and only if its isogonal
conjugate

W — (az(b +c—a)(ev+bw) b*(c+a—b)law+cu) Ala+b—c)(bu+ av))
b+c ' c+a ’ a+b
lies on the line O with equation
Z be(b—c¢)(b+c—a)xr=0.
cyclic
By substitution, we have

0= Z bc(b—c)(b_kc_a)'a2(b+0—a)(cv+bw)

cyclic b+c
a(b—¢c)(b+c—a)?(cv+ bw
e Y WAt e b
cyclic
B (b+c)(ccfca)(a+b) Y alb—c)(c+a)(a+b)(b+c—a)*(cv+ bw).

cyclic
Ignoring the nonzero factor, we have
0= > ad—c)(c+a)(a+Db)(b+c—a)(cv+bw)

cyclic

— Z (b(c—a)la+b)(b+c)(c+a— b)2 -cu

cyclic
+cla—b)(b+c)(c+a)(a+b—c)* bu)
= ) be(b+c)((c—a)(a+b)(c+a—b)+ (a—b)(c+a)a+b—c))u

cyclic

= Z be(b+c) - (—2a(b — ) (b + & — a®))u
cyclic

= —2abc Z (b4 ¢)(b—c)(b* + ¢ — a®)u.

cyclic
This means that P = (u : v : w) lies on the Euler line (with equation given in
(6)). O

If P divides OH intheratio OP : PH =t : 1 — t, then the isogonal conjugate
of W is the point dividing OI in the ratio OW™* : W*I = %(1 —t) :rt. Asimple
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application of Menelaus’ theorem yields the following construction of W*. Let P’
be the inferior of P. Then the line F. P’ intersects OT at W* (see Figure 11).

Figure 11.

Ifwe put W = (z: y: z), then P is the point with coordinates
) — a(b+c) b(c+ a) c(a+b)
(u:v:w) = (a <_(b—i-c—a)ac+ (c—i—oL—b)y+ (a+b—c)z)
‘ alb+c)  blcta) cla+b)
'b<(b+c—a)m (c+a—b)y+(a+b—c)z>

¢ ((bcflfbctcci)x + (cb+(ca+—az)))y - (aciabtbz)z)) '

10. Theasymptotes of the Feuer bach hyperbolas

As is well known, the asymptotes of a rectangular circum-hyperbola which is the
isogonal conjugate of a line through O are the Simson lines of the intersections of
the line with the circumcircle. For the Feuerbach hyperbola and the ex-Feuerbach
hyperbolas, we give an easier construction based on the fact that the lines joining
the circumcenter to the incenter and the excenters are tangent to the respective
Feuerbach hyperbolas.

Lemma 13. Let P be a point on a rectangular hyperbola with center O. The
tangent to the hyperbola at P intersects the asymptotes at two points on the circle
with center P, passing through O.

Proof. Set up a Cartesian coordinate system with the asymptotes as axes. The
equation of the rectangular hyperbola is zy = ¢ for some c. If P (ct, §) is a point
on the hyperbola, the tangent at P is the line 3 (¢z + cty) = ¢?, or £ + yt =
2¢. It intersects the asymptotes (axes) at X (2¢t,0) and Y’ (0, %) Since P is the
midpoint of XY, PO = PX = PY. O
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Proposition 14. (a) The lines joining the Feuerbach point F to the intersections
of the incircle with the line OI are the asymptotes of the Feuerbach hyperbola .%.

(b) The lines joining the point £, to the intersections of the A-excircle with the
line OI, are the asymptotes of the A-ex-Feuerbach hyperbola .%,; similarly for
the hyperbolas .%;, and .%.. (see Figure 12).

Figure 12.

11. Moreon the touchpointstriangles

11.1. The symmedian points of the touchpoints triangles. Since the A-excircle is
the circumcircle of the touchpoints triangle T, and the lines BC', C A, AB are the
tangents at its vertices, the symmedian point of T, is the point of concurrency of
BY,, CZ,, and AX,, i.e.,
Ko=(—(c+a—-b)(a+b—c): (a+b+c)(ct+a—b): (a+b+c)(la+b—c)).
Note that K, is a point on the A-ex-Feuerbach hyperbola .%,,.

The line joining K, to I, is the Brocard axis of T,. It has equation

(b—c)a+b+c)z+(c+a)(a+b—c)y—(a+b)(c+a—Db)*z=0.
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Proposition 15. (a) The Brocard axes of the touchpoints triangles and the intouch
triangle are concurrent at the deLongchamps point L, which is the point on the
Euler line of triangle ABC dividing OH in the ratio —1 : 2.

(b) The van Aubel lines (joining the orthocenter and the symmedian point) of the
touchpoints triangles and the intouch triangle are concurrent at H*, the isotomic
conjugate of the orthocenter of ABC (see Figure 13).

Figure 13.

Remark. The intersection of the Euler line with the line /G, at the deLongchamps
point L is a well known fact. See [6].

Proposition 16. The triangle H*H®H¢ is perspective with the cevian triangle of
Q if and only if @ lies on the line
(b+c)(b? + ¢ — a?) (c+a)(c? +a? —b?) (a+0b)(a? +b* — ?)
T+ Y+
b+c—a ct+a—> a+b—c

or the Feuerbach hyperbola ..

(a) If Q traverses .2, the perspector traverses the line £ + ¥ + 2 = 1.

(b) If Q is on the Feuerbach hyperbola, the perspector P lies on the Jerabek
hyperbola _#. The line joining QP passes through the orthocenter H (see Figure
14).

Z z=0
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Figure 14.

Proof. Let @ = (u : v : w) with cevian triangle Q,QyQ. Where Q, = (0 : v : w),
Qy = (u:0:w), Q.= (u:wv:0). The equations of the lines H°Q,, H’Qs,
HeQ, are

(a+b+c)(cla—b)a+b—c)v+blc—a)(c+a—bw)z
—a(c+a—>b)(a+b—c)(b+c)(wy —vz) =0, (13)

(a+b+c)(a(b—c)b+c—a)w+cla—b)(a+b—c)u)y
—bla+b—c)(b+c—a)(c+a)(uz —wz) =0, (14)

(a+b+c)(blc—a)(ct+a—bu+alb—c)(b+c—a)v)z
—c(b+c—a)(c+a—b)(a+b)(vex —uy) =0. (15)

Eliminating x, y, z from equations (13), (14), (15), we have

2abc(a + b+ c) (Z (b+c)c+a—b)a+b—c)(b?+c% - a2)u)

cyclic

(Z a(bc)(b—i—ca)vw) =0.

cyclic

Therefore the lines H°Q,, H?Q,, H°Q.. are concurrent if and only if Q = (u : v :
w) lies on the line . or the Feuerbach hyperbola .7 .
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Eliminating «, v, w from equations (13), (14), (15), we have

cyclic

32A%(bex + cay + abz) (Z a?(b* — (0> + & — a2)y2> =0.

Therefore the locus of the point of concurrency is the union of the line £ (1) :
bex 4 cay + abz = 0 (the trilinear polar of the incenter) and the Jerabek hyperbola

Now the line . contains the point
Q0 = alb—c)(b+c—a)® blc—a)(c+a—0b)* cla—b)a+b—c)?
0~ b+c ’ c+a ’ a+b

as is easily verified. Choosing @ = (u : v : w) to be this point, and solving
equations (13), (14), (15), we have the perspector

Py = (a(b® — ¢*) : b(c? — a?) : c(a® — b?))

on the line £ (I). Therefore, by continuity, when @) traverses the line ., P tra-
verses £ (1I).

On the other hand, if @ lies on the Feuerbach hyperbola, then P lies on the
Jerabek hyperbola. If we take @ to be the point

1 1 1
<bc+t(b2 + 2 —a?) : ca+t(c?+a?—b?) : ab+ t(a® + b — 02)>
on the Feuerbach hyperbola, then P is the point
< a(b+c)(b+c—a) >
(b2 + % —a?)(2rbe + t(b? + 2 — a?)) '

on the Jerabek hyperbola. The line joining @ and P contains the orthocenter H.
O

Remarks. (1) The triangle center Qo appears in [4] as X (1021).

(2) The triangle center Py is the intersection of the lines bcx + cay + abz = 0
and ax + by + cz = 0. It appears in [4] as X (661).

(3) The line . can be constructed as the line containing the harmonic conjugates
of L HNBCInBC,LHNCAiInCA,and I.H N AB in AB. Itis the trilinear
polar of the triangle center X (29).

Proposition 17. The triangle H*HYH¢ is perspective with the anticevian triangle
of Q if and only if @ lies on the orthic axis

Z(H) : B+ —d®)r+ (P +a® =)+ (a®+0*—cA)z=0
or the circumconic
C : a(b® — A)yz +b(? — a®)zz + c(a® — b)zy =0

passing through I and its isotomic conjugate I* = (bc : ca : ab).
(a) If Q traverses the orthic axis, the perspector traverses the line £+ 4 +2 =1

(again).
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(b) If @ is on the circumconic %, the perspector P lies on the Jerabek hyperbola
(again) . The line Q P passes through H; = (chtcg HERRIE ) the common point
of the two conics (see Figure 15).

Figure 15.

Proof. Let Q = (u : v : w) with anticevian triangle Q*Q"Q° where Q% = (—u :
viw), Q= (u:—v:w), Q° = (u:wv:—w). The equations of the lines H*Q*,
HQb, HeQ*c are

(a+b+c)cla=b)(a+b—c)v+blc—a)(c+a—bw)x
+a+b—c)(—alb+c)(ct+a—-bw+cla—b)(a+b+c)u)y
+(c+a—-b)(blc—a)la+b+c)u+ab+c)la+b—c)v)z=0, (16)

(a+b—c)(cla—b)(a+b+c)v+blc+a)(b+c—a)w)x
+a+b+c)(ab—c)(b+c—a)w+cla—Db)(a+b—c)u)y
+(b+c—a)(=blc+a)(a+b—cut+alb—c)la+b+c)v)z=0, (17)

(c+a—=0b)(—cla+b)(b+c—a)v+blc—a)la+b+c)w)z
+(b+c—a)(alb—c)(a+b+c)w+cla+b)(c+a—bu)y
+a+b+c)blc—a)(c+a—bu+alb—c)(b+c—a)v)z=0. (18)



86 S. N. Kiss and P. Yiu

Eliminating x, y, z, we have

64abcA? Z (b +c —d*)u Z a(b® — )vw | = 0.
cyclic cyclic
Therefore the lines H2Q?, H*Q", H°Q® are concurrent if and only if Q = (u: v :

w) lies on the orthic axis .2 (H) or the circumconic &
Eliminating «, v, w from equations (16), (17), (18), we have

64A%(bex + cay + abz) Z a?(b?* = A)B* + 2 —a)yz | =0.

cyclic

Therefore the locus of the point of concurrency is again the union of the line £ (1) :
bex + cay + abz = 0 (the trilinear polar of the incenter) and the Jerabek hyperbola

Now the circumconic % is the circum-hyperbola which is the isotomic conjugate
of the line joining the incenter I to its isotomic conjugate. Its center is the point

(a(b—c)? : b(c — a)*: c(a — b)?).

If we choose @ to be the point (atibc g Ctiab) then the perspector is the
point
a(b2 +c2— a2) ' b(02 +a?— b2) ' c(a2 +v%— 02)
at + be ' bt + ca ) ct + ab
on the Jerabek hyperbola. In fact, ¢ intersects ¢ at H; = (foj_cg e )

and the line joining @ and P passes through H;.
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Semi-Similar Complete Quadrangles

Benedetto Scimemi

Abstract. Let A= A1A2A3A4 and B =B; B2 B3 B4 be complete quadrangles
and assume that each side A; A; is parallel to By, By (i, j, h, k is a permutation
of 1,2,3,4). Then A and B, in general, are not homothetic; they are linked
by another strong geometric relation, which we study in this paper. Our main
result states that, modulo similarities, the mapping A; — B is induced by an
involutory affinity (an oblique reflection). .4 and B may have quite different
aspects, but they share a great number of geometric features and turn out to be
similar when A belongs to the most popular families of quadrangles: cyclic and
trapezoids.

1. Introduction

Two triangles whose sides are parallel in pairs are homothetic. A similar state-
ment, trivially, does not apply to quadrilaterals. How about two complete quadran-
gles with six pairs of parallel sides? An answer cannot be given unless the question
is better posed: let A = A1 A>A3A4, B =B1Bs B3 B, be complete quadrangles and
assume that each side A;A; is parallel to B;B;; then A and B are indeed ho-
mothetic. In fact, the two triangle homotheties, say A1 4543 — BB B3, and
A4A2As — B4Bs B3, must be the same mappings, as they have the same effect on
two points. * There is, however, another interesting way to relate the six directions.
Assume A;A; is parallel to By By, (¢, 7, h, k will always denote a permutation of
1,2,3,4). Then A and B in general are not homothetic. Given any A, here is an
elementary construction (Figure 1) producing such a B. Let B; Bo be any segment
parallel to A3 A4. Let Bs be the intersection of the line through B, parallel to A3 A4
with the line through By parallel to A; A4; likewise, let B, be the intersection of
the line through B; parallel to A5 A3 with the line through B, parallel to A; A3. We
claim that the sixth side B3 By is also parallel to A; A,. Consider, in fact, the inter-
sections R of A; Az with As A4, and S of By Bs with B, B,4. The following pairs
of triangles have parallel sides: A1 RA4 and B2SB3, AyRAz and B1SBs, AsRA,
and B4S B;. Hence, they are homothetic in pairs. Since a translation R — S does
not affect our statement, we can assume, for simplicity, R = S. Now two pairs
of sides are on the the same lines: A;As, Bo By and Ay A4, B1Bs. Consider the
action of the three homotheties: \: Ay — By, Ay — Bs, u: A3 — By, Ay — B,

Publication Date: March 14, 2014. Communicating Editor: Paul Yiu.
Lin fact, five pairs of parallel sides A; A;, B; B; suffice to make the sixth pair parallel.



88 B. Scimemi

v: Ay — By, A3 — By. Here vp='A\: Ay — Byand \p~'v: Ay — Bs. But
these products are the same mapping, as all factors have the same fixed point R.
Thus the triangles A1 RAs , B4R Bs are homothetic and B3 By, A1 A, are parallel,
as we wanted.

D Bl

By
Figure 1. Five pairs of parallel sides imply sixth pair parallel

The purpose of this paper is to examine some geometric relations and invari-
ances connecting .4 and B; in particular, .A and B will have the same pair of asymp-
totic directions, a sort of central points at infinity. Some statements, as the some-
how unexpected Theorem 1, will be proved by synthetic arguments only; other
statements, which involve circumscribed conics, will be proved analytically. Our
main result (Theorem 6) states that, modulo similarities, such a mapping A; — B;
is induced by an oblique reflection. This involutory affinity depends on A and can
be constructed from .4 by ruler and compass. We shall also see that, when 4 be-
longs to the most popular families of quadrangles, namely cyclic quadrangles and
trapezoids (including parallelograms), this mapping leaves the shape of the quad-
rangle unchanged. This may be a reason why this subject, to our knowledge, has
not raised previous attention.

2. Notation and ter minology

If A, B are points, AB will denote, according to different contexts, the segment
or the line through A, B. |AB| is a length. A® = C means that a half-turn about
B maps A onto C; equivalently, we write B = %(A +O).

If r, s are lines, Zr, s denotes the directed angle from r to s, to be measured mod
m. ZABC means ZAB, BC. We shall use the basic properties of directed angles,
as described in [3, pp.11-15], for example, ZABC = 0 is equivalent to A, B, C
being collinear, ZABC = ZADC to A, B, C, D beingon acircle. A— Bisa
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vector; (A—B)-(C— D) isascalar product; (A—B)A(C— D) is a vector product.
g =rtomean A— B =r(C — D).

In a complete quadrangle A = A; Ay A3 A4 the order of the vertices is irrelevant.
We shall always assume that three of them are not collinear, so that all the angles
ZA;A; Ay, are defined and do not vanish. A;A; and A A;, are a pair of opposite
sides of A; they meet at the diagonal point A;; »x. The diagonal points are vertices
of the diagonal triangle of A. A quadrangle is a trapezoid if there is a pair of
parallel opposite sides; then a diagonal point is at infinity. Parallelograms have
two diagonal points at infinity. A;; = %(Ai + A;) is the midpoint of the side A;A;.
A bimedian of A is the line A;; Ay (or the segment) through the midpoints of
a pair of opposite sides. A complementary triangle A;A; A, is obtained from A
by ignoring the vertex A;. A complementary quadrilateral is obtained from A by
ignoring a pair of opposite sides. An area is not defined for a complete quadrangle,
but its complementary triangles and quadrilaterals do have oriented areas, which
are mutually related (see §4).

If two vectors are parallel, we write

3. Semi-similar and semi-homothetic complete quadrangles

Definition. Two complete quadrangles A = A1 AsAsAy and B = B1B2B3By
will be called directly (inversely) semi-similar if there is a mapping A; — B; such
that ZA,‘AjAh = /BB, B; (ZAZAJA}L = /B;By. By, respectively).

In particular, A and B will be called semi-homothetic if each side A;A; is par-
allel to By, By,.

The property of being semi-similar is obviously symmetric but not reflexive
(only special classes of quadrangles will be self-semi-similar). Let A and B be
semi-similar. If B is similar to C, then A is semi-similar to C. On the other hand,
if B is semi-similar to D, then A and D are similar. This explains the word semi
(or half). Direct and inverse also follow the usual product rules. Although the
relation of semi-similarity is not explicitly defined in the literature, semi-similar
quadrangles do appear in classical textbooks; for example, some statements in [3,
§399] regard the following case. Given a complete quadrangle A = A1 A2 A3 Ay, let
O; denote the circum-center of the complementary triangle A; A, Ay. Then O;0;
is orthogonal to A; A;, and this clearly implies that A is directly semi-similar to
the quadrangle o(A) = 0;0,0304. % 1t can also be proved that A is inversely
semi-similar to n(.A) = Ny N2 N3Ny, where N; denotes the nine-point center of
the triangle A; Ay, Ay.

Semi-homotheties are direct semi-similarities. The construction we gave in §1
confirms that, modulo homotheties, there is a unique B which is semi-homothetic
to a given quadrangle A.

A cyclic quadrangle is semi-similar to itself. More precisely, the mapping A; —
A; defines an inversely semi-similar quadrangle if and only if all the angle equali-
ties LA; A A= £LA; A Ay, hold, and this is equivalent for the four points A; to lie
on a circle (see §9). We shall see, however, that, if different mappings A; — A;

2\We shall reconsider the mapping A; — O; in the footnote at the end of §10.
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are considered, there exist other families of quadrangles for which semi-similarity
implies similarity (see §5§10 and 12).

Theorem 1. If A and B are semi-homothetic quadrangles, then the bimedians of
A are parallel to the sides of the diagonal triangle of 5.

Bi4,23

Figure 2. Semi-homothetic quadrangles: the bimedians of A are parallel to the
sides of the diagonal triangle of 5

Proof. It is well-known ([3, §91] that a bimedian of A, say A2 A34, meets a side
of the diagonal triangle in its midpoint N2 34 = 3(A13,24 + A14,23). Let C denote
the intersection of the line through A, parallel to As A4 with the line through A,
parallel to Ay Az. Then A1 = 1(C + Ai324), hence C' A1y 3 and A12Nq2,34 are
parallel. Now let B = By By B3 B, be semi-homothetic to A so that each A;A; is
parallel to By, By. Then in the quadrangles A1C' A A1423 and B3 B1324B4B14,23
(see the striped areas in Figure 2), five pairs of sides are parallel, either by as-
sumption or by construction. Hence the same holds for the sixth pair Aq423C,
Bia23B1324. BuUt Aj4923C is trivially parallel to As4Aq5. Therefore, the side
Bi4,23B13,24 0f the diagonal triangle of B is parallel to the bimedian A5 A4 of A,
as we wanted. O

Notice that, by symmetry, the sides of the diagonal triangle of A are parallel to
the bimedians of 5.
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4. Semi-isometric quadrangles

We shall now introduce a relationship between semi-similar quadrangles which
replaces isometry. This notion is based on the following

Theorem 2. Let A = A1A3A3A4 and B = By By B3 B4 be semi-homothetic quad-
B;—B; Bj—By. . .
rangles. Then the product i = " i.Zh * isinvariant under all per mu-

tations of indices.

Proof. Notice that the factors in the definition of 1 are ratios of parallel vectors,
hence scalars with their own sign. Now consider, for example, the following
triangles: A1A4A12’34 , A2A3A12’34 , A1A3A12’34 , A2A4A12’34 which are ho-
mothetic, respectively, to the triangles B3 B2 B1234 , B4B1B1234 , BiBaB12 34 ,
BsB1Bi2,34. Each of these homotheties implies an equal ratio of parallel vectors:

B3 — By By — Biagzs
Al — Ay Ay—Apzs’
By— By  Bi— Bz
Ay — Az Az — Aiaza’
By — By By — Biogs
A — Az Az — Aiasa’
B3 —B1 By — Biag
Ay — Ay Ay—Aoza

By multiplication one finds

Bs; — By By— B
P= 4 — A A, — 4
By — Biagy Bi— Biagy
Ay — Ar23s A3 — Aia 34
By — Biags B — Biagss
Ay — Arp3a A3 — Az
Bs — By By — B
Ay — Ay A — Az

B3 — By B;— By
. . O
A A, A A, as we wanted

Likewise, u =

Thus a pair A, B of semi-similar quadrangles defines a scale factor

] = |B1Bs||BsBa| _ |B1Bs||ByBa| _ |B1Bal|B2Bs|
|A1Az||AsAs|  [A1As||A2A4] A1 Ag][A2As]

A geometric meaning for the sign of p will be seen later (§7).
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Corollary 3. Let A = A1A3A3A4 and B = BB, B384 be semi-similar quad-
rangles. Then the products of the lengths of the pairs of opposite sides are propor-
tional:3

’A1A2HA3A4’ : ‘A1A3HA2A4‘ : ’A1A4HA2A3’
= ’BlBQHBgB4‘ : ’BlB3HBQB4‘ : ’BIB4HBQB3‘

A sort of isometry takes place when |p|=1:

Definition. Two quadrangles .4 and B will be called semi-isometric if the they are
semi-similar and the lengths of two corresponding opposite sides have the same
product: |A;A;||AyAx| = |B;Bj|| By Byl

We have just seen that if this equality holds for a pair of opposite sides of semi-
similar quadrangles, then || = 1 and therefore the same happens to the other two
pairs.

We shall now derive a number of further relations between semi-isometric quad-
rangles which are almost immediate consequences of the definition. Some of them
are better described if referred to the three complementary quadrilaterals. The
oriented areas of these quadrilaterals are given by one half of the cross products
(Al — Ag) A (Ag — A4), (A1 — A4) A (AQ — A3), (A1 — Ag) A (AQ — A4) There-
fore the defining equalities |A; A;|| Ay Ax| = |B; Bj|| By, By, if combined with the
angle equalities ZA;A;, Ay Ay, = —2B;B;, By, By, imply that the three areas only
change sign when passing from A to 5. On the other hand, it is well-known
that the three cross products above, if added or subtracted in the four essentially
different ways, produce 4 times the oriented area of the complementary triangles
AjAp Ay . For example, by applying standard properties of vector calculus, one
finds

(A — A2) N (A — Ay) + (A1 — Ag) N (Ag — A3) + (A1 — A3) A (Ag — Ay)
=2(A; — Ay N (A1 — Ay),

(A — A2) N (Ag — Ay) + (A1 — Ag) AN (Ag — A3) — (A1 — A3) A (Ag — Ay)
=2(A3 — Ag) N (Ag — A3),
etc. Therefore we have
Theorem 4. If A and B are semi-isometric quadrangles, the four pairs of corre-

sponding complementary triangles A; A; A;, and B; B; Bj, have the same (absolute)
areas.

This insures, incidentally, that, when semi-similarity implies similarity, then
semi-isometry implies isometry.

Other invariants can be written in terms of perimeters: if one first adds, then
subtracts the lengths of the four contiguous sides in a complementary quadrilateral,

3The following example shows that the inverse statement does not hold: let A; As be the diameter
of a circle; then, for any choice of a chord A3 A4 orthogonal to A; Az, the three products above are
proportional to 2 : 1 : 1.
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then the product is invariant; for example, the product
(A1 A2| + |A2As| + [A3Ay| + [AsA1|)(|A1Az| — [A2A3] + [A3A4| — |A4A1])
is the same if all A; are changed into B;. In particular,
|A1Ag| — [A2A3| + [A3A4| — |AsA1| =0

if and only if
|B1Bs| — |B2B3| + |B3By| — |B4B1| = 0.

Since these equalities are well-known to be equivalent to the fact that two pairs
of opposite sides are tangent to a same circle, we conclude that semi-similarity of
complete quadrangles preserves inscribability for a complementary quadrilateral.
Another invariance takes place if we subtract the squares of the lengths of two
bimedians; for example,

|A19Az4]|? — |A14A93|* = |B1aBas|* — | BraBas|*.

These and other similar equalities can be derived by applying the classical formulas
for tha area of a quadrilateral (Bretschneider’s formula etc., see [5]).

Something more intriguing happens if one considers the circumcircles of the
complementary triangles.

Theorem 5. If two quadrangles are semi-similar, the circumradii of corresponding
complementary triangles are inversely proportional .

Proof. Let R; and S; be, respectively, the circumradii of A;A; A;, and B; By, By,.
We claim that Ry, Ro, R3, R4 are inversely proportional to S1, Sa, S3, S4. In fact,
by the law of sines, we can write, for example, the product | A3 A4|| B3 B4| in two
ways:

(2R1 sin A3A2A4)(251 sin 333234) = (2R2 sin A4A1A3)(252 sin B4B1B3).

Since ZA3A2A4 = ZB4BlBg and 4144141143 = ZB:),BQB4, all the sines can be
canceled to conclude RyS7 = R2S,. Thus the product R;S; is the same for all
indices s. O

5. Theprincipal reference of a quadrangle

The invariants we met in the last section suggest the possible presence of an
affinity. In fact, our main result (Theorem 6) will state that for each quadran-
gle A there exists an involutory affinity (depending on A) that maps A into a
semi-homothetic, semi-isometric quadrangle 5. It will then appear that any semi-
similarity of quadrangles .A — C is a product of an oblique reflection A — B by a
similarity B — C. Since an obligue reflection is determined, modulo translations,
by a pair of directions, in order to identify which reflection properly works for A,
we shall describe in the next section how to associate to a quadrangle A a pair of
characteristic directions, that we shall call the asymptotic directions of A. As we



94 B. Scimemi

shall see, these directions also play a basic role in connection with some conics
that are canonically defined by four points.*

It is well-known that a quadrangle A = Ay A, A3 A4 has a unique circumscribed
rectangular hyperbola & = ¥ 4 °. The center of ¥ is a central (synonym: notable)
point of A that we denote by H = H 4. Several properties and various geometric
constructions of H from the points A; are described in [4] (but this point is defined
also in [3, §396-8], and [2, Problem 46]). For example, H is the intersection of the
nine-point circles of the four complementary triangles A;A; A;. The directions
of the asymptotes of ¥ = W 4 will be called the principal directions of A. The
hyperbola ¥ essentially defines what we call the principal reference of A, namely
an orthogonal Cartesian xy-frame such that the equation for ¥ is xy = 1, the
ambiguity between x and y not creating substantial difficulties (Figures 3 and 4).
Our next proofs will be based on this reference (an approach which was first used
by Wood in [6]). The principal reference is not defined when two opposite sides of
A are perpendicular. This class of quadrangles (orthogonal quadrangles) requires
a different analytic treatment and will be discussed separately in §11.

’,
asymptotjc directions through ellipsexprti
\ ’
X ’
’
s ’

~\

Aslaz,1/as]

Figure 3. A concave quadrangle and its principal reference. Asymptotic direc-
tions derived from the medial ellipse T’

Within the principal reference of A, the origin is the central point H4 = [0, 0]
and the vertices will be denoted by A; = [a;, aii], 1 =1,2,3,4. Inview of the next

“4These directions may be thought of as a pair of central points of A at infinity. In this respect,
the present paper may be considered a complement of [4]. Our treatment, however, will be self-
contained, not requiring the knowledge of [4].

5The only exceptions will be considered in §12.
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calculations, it is convenient to introduce the elementary symmetric polynomials:

$1 = a1 + a2 + az + ay,
So = aias + aijaz + ajaq + agasz + asaq + asagq,
§3 = @10263 + a10204 + a103a4 + a20304,

S4 — ai1asasaq.

Notice that the restriction for .4 not to be orthogonal not only implies s, # 0
but also excludes s, = —1, as the scalar product of two opposite sides turns out to
be

AiAj cARAL = (ai — aj)(ah - ak) (1 + i) .
The sign of s4 = ajasasays has the following relevant geometric meaning: sy is
positive if and only if the number of vertices A; which lie on a branch of ¥ is even:
4,2 or 0. By applying standard arguments to the real convex function f(x) = %
this condition is found to be equivalent to .A being convex. On the other hand, if
the branches of W contain 1 and 3 vertices, then s4 < 0 and A is concave, namely,
there is a vertex A; which lies inside the complementary triangle A; A, Ay, .

¢"Bo = [b2,1/bs]

4

Figure 4. Semi-homothetic semi-isometric quadrangles with the same principal
reference

6. Central conicsand asymptotic directions

It is well-known that, within the family of the conic sections circumscribed to a
given quadrangle .4, the locus of the centers is itself a conic I" = I" 4. We call it the
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medial or the nine-points conic of 4, as I" contains the six midpoints A4;; and the
three diagonal points A;; 5. ([1, §16.7.5]). The equation for I" is calculated to be

1 1
% — 54y2 — 55156 + 553y =0,
or 1
(x —26)* = say —ye)? = (sasi — s3),

1654
which confirms that H = [0, 0], the center of W, lies on I". On the other hand, the
center of I' is
1 S3

1
G = GA = 1[8175_4] = Z(Al +A2 +A3 +A4)

This is clearly the centroid or center of gravity, another central point of A. Two
cases must be now distinguished:.

(i) Ais convex: s4 > 0 and I' is a hyperbola. By definition, the points at infinity
of " will be called the asymptotic directions of .4; it appears from the equation that

the slopes of the asymptotes are j:\/L_ (Figure 5). This proves that the principal
54

directions bisect the asymptotic directions. In particular, when s, = 1, T"is a
rectangular hyperbola; as we shall soon see, this happens if and only if A is cyclic.

Figure 5. Semi-homothetic semi-isometric convex quadrangles with conjugate
medial hyperbolas T" 4, T'5. Asymptotic directions from I" asymptotes

(ii) A is concave: s4 < 0 and I is an ellipse. The asymptotic directions of .A
will be defined by connecting contiguous vertices of the ellipse I". Equivalently, we
can inscribe " in a minimal rectangle and consider the directions of its diagonals.

6They can also be defined as the directions of the only pair of conjugate diameters of the
ellipse T" 4 which have equal lengths; see [2, Problem 54].
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Their slopes turn out to be +——— (Figure 3) . Again, the principal directions
—,

bisect the asymptotic directions. Notice that I" cannot be a parabola, as s4 # 0. We
have also seen in §5 that s4 # —1, so that I" cannot even be a circle. !
Next we want to introduce a new central point J = J4, defined as the reflection
S3

of HinG: J = H® = 1 |s;,=2|. Since G is the center of I and H lieson T, the
54

point J also lies on T". Therefore, there exists a conic © = © 4 circumscribed to .A
and centered at J. The equation for © is found to be

2?4 s4y® — 517 — s3y + 53 = 0
or

(@ —ay)* +sa(y —ys)* = i(843% +53) — 52.
4sy

Looking at the roles of s4 and —s4 in the equations for " and ©, it appears that
I is an ellipse when © is a hyperbola and conversely. 8

Moreover, the hyperbola asymptotes are parallel to the ellipse diagonals. We
have thus produced two alternative ways for defining the asymptotic directions of
any quadrangle A:
if A is concave, by the asymptotes of © or by the vertices of T" (Figure 3);
if A is convex, by the asymptotes of T" or by the vertices of © (Figure 5).

A third equivalent definition only applies to the latter case: it is well-known (see,
for example, [2, Problem 45]) that a convex quadrangle has two circumscribed
parabolas, say II.. and II_. Their equations are °

I, : (x4 /54y)* — 512 — 53y + 89 — 2¢/54 = 0,
II_ (xf\/iy)2—51:v*83@/+52+2\/37:0.

Therefore the asymptotic directions of a convex quadrangle may be also defined
by the axes of symmetry of the two circumscribed parabolas.

If s4 = 1then © is a circle and A is cyclic. In this case the diagonals of © are
not defined; but I, I, , TI_ define the asymptotic directions, which are just the
bisectors y = +x of the principal directions. 1°

See §10 for exceptions.

8When A is convex, © 4 turns out to be the ellipse that deviates least froma circle among all the
ellipses circumscribed to A, this meaning that the ratio between the major and the minor axis attains
its minimum value. This problem was studied by J. Steiner. One can also prove that each ellipse
circumscribed to A has a pair of conjugate diameters that have the asymptotic directions of A; see
[2, Problem 45].

9These equations are easily derived from the equation of the generic circumscribed conic, which
can be written as AV 4+ u© = 0.

10For a different definition, not involving conics, see §9.
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Notice that, whatever choice one makes among the definitions above, there ex-
ist classical methods which produce by straight-edge and compass the asymptotic
directions of a quadrangle, starting from its vertices™..

7. Obliquereflections

We are now ready to introduce oblique reflections. We recall this notion by
introducing the following

Definition. Given an ordered pair (r, s) of non parallel lines, an (r, s)-reflection
is the plane transformation ¢ : P — P’, such that P — P’ is parallel to r and the
midpoint (P + P’) lieson's.

An (r, s)-reflection is an involutory affine transformation. Among the well-
known properties of affinities, we shall use the fact that they map lines into lines,
midpoints into midpoints, conics into conics. Like in a standard reflection (a partic-
ular case, when r, s are orthogonal) the line s is the locus of fixed points, the other
fixed lines being parallel to . Replacing r with a parallel line »’ does not affect ¢ ;
replacing s with a parallel line s’ only affects P’ by the translation s — s parallel
to r. Interchanging » with s amounts to letting P’ undergo a half turn around the
intersection of » and s. An rs-reflection ¢ preserves many features of quadrangles;
for example, if ¢(A;) = B;, then the diagonal triangle of B = By By B3 By is the ¢-
image of the diagonal triangle of A = A; A3 A3 A,. Other corresponding elements
are the bi-median lines, the centroid, the medial conic, the circumscribed parabo-
las. As for analytic representations, if, for example, r : y = rz+p, s : y = sz +q,
then ¢ is the bilinear mapping

[z, y] — [(r + s)x — 2y, 2rsz — (r + s)y] + [xo0, Yo

1
(r—s)
where [z, yo] is the image of [0, 0]. The transformation matrix of ¢ has determi-
nant

w(—(r + )%+ drs) = —1.

Therefore all oriented areas undergo a change of sign.

Theorem 6. Let .4 be a complete quadrangle. Let ¢ be an (r, s)-reflection, where
r,s are parallel to the asymptotic directions of A. Let x be an (orthogonal) re-
flection in a line p parallel to a principal direction of A. Define a mapping v as
follows:

»= ¢, if Alisconvex,
B ox, if Aisconcave.

Then A and B = (.A) are semi-homothetic, semi-isometric quadrangles.

Wpor example, a celebrated page of Newton describes how to construct the axes of a parabola if
four of its points are given.
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Proof. Notice that B is uniquely defined by .4, modulo translations and midturns:
in fact, a translation parallel to r takes place when s is translated; a midturn takes
place if the principal directions or the lines r and s are interchanged.

Along the proof we can assume, without loss of generality, that both s and p
pass through H4 = [0,0],sothat ¢)(H4) = Ha4 .

First case: A is convex (s4 > 0). Then the lines r, s have equations, say r :

—X X
= —— and s : y = ——. The rs-reflection maps the point P[x, y] into ¢(P) =

V= V= s ps the p [, y] into ¢(P)

[Yv/S4, \/%] , SO that the vertex A; = [a;, aii] is mapped into B; = ¢(A;) =

[\f_‘*, } |. Substituting in xy = 1 proves that B; lies on ¥ 4. Since a quadrangle
(3 54

has a unique circumscribed rectangular hyperbola 2, we have ¥ 5= Vo) =VYa.

In particular, A and B have the same principal directions and Hp = ¢(Ha) =

Hyay = Ha. Now consider the sides B; — B; = [/s,(5 — aij), “%Zj] and

A — Ay = [an, — ay, i — aik]. If we take into account that (‘I[—Z‘j = % we find
B Vsylai—ay)

A, (an, — ak)aia;j -

. ... Bi—
that these vectors are parallel, their ratio being A’
h—

H . This proves that A and B are semi-homothetic (Figure 6). Moreover,
the following scalar products turn out to be the same (A; — A;).(4, — A) =
(ai —aj)(an —ax)(1+ i) = (Bi— B;).(B, — B). Thus A and B are also semi-
isometric : |A;A;||ApAx| = |B;Bj|| BBy, as we wanted. Since the matrix for
¢ = 1 has determinant —1, the oriented areas of the corresponding complementary
triangles and quadrilaterals, as expected, undergo a sign change.

Second case: A is concave (s4 < 0). The argument is similar: letr : y = 7
x Vs
and s : y = . Then the reflection y, for example in the z-axes, takes

V=54
[z,y] into [z, —y] and ¥ : [z,y] — [yv/—54, \/%84] Thus B; = (4;) =

V=51 ai : V=i _ —aya :
(=5 \/%4]. If we take into account that Taf = ﬁ we find that the vec-

tors B; — B;, A, — Ay, are parallel. For their ratio we find the equality
\/—784(6%‘ — aj) N Az - Aj

(ap - ak)a;a; B, — By,
the oriented areas are conserved. O

Bi—Bj _
Ap— Ay

. The matrix for ) has now determinant 1 so that

Incidentally, the foregoing argument also shows that in the semi-homothety of
Bi = Bj Bn— By respectively 1 or
Ap— Ay A — A
-1 for convex and concave quadrangles. This proves that semisimilarities preserve
convexity.

Since the mapping of Theorem 6 is involutory and the principal references for
A and B have been shown to be the same, we have substantially proved that

Theorem 2 in §5 the sign of the scalar ;. =

127pe only exceptions will be considered in §12
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Figure 6. An oblique reflection producing semi-homothetic semi-isometric
quadrangles. Pairs of corresponding sides, central lines, central conics etc meet
on line s

Theorem 7. Two semi-homothetic quadrangles have the same asymptotic direc-
tions.

This statement will be confirmed in the next section.

8. Behaviour of central conics

We want now to examine how the central conics ¥, T", © (see §4) of two semi-
similar quadrangles are related to each other. We claim that, modulo similarities,
these conics are either identical ellipses or conjugate hyperbolas.'?

The problem can obviously be reduced to a pair of semi-homothetic, semi-
isometric quadrangles.

Theorem 8. Let A and B be semi-homothetic, semi-isometric quadrangles.

(1) Assume ¥ 4, and ¥ g have the same center: H4 = Hp. Theneither V4, = Up
(A convex) or ¥4 and W 5 are conjugate (LA concave).

(2) AssumeI'4 and I' g have the same center: G4 = Gg. Theneither I'y=I'g (A
concave) or I' 4 and I" s are conjugate (A convex). In the latter case, the two cir-
cumscribed parabolas I1+ 4and I14p are either equal or symmetric with respect
to G.

B30 hyperbolas are said to be conjugate if their equations, in a convenient orthogonal frame,

2 2
. x Y . . .
can be written as T +1. Conjugate hyperbolas have the same asymptotes and their foci
form a square.
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(3) Assume © 4 and © g have the same center: J4 = Jg. Then either © 4=05 (A
convex) or © 4 and Oy are conjugate (.4 concave).

Proof. Without loss of generality, we can assume that A and B are linked by a
mapping ¢ as in Theorem 6. According to the various statements (1), (2), (3), it
will be convenient to choose ) in such a way that a specific point F is fixed. We
shall denote by « this particular mapping: ¢ (F') =F. For example, in the proof
of Theorem 6 we had ¢y = . To obtain ¢ from 5 one may just apply an
additional translation H — F.

(1) First assume that A is convex: s4 > 0. While proving Theorem 6 we have

already noticed that the point B; = ¢¥ i (4;) = ¥u([a;, aii]) = [\{?, \ﬁ] lies on
xzy = 1, hence Hy = Hp, ¥4 = Y. Now assume A concave: sy < 0. A

principal reflection, say in the z-axes, takes [a;, o] into [a;, — Z] Then B; =

Y (Ai) = Y ([ai, —aii]) = [—\/;T“, \/‘L} clearly a point of the hyperbola zy =
—1, the conjugate of ¥ 4, as we wanted.

(2) Since affinities preserve midpoints and conics, for any choice of i) we have
I'p =9¢(4),and Gg = ¥(G4) . The assumption G = G 4 suggests the choice
1 = 1 in Theorem 6. Assume A is convex: s4 > 0. Then B; = ¢g(A4;) is
obtained by applying the translation ¢ (G4) — G 4 to the point ¢ ([a;, aii}) =

[\2?,@] Here G4 = §[s1, 2], ¢ (Ga) = 4\/5[53,51] Therefore
B:[\/i s1 83 a; | 83 s1

a; 4 4\/s4 \/s1 4s, 4\ﬁ )
Straightforward calculations prove that the midpoints (B + B;) satisfy the
equation

(s3 + s4s7),

1
N v
(x —2g)” —s4(y — ya) 165,

which is the conjugate hyperbola of I 4, as we wanted.

As for the circumscribed parabolas, we already know, again by the general prop-
erties of affinities, that ¢ (1 4) and ¢ (I1_ 4 ) will be parabolas circumscribed to 5.
More precisely, one can verify that the above points B; = ¢ (A;)+Ga—v(Ga)
satisfy the equation for
IIya: (:L‘—y\/§4)2—81$—S3y+82—|—2\/§420.

A midturn around G 4 maps B; into 2G4 — B;. The new points are —¢ g (A;) +
G4 + v (G 4) and they are checked to satisfy the equation

(x +yv/s4)? — 517 — S3y + 52 — 2¢/5, = 0.
Therefore IT_p = I1_ 4,11, 3 = (IL, 4)°.

Now assume A concave: s4 < 0. As before, 1y (A;) = [-¥>, S2=]. The
mapping ¢ is again obtained by applying the translation v (G4) — G4, but
here ¢ (Ga) = ﬁ[s& s1]. Therefore,

\/ —S4 Jr*l _ S3 a; + 3 S3 S1
a; 4 4 —84’ vV —S84 454 4\/—84

]

Bi = ya(A;) = [ ].
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By direct calculation, one checks that the midpoints %(Bi + B;) lieon

1
Iy (z —26)* — s4(y — ya)* = E(Sw% — 53).

Thus the medial ellipses are the same: I'p = 1) (I"4) = T4, as we wanted.
(3) The proof is as above, except that we want @) = ¢ ; and the translation is
Y (Ja) — Ja. When A is convex, one finds that the points

S S S a; S S
R .
a2 251 51 251 2/s
lie on
1
Oy : (x—27)? +s4(y —ys)* = E(Sg + 545%) — .

Hence ©p = Q/)J(@A) =04.
When A is concave, similar arguments lead to the points

Vv —54 S1 53 Q; 53 S1
_l’_

B; = a(Ai) = |- - ) -
wG( ) [ a; 2 2\/—84 \/—S4+284 2 —S84

which satisfy the equation

]

1
(- $J)2 + s4(y — ZJJ)2 = _4734(55 + 848%) + S2,

the conjugate hyperbola of © 4. This completes the proof. O

Proof of Theorem 7. By applying proper homotheties, we can reduce the proof
to the case that A and B are semi-isometric; by further translations, we can even
assume that ¢» : A — B as in Theorem 6 and the conics centers are the same.
Then, according to Theorem 8, the circumscribed conics I" and © are either equal
or conjugate. In any case .4 and B have the same asymptotic directions.

9. A special case: cyclic quadrangles

A cyclic (or circumscriptible) quadrangle A is convex and corresponds to s4 =
1. Inthis case © 4 is the circumcircle of equation 22 +y2 — s1 2 — s3y+s2 = 0. The
center of © 4 is J = J4 and its radius is p = 3+/s? + s2 — 4s,. Incidentally, since
p? = |JH|? — s, we have discovered for s, a geometric interpretation, namely
the power of H with respect to the circumcircle ©. The medial conic T is the
rectangular hyperbola:

1
2 2
— P — —sim+ =53y =0
X Yy 281113 283y

and the circumscribed parabolas are
(x + y)2 — 81 — 83y + So = +2.

Therefore the lines r and s defining ¢ (= ¢) in Theorem 6 are perpendicular with
slope +1 and 4 is just the orthogonal reflection in the line s . For the asymptotic
directions of cyclic quadrangles we have a simple geometric interpretation at finite,
not involving conics: they merely bisect the angle formed by any pair of opposite
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sides of A . In fact, the reflection ¢» maps the line A; A; into the line B;B;, which
is parallel to Ay, Ay, because of the semi-homothety. We may also think of the
asymptotic directions as the mean values of the directions of the radii J A;, because
17 maps the perpendicular bisectors of A;A; into the perpendicular bisector of
Ap Ay, namely a bisector of £A;J A; into a bisector of Z Ay, J Ay.

For cyclic quadrangles, Theorem 1 states that the oriented angles formed by the
sides of the diagonal triangle of .4 are just the opposite (as a result of the reflection
1) of those formed by the bimedians. Using the symbols of Theorem 1 this can be
written as £ N1423GN12.34 = ZN1423G, GN12314 = —ZA1234A13,24, A1324A14,23.
Since a triangle and its medial are obviously homothetic, we have ZN1423G N2 34 =
£ N14,23N13,24N12,34. Hence the four points N;; . and G lie on a circle. This sug-
gests the following statement, that we have been unable to find in the literature:

Corollary 9. Aquadrangleiscyclicif and only if its centroid lies on the nine-point
circle of its diagonal triangle.

Figure 7. The centroid of a cyclic quadrangle lies on the ninepoint circle of its
diagonal triangle

Proof. (Figure 7) It is well-known (see [2, Problem 46], or [1, §17.5.4]) that a
conic circumscribed to a triangle D is a rectangular hyperbola if and only if its
center lies on the ninepoint circle of D. Let A be a quadrangle whose centroid
G lies on the nine-point circle of its diagonal triangle D. Since the medial conic
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T" 4 is circumscribed to D and its center is the centroid G 4, we know that "4 is a
rectangular hyperbola. Then, by previous theorems, we have s, = 1, © 4 isacircle
and A is cyclic. The converse argument is similar. O

10. Another special case: trapezoids
Trapezoids form another popular family of convex quadrangles, corresponding
2

to the case s4 = 5—3 In fact, two opposite sides, say A1 Ao, A3 A4 are parallel if and
51
a9 az — a

. A1 — 4 . .
only if =1 T hence ajas = azaq; and a straightforward calculation

al 1172 E aq
gives (ajag — gga4)(a1a3 - a2a4.)(a1a4 — agas) = 5482 — s?,}.
For trapezoids the medial conic I' degenerates into two lines: (s1z + sy —

%s%)(slx — s3y) = 0 which are bimedians for 4; their slopes are simply +3
53

the asymptotic direction —? is shared by the parallel sides of A ; the other is

the direction of the line slxg— s3y = 0, on which one finds H, G, J, plus the
two diagonal points at finite A, jx, A jn- L1+ also degenerates into the pair of
parallel opposite sides. If two of the differences a;a; — apay, vanish, then A is a
parallelogram, H = J is its center and the asymptotic directions are parallel to the
sides. For a cyclic trapezoid we have the additional condition s? = s3 and HG
is a symmetry line for A . As for the oblique reflection ) of Theorem 6, if, for
example, the parallel sides are A; A5 and A3Ay , then the lines » and s are the
bimedians A12A34 , A14A23 and the oblique reflection interchanges two pairs of
vertices: ¥ : Ay — Ay, Ay — Ay, As — Ay, Ay — As. Thus Aand B = ¢(A)
are the same quadrangle, but ) is not the identity!

The fact that for both cyclic quadrangles and trapezoids semi-similarities leave
the guadrangle shape invariant may perhaps explain why the relation of semi-
similarity, to our knowledge, has not been studied. **

11. Orthogonal quadrangles

We still have to consider the family of quadrangles which have a pair of orthog-
onal opposite sides, because in this case the foregoing analytical geometry does not
work. We call these quadrangles orthogonal. We shall first assume that the other
pairs of sides are not perpendicular, leaving still out the subfamily of the so-called
orthocentric quadrangles, which will be considered as very last. For orthogonal
(non orthocentric) quadrangles, the statements of the Theorems of §§3 to 10 remain
exactly the same, but a principal reference cannot be defined as before and differ-
ent analytic proofs must be provided. First notice that for this family the hyperbola

14Going back to the semi-similar quadrangles .A and o(.A) = 01020304 which we mentioned
in the introduction and appear in Johnson's textbook [3], it follows from our previous arguments that
A; — O; is induced by an affine transformation which can be thought of as the product of four
factors: a rotation of a straight angle, an oblique reflection, a homothety (the three of them fixing H)
and a final translation H — J. It can be proved that A; — O; is also induced, modulo an isometry,
by a circle inversion centered at the so-called isoptic point of A, see [6, 4].
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W degenerates into a pair of orthogonal lines. We can represent these lines by the
equation xy = 0 (replacing xy = 1) and use them as zy-axes of a new principal
reference (the unit length is arbitrary). Within this frame we can assume without
loss of generality A; = [z1,0], Ay = [0,y2], A3 = [z3,0], A4 = [0,y4]. Notice
that the product z1y2x3y4 cannot vanish, as we have excluded quadrangles with
three collinear vertices. The role of the elementary symmetric polynomials can be
played here by other polynomials, as s, = x1 +x3, Sy = Y2+ Y4, Pr = T123,Dy =
yoys. We have H = [0,0],G = L[s;,s,],J = 3[s4,s,]. One of the diagonal

points is H; the remaining two are ——— [z 123(y2 — ya), Yoya(T1 — x3)]
1 T1Y4 — T3Y2

and ——[~az123(y2 — ya), yoya(z1 — x3)]. This shows that the zy-axes
T1Y2 — X3Y4
bisect an angle of the diagonal triangle. The fraction Pz (or the product p,p,)
b

plays the role of s4 . More precisely: convexity and conc%vity are represented by
pzpy > 0 0r pyp, < 0 respectively ( p,p, = 0 has been already excluded); A
is cyclic if and only if p, = p, ; A is a non-cyclic trapezoid when p,s; = pys.
Similar conditions can be established for s, s,, p:, py to characterize the various
families of quadrangles (skites, diamonds, squares). The equations for the cen-
tral conics are

1 1
Ir: pwa - pa:yZ - ipysxm + ipxsyy =0,
and
O: py$2 + p:}cy2 — PySz® — PrSyY + DaPy = 0.

The asymptotic directions have slope + Py and +, /—% for the convex or
Px Pz

concave case, respectively; the corresponding affinity of Theorem 6 is [z, y] —
[y, /Z—-;, T /%] for convex A etc. Not surprisingly, all statements and proofs of

the foregoing theorems remain substantially the same and do not deserve special
attention.

12. An extreme case: orthocentric quadrangles

If two pairs of opposite sides of A are orthogonal, then the same holds for the
third pair. Such a concave quadrangle is called orthocentric, as each vertex A; is
the orthocenter of the complementary triangle A; A, A;. For these quadrangles all
the circumscribed conics are rectangular hyperbolas, so that ¥, H, J, © are not de-
fined. On the other hand, the medial conic I is defined, being merely the common
nine-point circle for all the complementary triangles A; A, Aj, . The asymptotic di-
rections of .4 cannot be defined, but any pair of orthogonal directions can be used
for defining the affinity of §5, and semi-similar orthocentric quadrangles turn out
to be just directly similar. As an example, the elementary construction we gave in
the introduction, when applied to an orthocentric quadrangle .4, modulo homoth-
eties, just rotates A by a straight angle. We may also notice that some statements



106 B. Scimemi

regarding orthocentric quadrangles can be obtained from the general case, as limits
for s4 tending to the value —1.
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Inversionsin an Ellipse

José L. Ramirez

Abstract. In this paper we study the inversion in an ellipse which generalizes
the classical inversion with respect to a circle and some properties. We also study
the inversive images of lines, ellipses and other curves. Finally, we generalize
the Pappus chain theorem to ellipses.

1. Introduction

In this paper we study inversions in an ellipse, which was introduced in [2],
and some related properties to the distance of inverse points, cross ratio, harmonic
conjugates and the images of various curves. This notion generalizes the classical
inversion, which has a lot of properties and applications, see [1, 3, 4].

Definition. Let & be an ellipse centered at a point O with foci F; and F» in R?, the
inversion in € is the mapping ¢ : R? \ {O} — R?\ {O} defined by (P) = P,
where P’ lies on the ray ﬁ and OP - OP' = 0Q?, where Q is the intersection of
the ray O P with the ellipse.

Figure 1

The point P’ is said to be the inverse of P in the ellipse £. We call £ the ellipse
of inversion, O the center of inversion, and the number w := OQ the radius of
inversion (see Figure 1). Unlike the classical case, the radius of inversion is not
constant. Clearly, ¢ is an involution, i.e., ¥(¢(P)) = P for every P # O. The
fixed points are the points on the ellipse £. Indeed, P is in the exterior of & if
and only if P’ is in the interior of £. By introducing a point at infinity O, as the
inversive image of O, we regard ¢ as an involution on the extended inversive plane
R2..

Publication Date: March 17, 2014. Communicating Editor: Paul Yiu.
The author would like to thank the editor and an anonymous referee for their help in the prepara-
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2. Basic properties

Proposition 1. Theinverse of P in an ellipse £ is the intersection of the line O P
and the polar of P with respect to £. More precisely, if £ istheellipsez—i+g—j =1,
then the inverse of the point (u, v) in the ellipse is the point

a?b’u ab?v
0202 + a202’ b2ul + a2 )

P

Figure 2

Proof. If P = (u,v), the ray OP intersects € at Q = (tu, tv) for t > 0 satisfying
12 (Z—i + Z—j) = 1. Now, the polar of P is the line % + Z—é’ = 1. This intersects
the line OP (with equation vz — uy = 0) at the point (u/,v") = (ku, kv) for
k satisfying k (Z—j + zé) = 1. Comparison gives k& = t2. Hence OP - OP' =

0Q?, and (u', ") is the inverse of P in £. Explicitly, v/ = % and v/ =

- O
Theorem 2. Let P and T be distinct points with inversion radii w and u with re-
spectto &. If P' and T aretheinversesof P and 7' in &,
2~TP . .
OPOT if O, P, T are collinear,
P'T =

V(w2 —u?)(w?-0T2—u2-O P2)+w?u?-PT?
OP-OT

Proof. If O, P, T are collinear, the line containing them also contains @), P’ and
T'. Clearly,

, otherwise.

0Q* 0Q* w*OP-0T) w?-TP

OoT OP OP-OT  OP-OT’
Now suppose O, P, T are not collinear. Then neither are O, P’, T" (see Figure

3). Let a be the measure of angle P’OT’. By the law of cosines, we have, in

triangle POT,

P'T =0T - OP =

OP2 + OT? — PT?
2.0P 0T

CcCoOsS ¥ =
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j=%4

Figure 3.

Also, in triangle P'OT",

P'T? = OP?+0T?—-2-0OP"-OT' - cosa
w? \ 2 u? \ 2 w? u? OP?+0T? - PT?
<0P> + (m) % op Oor ~ 2.0P.OT
w* - OT? +u* - OP? — w?u?(OP? + OT? — PT?)

oP2.0T?
(=) (w? - OT? — u? - OP?) + w?u? - PT?
B OP2?.OT? '
From this the result follows. O

3. Crossratiosand harmonic conjugates

Let A, B, C and D be four distinct points on a line ¢. We define the cross ratio
AC -BD
(AB,CD) := D BC’
where AB denotes the signed distance from A to B. We say that C, D divide A,
B harmonically if the cross ratio (AB,C'D) = —1. In this case we say that C' and
D are harmonic conjugates with respect to A and B. The cross ratio is an invariant
under inversion in a circle whose center is not any of the four points A, B, C, D
(see [1]). However, the inversion in an ellipse does not preserve the cross ratio.
Nevertheless, in the case of harmonic conjugates, we have the following theorem.

Theorem 3. Let £ be an dlipse with center O, and QQ1(Q)- a diameter of &. Two
points on the line Q1 Q- are harmonic conjugates with respect to (), and Q)2 if and
only if they are inverse to each other with respect to £.

Proof. Let P and P’ be two points on a diameter Q1(Q-. Since
Q1P - Q2P = (@10 + OP) - (Q:0 + OP')
= (w+ OP)(—w + OP")
= —w? —w(OP —OP')+OP-OP,
Q1P - Q2P = —w? + w(OP — OP') + OP - OP',
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the points P and P’ are harmonic conjugates with respect to Q1 and ) if and only
if OP-OP' = w?, i.e., Pand P’ are inverse with respect to £. O

4. Images of curvesunder an inversion in an elipse

Theorem 4. Consider theinversion ¢ in an ellipse £ with center O.

(a) Every line containing O isinvariant under the inversion.

(b) The image of a line not containing O is an ellipse containing O and homo-
theticto £.

Figure 4

Proof. (a) This is clear from definition.

(b) Consider a line £ not containing O, with equation pz + qy + » = 0 with
r # 0. (z,y) is the inversive image of a point on ¢, then the image of (x, y) lies on
£. In other words,

2b2 2b2

Sl S0V 4 0
. . r=20.
P i 2 T R f a2
a’b? (px + qy) + r(b*2* 4+ a®y?) = 0. QD
This is clearly an ellipse containing O(0, 0). Indeed, by rearranging its equation
as
2 2

a? b2 N 472 ’
we note that this is the ellipse with center (—‘i—f, —l’;—f) and homothetic to £
with ratio ——2—— O

Corollary 5. Let /1 and ¢, be perpendicular linesintersecting at a point P.

(@) If P = O, then(¢1) and ¢)(¢2) are perpendicular lines.

(b) If ¢; does not contain O but ¢5 does, then (/1) is an dllipse through O
orthogonal to i(¢2) = ¢ at O.

(c) If none of the lines contains O, then v (¢1) and 1 (¢2) are ellipses containing
P’ and O, and are orthogonal at O.
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P

\

-

Figure 5

Proof. (a) The lines ¢; and /5 are invariant.

(b) Let 1 be the line px + qy +r = 0 (with  # 0). Its image in £ is the ellipse
given by (1). The tangent at O is the line whose equation is obtained by suppressing
the 22 and y? terms, and replacing « and y by = and 3y. This results in the line
1a®v?(px + qy) = 0, or simply pz + qy = 0, parallel to ¢, and orthogonal to ¢, at
0.

(c) Let ¢1 and /5 be the orthogonal lines p(z — h) + q(y — k) = 0 and g(z —
h) — p(y — k) = O intersecting at P = (h, k) # O. Their inverse images in £ are
ellipses intersecting at O and P’. By (b) above, the tangents at O are the orthogonal
lines px + gy = 0 and gz — py = 0. O

Remark. In (c), the images are not necessarily orthogonal at P’.

H'

Figure 6.



112 J. L. Ramirez

Corollary 6. (a) If P = O, theinverse images of the pencil of linesthrough P are
coaxial ellipsesthrough O and P’ (see Figure 6).

(b) The inverse images of a system of straight lines parallel to ¢, through O are
ellipses homothetic to £ tangent to ¢, at O (see Figure 7).

Figure 7.

Theorem 7. Let £ be the elipse of inversion with center O, and £’ an €llipse
homothetic to £. Theimage of £’ is

(a) an ellipse homothetic to £ if £’ does not pass through O,

(b) alineif £ passes through O.

Figure 8 Figure 9

Proof. An ellipse £’ homothetic to £ has equation
.1‘2 y2
§+bf2+px+qy+r20.

The ellipse &’ passes through O if and only if » = 0.
(a) If £ does not pass through O, then » # 0. The inversive image consists of
points P(x,y) for which P’ lies on the ellipse, i.e.,

2 2
2p2 a2b2y
<b252+a€y2) <b2x2+a2y2> a’b?z a2b2y
+ 0 (g | +4 +r

a? b2 b2 2 +CL2y2 b2 42 + a2y2

()
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Simplifying, we obtain

2 2 1
(b2x2+a2y2)< +y+f-x+z-y+r>=0-

b2
Since b2z2 + a’y? # 0, we must have
2 2
T 1
S+n et dyt =0

This is an ellipse homothetic to £ (see Figure 8).
(b) If &’ passes through O, then » = 0. Equation (2) reduces to px +qy+1 =0
(see Figure 9). O

Corallary 8. Let &’ be an ellipse with center O’ homothetic to £ with center O. If
& isinvariant under inversionin &£, and P is a common point of the ellipses, then
O'P and OP aretangent to £ and £’ respectively.

Figure 10

Proof. Comparing the equations of £ and its image under inversion in £ in the
proof of Theorem 7 above, we conclude that the ellipse £’ is invariant if and only
if its equation is of the form

2 2
&) £+%2+px~l—qy+1:0.

Note that the center O’ of £ has coordinates (—%, —% :

Let P = (z0, yo) be a common point of the two ellipses. Clearly,

22 2
—0 + b—g = 1, 3)
PxQ +qyo +2=0. 4)

The tangents to £ and &’ at (o, yo) are the lines

(t) : — + 55 —1=0,
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and

ToT 1 1
) : %+Zf7y+§p(m+wo)+§q(y+yo)+l:0.

Substitution of (z,y) by the coordinates O’ into (¢) and (0,0) into (¢') lead to

F (B30 + 940 + 1) respectively. By (4), this is zero in both cases. This shows that
O'P istangentto £ and OP is tangent to £’. O

Theorem 9. Given an ellipse £ with center O, the image of a conic C not homo-
theticto £ is

(i) a cubic curveif C passes through O,

(if) a quartic curveif C does not pass through O.

In Figures 11, 12, 13 below, we show the inversive images of a circle, a parabola,
and a hyperbola in an ellipse.

& &
N

Figure 11 Figure 12

ye(

Figure 13

Note that the inversion in an ellipse is not conformal.
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5. Pappus chain of ellipses

The classical inversion has a lot of applications, such as the Pappus chain the-
orem, Feuerbach’s Theorem, Steiner Porism, the problem of Apollonius, among
others [1, 3, 4]. We conclude this note with a generalization of the Pappus chain
theorem to ellipses.

Theorem 10. Let £ be a semidlipse with principal diameter AB, and &', &
semiellipses on the same side of AB with principal diameters AC' and CB re-
spectively, both homothetic to £ (see Figure 14). Let &, &, ..., be a sequence
of ellipses tangent to £ and &’, such that &, istangent to £,_1 and &, for all
n > 1. If r,, isthe semi-minor axis of &,, and h,, the distance of the center of &,
from AB, then h,, = 2nr,,.

&1

82 80
ﬁ
A ¢ t * B

Figure 14.

Proof. Let v; be the inversion in the ellipse &;. (In Figure 14 we select i = 2).

By Theorem 7, ¢;(€) and ;(&p) are lines perpendicular to AB and tangent to
the ellipse &;. Hence, the ellipses v;(&1), ¥i(E2), ... will be inverted to tangent
ellipses to parallel lines to ¥;(€) and ;(&y). Hence, h; = 2ir;. O
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On a Geometric Locusin Taxicab Geometry

Bryan Brzycki

Abstract. In axiomatic geometry, the taxicab model of geometry is important
as an example of a geometry where the SAS Postulate does not hold. Some
properties that hold true in Euclidean geometry are not true in taxicab geometry.
For this reason, it is important to understand what happens with various classes of
geometric loci in taxicab geometry. In the present study, we focus on a geometric
locus question inspired by a problem originally posed by Titeica in the Euclidean
context; our study presents the solution to this question in the taxicab plane.

1. Introduction

The taxicab geometry is particularly important in foundations of geometry be-
cause it provides an example of geometry where the Side Angle Side Postulate does
not hold (see e.g. [8]). In the recent decades, several investigations have focused
on various properties of taxicab geometry, some of them inspired from questions
studied in advanced Euclidean geometry (see e.g. [2, 4, 6]). An introduction in the
fundamental properties of taxicab geometry is [3].

A well-known reference in advanced Euclidean geometry is Titeica’s problem
book [7]. For the historical context in which the problem book [7] was written
and on Titeica’s research, including his doctoral dissertation written under Gaston
Darboux’s direction, see [1]. The problem book [7] is cited by many authors and
motivated many contemporary problems. In the present work, we will focus on
one particular question, namely, Problem 143. We will ask the question not in the
Euclidean context, but in the context of taxicab geometry.

The taxicab distance between two points (z1, 1) and (x2,y2) in the Cartesian
plane is defined (see e.g. [8], p. 39) by

p((z1,91), (v2,y2)) = |22 — 21| + Y2 — Y1]-

A direct verification shows that p is a metric. The Cartesian plane endowed with
the metric induced by the distance p yields the taxicab geometry.
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2. Right trianglelegratio

Many relationships in Euclidean geometry do not hold in taxicab geometry. A
well-known example is that SAS congruence fails in the taxicab plane; another is
that the area of a triangle cannot simply be expressed in the classic %bh (see [2]).
Nonetheless, a handful of relationships do remain valid in the taxicab plane. For
example, we present the following proposition.

Proposition 1. The ratio between the two legs of a right triangle in the taxicab
plane is equal to the ratio between the same two legs in the Euclidean plane.

Proof. Let a and b denote the legs of the right triangle. We denote the taxicab
lengths of a and b by ar and by, and we denote the Euclidean lengths of a and b
by ag and bg. If a and b are parallel to the coordinate axes, then ar = ag and
br = bg, so clearly ‘g—; = “—g Otherwise, let a have nonzero slope m; this means

that b has slope — 1. We have the relations

o LIl
Vitm?
b Azl o dml
1+(_%)2 V1+m2
(see [2]). Dividing these two expressions yields % = Z—g O

3. A novd locus

The problem book [7] is cited by many authors and has motivated many con-
temporary problems. For example, V. Pambuccian’s work [5] incorporates the ax-
iomatic analysis of a problem found originally in Titeica’s problem book. Pursuing
a similar idea, we now examine what happens to Problem 143, which was origi-
nally stated in [7] in the Euclidean context, if we study it in taxicab geometry.
Thus, we ask the following:

Question. Consider a circle with center O and radius r in the taxicab plane. Point
A is located within the circle. Find the locus of midpoints of all chords of the circle
that pass through A.

In Euclidean geometry, the locus is well-known. It is simply a circle with di-
ameter O A. On the other hand, when we consider this same locus problem in the
context of taxicab geometry, we quickly see that the locus is not so simple. Figure
1 shows an example of such a locus:

Theorem 2. In general, the locus of midpoints of chords that pass through a point
A consists of two straight line segments and two hyperbolic sections, at least one
of which contains A.
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Figure 1

3.1. Set-Up for proof. Without loss of generality, we place O at the origin, and let
A= (xa,ya)suchthatz, > 0andy4 < —z 4. We can make that last assumption
due to the symmetry of the taxicab plane; reflecting the circle across the axes and
the lines y = =+ essentially preserves the shape of the locus. In other words,
given any point A within the circle, we can reflect that point and the specified
locus about the axes and the lines y = +x until the image of A satisfies x4 > 0
and ya < —xa.

With the notations specified above, let the vertices of the circle be labeled X,
Y, Z, and W, where X lies on the z-axis and the vertices are labeled counter-
clockwise. Particularly, X = (r,0),Y = (0,r), Z = (—r,0),and W = (0, —7).
Furthermore, let XA, Y A, ZA, and W A intersect the circle again at X'/, Y’, 7/,
and W, respectively. Then we claim that the locus consists of four parts:

(1) The locus of midpoints of the chords between X X’ and W/W is a straight
line from the midpoint of X X’ to the midpoint of W'V along the line y = —x.

(2) The locus of midpoints of the chords between Y'Y’ and ZZ' is a straight line
from the midpoint of Y'Y to the midpoint of ZZ’ along the line y = x.

(3) The locus of midpoints of the chords between W/ and YY" is a hyperbolic
section from the midpoint of W/ to the midpoint of YY" that is centered at
(Zatr yay,

(24) Tﬁe locus of midpoints of the chords between ZZ’ and X'X is a hyper-
bolic section from the midpoint of ZZ’ to the midpoint of X’ X that is centered at
(%, ¥247). Point A lies on this hyperbolic section.
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3.2. Proof of Theorem 2.

(1) and (2): Consider any chord passing through A between X X’ and W/'WV.
Since the endpoints of this chord lie on parallel lines, the midpoint of the chord
must be halfway between these lines, also forming a parallel line with the two
original ones. Particularly, the line that the midpoints fall on is y = —z, from the
midpoint of X X’ to the midpoint of W/WW. By the same reasoning, the locus of
midpoints of any chord passing through A between YY’ and Z'Z ison y = z,
from the midpoint of YY" to the midpoint of Z’Z.

(3) and (4): We prove (4); then (3) follows by a similar argument.

The equations of lines ZW and WX arey = —xz—r and y = z—r, respectively.
Consider the endpoint C on ZW of a chord passing through A with coordinates
(xc, —xc — 7). The point D at which C' A intersects W X is uniquely determined,
so we can calculate D using the slope of C'A and hence the equations of lines C' A
and WX:

- <an:c +rxo + YATCe TATC + YATC — TYA +TTA — TTC —r2)

YA — A+ 220+ 71’ YA —xA+2xc+7
The midpoint M of chord C'D is simply the average of the points C and D:
)
Ya—xA+2xc+1 ya—xa+ 220+ 71

To find the locus of midpoints with the above expression, we wish to relate the
x and y coordinates. We set

xo(rs — x0) Toya +a:2c +rzo
T=xC+ = )
YA—TA+2xc+1T  ya—xA+220+T
_ zo(ra—2z0) B xch—x%—%xC—ryA—l—rxA —r?
Cya— A+ 220+ N Ya —xA+2xc+r

These equations yield

o4y — :UcyA+xc:EA—er—ryA+rxA—r2
v Ya —ra+2z0+71 ’

rT—y=xc+r.
Multiplying through by the denominator and substituting xc = x —y — r yields
(x+y)(ya—za+2(x—y—71)+7)
= (@—y—rya+@—y—r)ea—rle—y—r) —rya+res—r’

= a® —y’ —zzatyya —yr+yar =0

2 2 2
_Eayt o, vasry T (atr)”

- (x 2 ) (y 2 ) 7 T

This is precisely the form of a hyperbola, with center (%, ¥4-"), as desired.

Clearly, the point A = (x4, y4) lies on this hyperbolic section since

(24— 22)" - Cva-r\ L wh (atn)?
AT ya 2 A VR
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A similar argument proves (3) as well. This completes the proof of Theorem 2.

Remarks. (1) In some cases, such as when A lies on the axes or y = =z lines,
some of these segments or sections may be degenerate. For example, if A lies on
either of the coordinate axes, the locus consists of two straight line segments and
one hyperbolic section. If A lieson y = x or y = —x, the locus consists of one
straight line segment and two hyperbolic sections. Clearly, if A is at the origin, the
locus is simply a point.

(2) In advanced Euclidean geometry, we work within the axiomatic context
given by the postulates of Euclidean geometry, which itself can be viewed in many
axiomatic contexts (see [8]). Our present study points out how much a geometric
locus can change in an axiomatic framework where the SAS Postulate does not
hold any longer.
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A Simple Proof of Gibert’s Generalization of
the Lester Circle Theorem

Dao Thanh QOai

Abstract. We give a simple proof of Gibert’s generalization of the Lester circle
theorem.

The famous Lester circle theorem states that for a triangle, the two Fermat
points, the nine point center and the circumcenter lie on a circle, the Lester circle
of the triangle. Here is Gibert’s generalization of the Lester circle theorem, given
in [2] and [4, Theorem 6]: Every circle whose diameter is a chord of the Kiepert
hyperbola perpendicular to the Euler line passes through the Fermat points. In this
note we show that this follows from a property of rectangular hyperbolas.

Lemma 1. Let F, and F_ be two antipodal points on a rectangular hyperbola.
For every point H on the hyperbola, the tangent to the circle (Fy F_H) at H is
parallel to the tangents of the hyperbola at F'; and F_.

Figure 1

Proof. In a Cartesian coordinate system, let the rectangular hyperbola be repre-
sented by zy = a, and F (:no, ) and F_ ( T, ) two antipodal points. The

slope of the tangents at Fy is —%. Let H (:L’H, ) be a point on the hyperbola.
Consider the circle through F and H. Writing its equation in the form

2?4+ 4+ Az + By+C =0,

Publication Date: March 24, 2014. Communicating Editor: Paul Yiu.



124 T. O. Dao

and substituting the coordinates of F.. and H above, we obtain
224+ y2 + Axg + Byo + C = 0,
x%+y(2)—Aa:0—Byg+C: 0,
x4 +y% + Az + Byg + C = 0.
Solving these equations we have
A= —xH+yH-;g, B = —“f‘%, C = (a5 +%0)-

The tangent of the circle at H is the line
2epx + 2ypy + A(x +xg) + By +ym) +2C = 0.

It has slope
2 2
_Q.TH—I-A__xH—i_yH':cig __xH—i-é-% - .%'H-i-%% _a
- 2 2 2 2"
2y + B yg + g2 ﬁ—FxH%O a+a? -2 Zo
This tangent is parallel to the tangents of the hyperbola at F... O

Figure 2

Theorem 2 ([1]). Let H and G lie on one branch of a rectangular hyperbola, and
(i) F+ and F_ antipodal points on the hyperbola the tangents at which are parallel
totheline HG,

(i) K4 and K_ two points on the hyperbola the tangents at which intersect at a
point £ ontheline HG.

If the line Ky K_ intersects HG at D, and the perpendicular bisector of DE
intersects the hyperbola at G, and G_, then the six points F'y, F_, D, E, G,
G_ lieonacircle.
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Proof. By Lemma 1, the circle (F.F_H) is tangent to HG at H. Similarly, the
circle (FL F_G) is tangent to the same line HG at G.

Let M Dbe the intersection of F. F_ and HG. It lies on the radical axis of the
circles (F F_H) and (F.F_G), and satisfies MG? = MF, - MF_ = MH?.
Therefore, M is the midpoint of HG.

Since the tangents of the hyperbolaat K and K_ intersect at F, the line K, K_
is the polar of E. If it intersects the line HG at D, then (G, D; H, E) is a harmonic
range. Since M is the midpoint of H (G, by a famous property of harmonic range,
we have MG? = MD - ME. Therefore, MF, - MF_ = MD - ME, and the four
points F'., F_, D, E lie on a circle.

Now let the circle (F. F— DE) intersect the rectangular hyperbola at two points
G, and G_. By Lemma 1, the tangents of the circle at G+, G_ are parallel to
those of the hyperbola at F', and F_, and therefore also to HG. It follows that
G+ G_ is a diameter of the circle perpendicular to HG, and G4, G_ lie on the
perpendicular bisector of the chord DE of the circle. The proof of the theorem is
complete. O
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A Note on the Fermat-Torricelli Point of
a Class of Polygons

Cristinel Mortici

Abstract. The aim of this note is to prove a result related to the Fermat-Torricelli
point for a class of polygons.

The French mathematician Pierre Fermat (1601-1665) proposed at the end of
his book Treatise on Minima and Maxima the search for a point 7" in the plane of
a triangle AABC for which the sum T A + T' B + T'C of the distances from T to
the vertices is minimum. As the problem was first proved by the Italian scientist
Evangelista Torricelli (1608-1647), the point T" is sometimes called the Fermat-
Torricelli point. The geometric construction of the Fermat-Torricelli point can be
found in many textbooks, the most well known being that which uses the equilateral
triangles constructed on the sides of the given triangle. If all angles of the given
triangles are smaller than or equal to 27 /3, then

LATB =/BTC = LCTA = 2%

The problem has been studied by Fejes Toth [2], Kazarinoff [3], and other special-
ists in geometric inequalities.

A history of Fermat’s problem can be find in Boltyanski et al. [1].

We propose here the following new result that can be considered as an extention
of Fermat’s problem for a particular class of polygons. Remarks on this form can
be found in [4]. Moreover, the proof provided is quite elementary.

Let there be given in plane n + 1 points T, Ay, As, ..., A,. We say that the
figure consisting of the union of the segments T'A,, T As, ..., T A, is a star if
AqAs... A, is an-sided polygon and

L A\TAy = L/ATAs = - = /A, TA; = .
n
Let us denote such a star by [T; Ay, Ao, ..., A,]. Now we are in the position to

give our result.

Publication Date: March 26, 2014. Communicating Editor: Paul Yiu.
This work was supported by a grant of the Romanian National Authority for Scientific Research,
CNCS-UEFISCDI project number PN-I1-ID-PCE-2011-3-0087.



128 C. Mortici

Theorem 1. Let [T; Ay, Ag, ..., A, beastar. Then for every point M, we have
TA +TAy+ - +TA, < MA| + MAs+---+ MA,,
Proof. Let us consider the complex plane with the origin 7" and the positive real

axis TA;. Let r,, = T Ay, and assume that r,w"*~1 is the complex number associ-
ated with the point A, for every 1 < k < n, where

2T . . 27
W = COS — —+ 281 —.
n n

For any point M associated with a complex number z, we have
MAy + MAs +---+ MA,

= [z —ri|+ |z —row|+ -+ [z — rpw™”
z
1

'

— T

z
= ’Z*T1|+‘E*T2)+“'+‘wn,

>l (G- e (G )

1
Z<1++.--+
w

)—(T1+T2+"'+Tn)

wn—1
= |—(ri+re4--+m)
=T1+r24+--+1n
=TA+TAs+---+TA,,

and we are done. O
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Properties of Equidiagonal Quadrilaterals

Martin Josefsson

Abstract. We prove eight necessary and sufficient conditions for a convex quadri-
lateral to have congruent diagonals, and one dual connection between equidiag-
onal and orthodiagonal quadrilaterals. Quadrilaterals with both congruent and
perpendicular diagonals are also discussed, including a proposal for what they
may be called and how to calculate their area in several ways. Finally we derive
a cubic equation for calculating the lengths of the congruent diagonals.

1. Introduction

One class of quadrilaterals that have received little interest in the geometrical
literature are the equidiagonal quadrilaterals. They are defined to be quadrilat-
erals with congruent diagonals. Three well known special cases of them are the
isosceles trapezoid, the rectangle and the square, but there are other as well. Fur-
thermore, there exists many equidiagonal quadrilaterals that besides congruent di-
agonals have no special properties. Take any convex quadrilateral ABC'D and
move the vertex D along the line BD into a position D’ such that AC = BD'.
Then ABC D’ is an equidiagonal quadrilateral (see Figure 1).

Dl

Figure 1. An equidiagonal quadrilateral ABC D’

Before we begin to study equidiagonal quadrilaterals, let us define our notations.
In a convex quadrilateral ABC D, the sides are labeled a = AB,b = BC,c= CD
and d = DA, and the diagonals are p = AC and ¢ = BD. We use 6 for the angle
between the diagonals. The line segments connecting the midpoints of opposite
sides of a quadrilateral are called the bimedians and are denoted m and n, where
m connects the midpoints of the sides a and c.
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2. Characterizations of equidiagonal quadrilaterals

Of the seven characterizations for equidiagonal quadrilaterals that we will prove
in this section, three have already appeared in our previous papers [11] and [12].
We include them here anyway for the sake of completeness. One of them is proved
in a new way.

It is well known that the midpoints of the sides in any quadrilateral are the
vertices of a parallelogram, called Varignon’s parallelogram. The diagonals in this
parallelogram are the bimedians of the original quadrilateral and the sides in the
Varignon parallelogram are half as long as the diagonal in the original quadrilateral
that they are parallel to. When studying equidiagonal quadrilaterals, properties of
the Varignon parallelogram proves to be useful.

Figure 2. The Varignon parallelogram

Using the parallelogram law in the Varignon parallelogram yields (see Figure 2)
9 2 P 2 q 2
metn _2<<2> * (2) )

p2 + q2 _ 2(m2 + n2)' (1)
This equality is valid in all convex quadrilaterals.
For the product of the diagonals we have a necessary and sufficient condition of
equidiagonal quadrilaterals in terms of the bimedians.

which is equivalent to

Proposition 1. The product of the diagonals p and ¢ in a convex quadrilateral with
bimedians m and n satisfies
pg <m?+n?
where equality holdsif and only if it is an equidiagonal quadrilateral.
Proof. By adding and subtracting 2pq to the left hand side of (1), we get
2pq < (p— q)* + 2pg = 2(m* +n?).
The inequality follows, with equality if and only if p = ¢. O

The first part in the following theorem was proved by us as Theorem 7 (ii) in
[11], but we repeat the short argument here.
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Theorem 2. A convex quadrilateral isequidiagonal if and only if
(i) the bimedians are perpendicular, or
(i) the midpoints of its sides are the vertices of a rhombus.

Proof. (i) It is well known that a quadrilateral has perpendicular diagonals if and
only if the sum of the squares of two opposite sides is equal to the sum of the
squares of the other two sides (see Theorem 1 in [11]). Hence we get

R R RO

since opposite sides in a parallelogram are congruent.

(ii) A parallelogram is a rhombus if and only if its diagonals are perpendicular.
Since the diagonals in the Varignon parallelogram are the bimedians of the original
quadrilateral (see Figure 2), (ii) is equivalent to (i). O

The next characterization is about the area of the quadrilateral. To prove it in
a new way compared to what we did in [12, p.19], we need the following area
formula for convex quadrilaterals. We cannot find a reference for this formula, but
it is similar to one we derived in [10].

Theorem 3. A convex quadrilateral with diagonals p, ¢ and bimedians m, n has

the area
2
K= \/m2n2 — <p2 _ q2> )
4

Proof. Rewriting (1), we have in all convex quadrilaterals

2 2\2

(m? —n?)? +4m*n? = (p —2i-q > . 2

Theorem 7 in [10] states that a convex quadrilateral has the area
K = 3V/p?¢® — (m? —n?)2.
Inserting (2) yields for the area
Ap2g2 2 2\2 2 2\2
aR? = L g2 (EEE) g2 (P20
4 2 2

and the formula follows. O

Corollary 4. The area of a convex quadrilateral is equal to the product of the
bimediansif and only if it is an equidiagonal quadrilateral.

Proof. In Theorem 3, we have that p = ¢ if and only if K = mn. O
A direct consequence is another area formula, that also appeared in [12, p.19].

Corollary 5. A convex quadrilateral with consecutive sides a, b, ¢, d is equidiag-
onal if and only if it hasthe area

K = 1/(2(a? + ¢2) — 4v2)(2(b% + d2) — 40?)
where v is the distance between the midpoints of the diagonals.
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Proof. The length of the bimedians in a convex quadrilateral are
m = 3/2(0% + d2) — 402 and  n=1y2(a2+c2) 4?2 (3)

according to [10, p.162]. Using these expressions in Corollary 4 directly yields this
formula. O

The next characterization is perhaps not so elegant in itself, but it will be used
to derive a more symmetric one later on.

Proposition 6. A convex quadrilateral ABC D with consecutive sides a, b, ¢, d is
equidiagonal if and only if

abcos B + cdcos D = adcos A + becos C.

Proof. The quadrilateral is equidiagonal if and only if 2p? = 2¢2, which, according
to the law of cosines, is equivalent to (see Figure 2)

a’+b%>—2abcos B+c2+d>—2cd cos D = a’+d*>—2ad cos A+b>+c?—2be cos C.

Eliminating common terms and factors on both sides, this is equivalent to the equa-
tion in the proposition. O

This lemma, which can be thought of as a law of sines for quadrilaterals and is
very similar to the previous proposition, will be used in the next proof.

Lemma 7. Ina convex quadrilateral ABC' D with consecutive sides a, b, ¢, d,
absin B + cdsin D = adsin A + besin C.

Proof. By dividing the quadrilateral into two triangles using a diagonal, which can
be done in two different ways, we have for its area that (see Figure 2)

K = %absinB + %cdsinD = %adsinA + %bcsinC’.

The equation in the lemma follows at once by doubling both sides of the second
equality. O

Now we come to our main characterization of equidiagonal quadrilaterals.

Theorem 8. A convex quadrilateral ABC D with consecutive sides a, b, ¢, d is
equidiagonal if and only if

(a2 — 02)(172 — d2) = 2abcd(cos (A—C) —cos (B — D))
Proof. Squaring both sides of the equation in Lemma 7 yields
a’b? sin? B + 2d? sin® D + 2abed sin B sin D
= a%d?sin® A + b*c? sin® C' + 2abed sin Asin C 4)
which is true in all convex quadrilaterals. Squaring the equation in Proposition 6,
we have that a convex quadrilateral is equidiagonal if and only if
a’b? cos® B + c2d? cos® D + 2abed cos B cos D

= a%d? cos® A + b*c? cos® C' + 2abed cos A cos C. (5)
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By adding equations (4) and (5) and applying the identity sin? ¢ + cos® ¢ = 1 four
times, we get the following equality that is equivalent to the one in Proposition 6
(due to the property that z = y ifand only if z + 2z = y + z for any z2)

a®b? + ¢*d* + 2abed(sin B sin D + cos B cos D)
= a?d® 4+ b?c* + 2abed(sin Asin C + cos A cos C).
Using the subtraction formula for cosine, this is equivalent to
a®b? — a’d® — b*c* 4 *d* = 2abed cos (A — C) — 2abed cos (B — D)
which is factored into the equation in the theorem. O

Corollary 9. Two opposite sides of an equidiagonal quadrilateral are congruent
if and only if it is an isoscel es trapezoid.

Proof. Applying the trigonometric formula cos ¢ — cos = —2sin 25¥ sin 25
and the sum of angles in a quadrilateral, we have that the equation in Theorem 8 is
equivalent to

(a+c)(a—c)(b+d)(b—d) = —4abedsin (A + B)sin (A + D).

Hence a = cor b = disequivalentto A + B = mw or A+ D = 7, which are well
known characterizations of a trapezoid (see [13, p.24]). O

3. A new duality regar ding congruent and perpendicular diagonals

Theorem 7 in [11] can be reformulated to say that a convex quadrilateral is
equidiagonal if and only if its Varignon parallelogram is orthodiagonal, and the
quadrilateral is orthodiagonal if and only if its Varignon parallelogramis equidi-
agonal. Thus it gives a sort of dual connection between a quadrilateral and its
Varignon parallelogram. Here we shall prove another duality between a quadrilat-
eral and one quadrilateral associated with it. First let us remind the reader that if
squares are erected outwards on the sides of a quadrilateral, then their centers are
the vertices of a quadrilateral that is both equidiagonal and orthodiagonal.® This
result is called van Aubel’s theorem. It can be proved using elementary triangle
geometry (see the animated proof at [7]) or basic properties of complex numbers
asin [2, pp.62-64].

What happens if we exchange the squares for equilateral triangles? Problem
5 on the shortlist for the International Mathematical Olympiad in 1992 asked for
a proof that the two line segments connecting opposite centroids of those trian-
gles are perpendicular if the quadrilateral has congruent diagonals [6, p.269]. That
problem covered only a quarter of the following theorem, since the converse state-
ment as well as a dual one and its converse are also true. Essentially the same proof
of part (i) was given at [15]. We have found no reference to neither the proof nor
the statement of part (ii).

1An orthodiagonal quadrilateral is a quadrilateral with perpendicular diagonals.
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Theorem 10. Suppose equilateral triangles are erected outwards on the sides of a
convex quadrilateral ABC'D. Then the following characterizations hold:

(i) ABCD is an equidiagonal quadrilateral if and only if the triangle centroids
are the vertices of an orthodiagonal quadrilateral.

(i) ABCD isan orthodiagonal quadrilateral if and only if the triangle centroids
are the vertices of an equidiagonal quadrilateral.

Proof. (i) Let the triangle centroids be G1, G2, G5 and G4. In an equilateral trian-
gle with side x, the distance from the centroid to a vertex (equal to the circumradius
R)isSR = % Applying the law of cosines in triangle G AG yields (see Figure 3)

(G1G4)? = (\%)2 + <\;%>2 _ % , \% o8 (A N g)

2 d? ad 1
:C;+3—C;<2008A—\é§sinz4>.

In the same way we have

2 2
(G2G3)? = b—+c— _be <1COSC— ?sinC’) ,

3 3 3\2
2 2
9 @ b ab (1 _
T2 D sB- Y snB
(G1G2) 3 3 3 <2cos 5 sin ),
2 2
9 C d cd (1 .
C LS P s Y26inD
(G3Gy) 373 3 (2cos 5 Sin )

Thus, simplifying and collecting similar terms yields that
(G1G2)? + (G3G4)? — (G2Gs)? — (G1Gy)?
= ¢(adcos A + becos C — abceos B — cd cos D)
+ %(absinB + cdsin D — adsin A — besin C).

The last parenthesis is equal to zero in all convex quadrilaterals (Lemma 7). Hence
we have

(G1G2)? + (G3G4)? = (G2G3)* + (G1G4)?
< abcos B+ cedcos D = adcos A+ becos C,

where the first equality is a well known characterization for G1G3s 1. GoG4 (see
Theorem 1 in [11]) and the second equality is true if and only if ABC'D is equidi-
agonal according to Proposition 6.

(ii) This statement is trickier to prove with trigonometry, so instead we will
use complex numbers. Let the vertices A, B, C and D of a convex quadrilateral
be represented by the complex numbers z1, 29, z3 and z4 respectively. Also, let
the centroids G1, G2, G3 and G4 of the equilateral triangles be represented by the
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Figure 3. Four equilateral triangles and their centroids

complex numbers g1, g2, g3 and g4 respectively. The latter are related to the former
according to

21— 22 20 — 23 23 — 24 24— 21
1 261% 2 362% 3 461% 4 1 el%

g1 = \/§ ) g2 = \/g ) g3 = \/3 ’ 94 = \/3
The proof will be in two parts.

(=) If ABCD is orthodiagonal, then z3 — 21 = i%(z4 — z2) for some real
number & # 0. Using the expressions for the centroids, we get

gs — g1
g4 — g2

(23 —21) — (21 — 29)
(23 — 21) + (24 — 29)

z}%’—l'_\/lJﬁ%’? _

23— 24 — (21 — 22)
z4 — 21 — (22 — 23)
L@(ZAL - 22) - (Z4 — 2’2)
i (24 — 22) + (24 — 22)

12+ 1 _\/14_%2 o

where the exponential functions and the /3 were canceled out in the first equality.
This proves that the line segments connecting opposite centroids are congruent, so
G1G2G3GYy is an equidiagonal quadrilateral.

(<) If G1G2G3Gy is equidiagonal, then according to the rewrite in the first part,

(23 — 21) — (24 — 22)| = [(23 — 21) + (22 — 22)|.

We shall prove that this implies that z3 — 21 and z4 — 2 are perpendicular. Let us
define the two new complex numbers w; and ws according to wy = z3 — 27 and
wy = 24 — z2. Thus we are to prove that if |w; — ws| = w1 + ws], then wq and wo
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are perpendicular. This is quite obvious from a geometrical perspective considering
the vector nature of complex numbers, but we give an algebraic proof anyway. To
this end we use the polar form. Thus we have w; = r1(cos 1 + isin;) and
wg = r2(cos pa + isin p2). We square the two equal absolute values and rewrite
|wy — wa|? = |wy + we|? to get

(r1 cos g1 — rg cos o) + (risinp; — rosin gpg)Q

= (r1cos ¢y + rg cos <p2)2 + (r1sinp; + rosin @2)2.
Expanding these expressions and canceling equal terms, this is equivalent to
4rira(cos g1 cos g +singsings) =0 < cos(p; — p2) =0.

The last equation has the valid solutions 1 — 2 = 47, which proves that the
angle between w; and wy is a right angle. Hence ABC'D is orthodiagonal. (]

Other generalizations of van Aubel’s theorem concerning rectangles, rhombi
and parallelograms can be found in [5] and [17].

4. Quadrilateralsthat are both equidiagonal and orthodiagonal

Consider Table 1, where three well known properties of the diagonals in seven of
the most basic quadrilaterals are shown. The answer “no” refers to the general case
for each quadrilateral. One thing is obvious, there is something missing here. No
quadrilateral with just the two properties of perpendicular and congruent diagonals
is included. This is because no name seems to have been given to this class of
quadrilaterals.?

Quadrilateral Bisecting Perpendicular Congruent
diagonals diagonals diagonals
Trapezoid No No No
Isosceles trapezoid No No Yes
Kite No Yes No
Parallelogram Yes No No
Rhombus Yes Yes No
Rectangle Yes No Yes
Square Yes Yes Yes

Table 1. Diagonal properties in basic quadrilaterals

Before we proceed, we quote in Table 2 in a somewhat expanded form a the-
orem we proved in [11, p.19]. The four properties on each line in this table are
equivalent. The Varignon parallelogram properties follows directly from the fact

2In [14, p.50] Gerry Leversha claims that such a quadrilateral is sometimes called a pseudo-
square. We can however not find any other reference for that use of the name (neither on the web nor
in any geometry books or papers we know of). Instead a Google search indicates that a pseudo-square
is a squares with four cut off vertices.
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that a parallelogram is a rhombus if and only if its diagonals are perpendicular, and
it is a rectangle if and only if its diagonals are congruent [4, p.53].

Original Diagonal Bimedian Varignon
quadrilateral property property parallelogram
Equidiagonal p=q mln Rhombus
Orthodiagonal plq m=n Rectangle

Table 2. Special cases of the Varignon parallelogram

The bimedians of a convex quadrilateral are the diagonals of its Varignon paral-
lelogram, so the original quadrilateral has congruent and perpendicular diagonals if
and only if the Varignon parallelogram has perpendicular and congruent diagonals
(see Table 2). For such quadrilaterals, the Varignon parallelogram is a square, and
this is a characterization of those quadrilaterals with congruent and perpendicular
diagonals since a parallelogram is a square if and only if it is both a rhombus and a
rectangle. Thus we have the following two necessary and sufficient conditions.

Theorem 11. A convex quadrilateral has congruent and perpendicular diagonals
if and only if

(i) the bimedians are perpendicular and congruent, or

(i) the midpoints of its sides are the vertices of a square.

So what shall we call these quadrilaterals? They are both equidiagonal and
orthodiagonal, but trying to combine the two words yields no good name. The in-
dividual words describe the defining properties of these quadrilaterals. With that
and Theorem 11 in mind, we propose that a quadrilateral with congruent and per-
pendicular diagonals is called a midsguare quadrilateral (see Figure 4).

Figure 4. A midsquare quadrilateral and its Varignon square

Three special cases of midsquare quadrilaterals are orthodiagonal isosceles trape-
zoids, equidiagonal kites and squares.
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Proposition 12. A midsquare quadrilateral is a squareif and only if its diagonals
bisect each other.

Proof. If the diagonals of a midsquare quadrilateral bisect each other, it is obvious
that it is a square since the diagonals divide it into four congruent right triangles
with equal legs.

Conversely it is a well known property that in a square, the diagonals bisect each
other. O

After having given a name for this neglected type of quadrilateral, we now con-
sider its area. The first formula in the following proposition has been known at
least since 1962 according to [3, p.132].

Proposition 13. A convex quadrilateral with diagonals p, ¢ and bimedians m, n
isa midsquare quadrilateral if and only if its area is given by

K=1p*+¢% or K =i(m*+n?).
Proof. Using the identity (p—q)? = p*>+q¢*—2pq, the area of a convex quadrilateral
satisfies (see [8])
K =1pgsing = (p* +¢° — (p—¢)*) sind < 1(p* + ¢*)
where equality holds if and only if p = gand p L q.
The second formula follows at once from the first by using equality (1). O

Since the two diagonals and the two bimedians are individually congruent in a
midsquare quadrilateral, its area can be calculated with the four simple formulas

K=1p"=1%¢=m*>=n’ (6)
The next proposition gives more area formulas for midsquare quadrilaterals.

Proposition 14. A convex quadrilateral with consecutive sidesa, b, ¢, d isa mid-
square quadrilateral if and only if its area is given by

K =1(2(a® + %) — 4v®) = 1(2(b* + d°) — 40?)
where v is the distance between the midpoints of the diagonals.

Proof. A convex quadrilateral has congruent diagonals if and only if its area is
the product of the bimedians according to Corollary 4. Since the diagonals are
perpendicular if and only if the bimedians are congruent (Table 2), the two area
formulas follows at once using (3). O

Corollary 15. A convex quadrilateral with consecutive sides a, b, ¢, d isa square
if and only if itsareais
K = 1(a®+ ) = 3(0* + d°).

Proof. These formulas are a direct consequence of the last proposition since a con-
vex quadrilateral is a square if and only if it is a midsquare quadrilateral with
bisecting diagonals (v = 0) according to Proposition 12. (]
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Now we come to an interesting question. Can we calculate the area of a mid-
square quadrilateral knowing only its four sides? The answer is yes. The origin for
the next theorem is a solved problem we found in the pleasant book [9, pp.179-
180]. There Heilbron states that this area is given by

1
K=7 (a2 + 2+ v/2(a2e® + bzd2)> :

He starts his derivation thoroughly, but at the end, when he obtains a quadratic
equation, he merely claims that solving it will provide the formula he was supposed
to derive. When we started to analyze the solutions to this equation in more detail,
we began to smell a rat, and eventually realized that Heilbrons formula is in fact
incorrect. We will motivate this after our proof of the correct formula.

Theorem 16. A midsguare quadrilateral with consecutive sides a, b, ¢, d has the
area

1
K = Z(a2 + 2 + /4(a2c + b2d?) — (a2 + 02)2> .

Figure 5. The diagonal parts in a midsquare quadrilateral

Proof. We use notations on the sides and the diagonal parts as in Figure 5, where
w+ x = y+ z = p since the diagonals are congruent. The area is given by
K = %pQ, so we need to express a diagonal p in terms of the sides. Using the
Pythagorean theorem, we get

2 R =w?—2?= (wtz)(w—2z)=p2w - p)

a
and similar b — ¢ = p(2y — p). Thus we have

a? —b? 4+ p? = 2pw and b2 — 2+ p? = 2py.
Squaring and adding these yields

(a2 _p2 +11)2)2 + (b2 _ 2 +11)2)2 _ 4p2(w2 + yz) = 4p2a>
where we used the Pythagorean theorem again in the last equality. Expanding and
simplifying results in a quadratic equation in p?:
2t = 2(a® + A)p? + (a® = b*) 2 4+ (b — )2 =0.
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This has the solutions
9 a2+ 2 +vV—at — c* + 2022 — 4b* + 4a2b2 + 422
— 5 .

The radicand can be simplified to
—at — ¢t + 2a%P 4 42 d? = 4(a*P 4 VP d?) — (a® + 2)?
where we used a? — b? + ¢? = d? (see Theorem 1 in [11]). Thus

1
P’ = 3 (a2 + 2 + \/4(a2c + b2d?) — (a2 + 02)2) : (7
To decide the correct sign we study the special case when the quadrilateral is a
square. Using a = b = ¢ = d in (7) yields

p? = %(2&2 + 2a2)
where we see that the solution with the negative sign is obviously false. The area
formula now follows when inserting (7) into K = %pQ. O

Note that it is easy to get formulas for the lengths of the diagonals and the
bimedians in a midsquare quadrilateral in terms of the sides. We simply have to
combine (6) and Theorem 16.

Remark. Let us comment on the formula suggested by Heilbron. It gives the correct
area for a square, so we need to do a more thorough investigation. If his formula
were correct, it would mean that 2(a?c? + b%d?) = (a® + ¢?)?. But then his
formula could be simplified to K = 1(a® + ¢?). According to Corollary 15,
this is a characterization for a square. Hence his formula must be incorrect, since
the quadrilateral has perpendicular and congruent diagonals, but need not to be
a square. Another way to dispute it is by considering a right kite with a = d
and ¢ = b. It has the area K = ac, but Heilbrons formula gives K = 1(a + ¢)?.
Equating these expressions yields (a —c)? = 0 which again imply the quadrilateral
must be a square, which it is not.

5. When are certain quadrilaterals equidiagonal ?

So far we have several ways of determining when a convex quadrilateral is
equidiagonal. An isosceles trapezoid, a rectangle and a square are always equidi-
agonal, but how can we know when the diagonals are congruent in other basic
quadrilaterals, such as a parallelogram or a cyclic quadrilateral?

Theorem 17. The following characterizations hold:

(i) Aparallelogramisequidiagonal if and only if it is a rectangle.

(i) Arhombusisequidiagonal if and only if it isa square.

(iii) Atrapezoid isequidiagonal if and only if it is an isoscel es trapezoid.

(iv) Acyclicquadrilateral isequidiagonal if and only if it isan isoscelestrapezoid.

Proof. (i) In a parallelogram ABC' D with the two different side lengths a and b,
the law of cosines yields that

1?22q2 & a?+b%>—2abcosB=a’+b> —2abcosA < A=B.
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Two adjacent angles in a parallelogram are equal if and only if it is a rectangle.
(ii) The first part of the proof is the same as in (i) except that a = b, which does
not effect the outcome. Two adjacent angles in a rhombus are equal if and only if
it is a square.
(iii) The lengths of the diagonals in a trapezoid with consecutive sides a, b, ¢, d
are given by (see [13, p.31])

_ 2 _ o2 _ 2 o2
p:\/ac(a ¢) + ad? — cb and q:\/ac(a ¢) + ab? — cd

a—cC a—cC

where a || cand a # ¢. Thus we get
P=¢ o ad’-c?=ab’—-cd® < (a—c)(d®-b*)=0.

Since a # ¢, the only valid solution is b = d, so we have an isosceles trapezoid.
(iv) In a cyclic quadrilateral we can apply Ptolemy’s second theorem, according
to which (see [1, p.65])
p ad+ be

g ab+cd

Hence
p=q <& ab+cd=ad+bc & (a—c)(b—d)=0

where the last equality has the two possible solutions a = c and b = d. Any cyclic

quadrilateral with a pair of opposite congruent sides is an isosceles trapezoid. One

way of realizing this is by connecting the vertices to the circumcenter and thus
conclude that this cyclic quadrilateral has a line of symmetry (see Figure 6).

Conversely it is well known that an isosceles trapezoid has congruent diagonals.

O

Figure 6. This is an isosceles trapezoid

In the previous section we concluded that an orthodiagonal quadrilateral is also
equidiagonal if and only if the midpoints of the sides are the vertices of a square.
There don’t seem to be any similar easy ways of determining when a Kite or a
tangential quadrilateral are equidiagonal.
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6. Thediagonal length in equidiagonal quadrilaterals

We conclude this paper by discussing how the equal length of the diagonals in a
general equidiagonal quadrilateral can be calculated given only the four sides, and
also how this is related to finding the area of the quadrilateral. Thus this will lead
up to a generalization of Theorem 16.

There is a formula relating the four sides and the two diagonals of a convex
quadrilateral, sometimes known as Euler’s four point relation. It is quite rare to
find this relation in geometry books and even rarer to find a proof of it that does
not involve determinants, so we start by deriving it here. For this purpose we need
the following trigonometric formula.

Lemma 18. For any two angles o and 3 we have the identity
cos® a + cos® B+ cos?® (a + ) — 2 cos arcos B cos (a + 3) = 1.
Proof. The addition formula for cosines can be rewritten in the form
cos acos 8 — cos (a+ ) = sinasin f.
Squaring both sides, we have
(cos acos B — cos (o + 3))* = (1 — cos® a)(1 — cos® B).
Now the identity follows after expansion and simplification. O

The following relation has been derived independently by several mathemati-
cians. It cannot be factored, but there are several ways to collect the terms. The
version we present with only four terms is definitely one of the most compact, and
except for some basic algebra we only use the law of cosines in the short proof.

Theorem 19 (Euler’s four point relation). In all convex quadrilaterals with con-
secutive sides a, b, ¢, d and diagonals p, ¢, it holds that

p2q2(a2 +b2 +02 +d2 _p2 _ q2) _ <a2 _ b2 +C2 . dz)(QQCQ _ b2d2)
—p*(a® = ) (0 = &) + ¢*(a® = b°) (¢ — d?) = 0.
Proof. Let « = Z/ZBAC and 8 = ZDAC in quadrilateral ABCD. The law of

cosines applied in triangles BAC, DAC and ABD yields respectively (see Fig-

ure 7)
cosa—a2+p2_b2 cosﬁ—d2+p2_62 a2+
n 2ap ’ N 2dp ’ 2ad ’

Inserting these into the identity in Lemma 18 and multiplying both sides of the
equation by the least common multiple 4ad?p?, we get after simplification

dz(a2 —|—p2 . b2)2 +a2(d2 +p2 . 02)2 —|—p2(a2 +d?— q2)2
— (a® +p* = V*)(d® +p* — )(a® + d&* — ¢*) = 4a*d*p*.

Now expanding these expressions and collecting similar terms results in Euler’s

four point relation. a

cos (a+ f3) =

3The history of this six variable polynomial dates back to the 15th century, and it is closely
related to the volume of a tetrahedron. The Italian painter Piero della Francesca was also interested in
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Figure 7. Using the law of cosines in three subtriangles

Returning to the initial goal of calculating the length of the equal diagonals, we
set p = ¢ in Theorem 19. This results in the following cubic equation in p?:

20° — (a® + 02 + & + d)pt + ((0® + ) (0 + &%) - 2(a*¢ + 0*d°))p?
+ (a® = bV? + & — d®)(a®? — v?d?) = 0.

Cubic equations have been solved for five centuries and there are several different
solution methods known. However they all have one thing in common as anyone
who has used one of them has noticed: the expressions for the roots they produce
are very complicated and in most of the times completely useless. In fact, solving a
cubic equation with coefficients like the one above with a computer algebra system
can produce several pages of output formulas. Should it be necessary in a practi-
cal situation, a numerical solution (on a calculator or computer) is almost always
preferable.

After having solved the cubic equation numerically, the area of the equidiagonal
guadrilateral (with p = ¢) is given by the formula of Staudt (see [16, p.35])

K= 1/4p* — (a2 — b2 + 2 — d?)2.

So it may come as a little disappointment that we did not get a nice formula for
the diagonals and the area like in the case when the diagonals are also perpendicu-
lar. There are however lots of cubic equations arising when solving problems in the
geometry of triangles and quadrilaterals, so this is quite a common occurrence. On

geometry and derived a formula for the volume V' of a tetrahedron expressed in terms of its six edges.
The formula states that the left hand side of the equation in Theorem 19 is equal to 144V2. The
formula was rediscovered in the 16th century by the Italian mathematician Niccold Fontana Tartaglia,
who was also involved in the first solution of the cubic equation. In the 18th century the famous Swiss
mathematician Leonhard Euler solved the same problem. The invention of determinants made it
possible for the 19th century British mathematician Arthur Cayley to express the tetrahedron volume
in a very compact form using the so called Cayley-Menger determinant. We do not know which one
of these gentlemen was the first to conclude that setting the tetrahedron volume equal to zero would
result in an interesting identity for quadrilaterals. A trigonometric derivation that did not involve the
tetrahedron has surely been known at least since the 19th century when several mathematicians made
thorough trigonometric studies of the geometry of quadrilaterals.
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the other hand, we can now get a second derivation of Theorem 16. If the diago-
nals are both congruent and perpendicular, the constant term of the cubic equation
vanishes (since a? + ¢ = b% + d?), so after simplifying the equation and dividing
it by the positive number p? we get

2p* — 2(a* + A)p? + (a® + 2)? — 2(a*c* + b*d?) = 0.
This directly yields the solution

1
P’ = 5 <a2 + 4 /4(a2e? + b2d?) — (a® + 02)2>

which we recognize from (7).
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The Miquel Points, Pseudocircumcenter, and
Euler-Poncelet Point of a Complete Quadrilater al

Michal Rolinek and Le Anh Dung

Abstract. We prove over 40 similarities in the configuration of a complete quadri-
lateral and the Miquel points. Then we introduce a generalized circumcenter and
prove a theorem on the Euler-Poncelet point.

1. Introduction

In this paper we will study, using purely synthetical methods, the configuration
concerning complete quadrilateral ABC'D denoting P = ACNBD,@Q = ABN
CD,and R = AD n BC'. We begin with revealing a large number of similarities
within the configuration concerning the associated Miquel points. Then we proceed
to introduce a quadrilateral center which generalizes the circumcenter of a cyclic
quadrilateral, and finally we will prove a result regarding the Euler-Poncelet Point.

The Euler-Poncelet point X is the common point of the nine-point circles of
triangles ABC, BCD, CDA, DAB. Also, it is known to lie on the pedal circles
of A with respect to triangle BC'D, and the cyclic variants. More on the Euler-
Poncelet point can be found in [5].

Our main result is the following:

Theorem 1. The Euler-Poncelet point X lies on the circumcircle of the triangle
PQR.

It is of particular interest that our result is a strong generalization of the cele-
brated result by Emelyanov and Emelyanova (see [2]).

Theorem 2 (Emelyanov, Emelyanova). Let ABC' be a triangle with incenter 1.
Lt AINBC =P,BINCA =Q,CIN AB = R, then the Feuerbach point F,
lies on the circumcircle of triangle PQR.

Proof. If we take the complete quadrilateral to be ABC', then the Euler-Poncelet
point lies on both the incircle (pedal of I with respect to triangle ABC') and the
nine-point circle of ABC, thus it coincides with their point of contact, i.e., the
Feuerbach point. Theorem 1 now implies the result. O

Publication Date: August 20, 2014. Communicating Editor: Paul Yiu.
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2. Similaritieson the Miquel points

In this section we define Miquel points (which were previously studied in [3])
as spiral similarity centers and uncover a surprising amount of similarities within
the configuration.

The following two results on spiral similarities are well-known. Their proofs
can be found for example in [4].

Proposition 3. Let A, B, A/, B’ be pointsin plane such that no three of them are
collinear. Assume that the lines AB and A’ B’ intersect at P. Then there exists a
unique spiral similarity that sends A to A’ and B to B’. The center of this spiral
similarity is the second intersection of the circles (AA’P) and (BB'P).

Figure 1.

Proposition 4. Let S(S, k, ¢) be the spiral similarity that maps A to A’ and B to
B’

() ASAB ~ ASA'B'.

(b) ASAA ~ ASBB'.

(c) Thereis a spiral similarity S'(S, k', ') that maps A to B and A’ to B’ for
suitable choice of ¥’ and ¢'.

B B
e
B/
B/ A/ A/
Q AA \ A
S s

Figure 2.

From these propositions we immediately deduce that there is a unique point
which is the center of two spiral similarities.

With this notion we can define three different Miquel points associated to a
complete quadrilateral.
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Definition. We define the Miquel points M, M,, and M, as the following spiral
similarity centers (segments are considered directed):

Point Center taking and (at the same time)
M, ABw~ DC ADw— BC
M, AC— DB AD~— CB
M, AC— BD AB— CD

As expected, Proposition 3 gives us many circles passing through the Miquel
points. Also let us use the notation M xy for the midpoint of the segment XY".

Proposition 5. The following sets of points are concyclic:

(a) (M, RAB), (M,RDC), (M,QAD), (M,QBC),

(b) (M,RAC), (M,RDB),(M,PAD),(M,PCB),

() (M,QAC), (M,QBD),(M,PAB),(M,PCD),

(d) (M, My,RMapMpc), (MyM, PMacMpg), (M, M,QMagMcp).

Proof. Parts (a), (b), and (c) follow from the definition of the Miquel points and
Proposition 3 as each of them is a center of two different spiral similarities.
For part (d) observe that from AM,AD ~ AM,BC! it follows that

AM,MapA ~ AM,MpcB

(directly) and hence M), is the spiral similarity center which takes Map to A
and Mpc to B. Proposition 3 now implies that M), lies on the circumcircle of
ARMapMpc. Point M, lies on the same circle for analogous reasons. The other
circles are established in the same way. O

Proposition 6. The following sets of triangles are directly similar:

(a) AMPAB ~ AMPDC ~ AMBAMBDMAC ~ AMCDMACMDBa
AMPAD ~ AMpBC ~ AMDAMDBMAC ~ AMC’BMACMBD;

(b) AMGAD ~ AM,CB ~ AMpaMpcMap ~ AMpcMagMcp,
AMqAC ~ AMqDB ~ AMCAMCDMAB ~ AMBDMABMDC;

() AM,AB ~ AM,CD ~ AMpsMpcMap ~ AMpcMapMcp,
AM.AC ~ AM,.BD ~ AMoaMcgMap ~ AMppMapMpc.

Figure 3.
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Proof. Again, from symmetry of the complete quadrilateral it suffices to prove
only one part and this time we choose (thinking of a nice diagram) to prove part
(c). In the first chain of similarities the first and the third one are immediate from
the definition of the Miquel point and the fact that the points Mg 4, Map, Mpc,
Mg form a Varignon parallelogram, respectively.

Note that the lines M apMpc and MM ap are midlines in triangles ABC
and ABD, respectively. Angle-chasing (with the use of Proposition 5(c)) now
gives

L(MpecMap, MapMap) = Z(AC,BD) = Z(CP,PD) = Z(CM,, M,D)
and after the ratio calculation (using AM, AC ~ AM, BD)

MBCMAB B AC . CMT

MapMap BD DM,’
we have the desired similarity by SAS. The second part is proved likewise. O
Lemma 7. If A’B'C'D’ is the image of ABCD in the inversion with respect
to M, (M, M,, respectively), then quadrilateral ABC'D isindirectly similar to
C'D'A’B' (B'A'D'C’, D'C'B’ A, respectively).

Q/

Figure 4.

Proof. From the definition of the Miquel point and inversion, respectively, we have
AM,BC ~ AM,AD ~ AM,D'A’, where the first similarity is direct and the
second one indirect. Similarly, we get AM,DC ~ AM,AB ~ AM,B’ A’ (again
first directly and then indirectly). But this implies indirect similarity of the quadri-
laterals M, DCB and M,B’A'D’, from which we obtain indirect similarity of
ADCB and AB’A’D’. In the same vein, we find that AABD ~ AC'D'B’
(indirectly) and the desired similarity of quadrilaterals now follows. The proof for
M, and M, goes along the same lines. O
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Proposition 8.

(a) M, isthe center of spiral similarity which sends M, R to QM,.
(b) M, isthe center of spiral similarity which sends M, P to RM,..
(c) M, isthe center of spiral similarity which sends M,(Q to PM,,.

,QI

Figure 5.

Proof. From symmetry it is enough to prove part (a). Consider inversion with
respect to point A/, and use standard notation for images.

Further, according to Lemma 7 ABCD is indirectly similar to C'D’A’B’. In
this similarity @ (intersection of AB and C'D) corresponds to R’ (intersection of
C'D’" and A’ B’). Analogously R corresponds to Q. Also, M,. (second intersection
of (@QBD) and (QAC)) corresponds to M, (second intersection of (R'D’'B’) and
(R'C'A")) and M, (second intersection of (RAB) and (RC'D)) corresponds to
M,, (second intersection of (Q'C'D’) and (Q'A’'B")).

From these observations we can deduce that AM, M, R ~ AM,M,Q" (indi-
rectly). From inversion we also have A M, M, Q" ~ AM,M,Q (indirectly). Alto-
gether we have the direct similarity of AM,M, R and AM,M,Q, which implies
the result. O

3. The pseudocircumcenter

It is well-known (see e.g. [6]) that in the case of a cyclic quadrilateral ABC D
inscribed in a circle centered at O the triangle PQR has M,, M,, and M, as its
feet of altitudes and point O as its orthocenter. Also, the Euler-Poncelet point X is
symmetric to O with respect to the centroid G of ABCD.

We introduce a point O associated to a (not necessarily cyclic) complete quadri-
lateral which inherits most of these properties.

Theorem 9. Thecircles (PM M, ), (QM,M,), and (RM,M,) meet in one point.
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Figure 6.

Proof. Define O as the second intersection of (QQ M, M,,) and (RM,M,). Then
£(M,0,0M,) = £(M,0,0M,) + Z(M,0,0M,)
= /(M,R, RM,) + Z(M,Q,QM,).
Now using the circles from Proposition 5 we obtain
/(MyR, RM,) = /(M,R, RA)+Z(AR, RM,) = /(M,C,CA)+/(AB, BM,)
and likewise
Z(M,Q,QM,) = Z(M,Q,QC) + £(CQ,QM,) = Z(M,B, BC) + Z(CA, AM,),
Z(M,P,PM,) = £(M,P,PB)+ Z(BP,PM,) = Z(M, A, AB) + Z(BC,CM,)
After careful inspection, the three right-hand sides add up to 0, hence
/(M,0,0M,) — Z(M,P,PM,) =0
and the conclusion follows. O
We call this point O the pseudocircumcenter of ABCD.
Theorem 10. Thelines PM,,, RM,, QM, meetin O.

Proof. It suffices to prove O, R, and M, are collinear. With the use of Proposition
8, M, is the center of spiral similarity which takes M, to R and P to M,,, therefore
AM M, P ~ AMGRM, (directly) and so Z(M, P, PM,) = Z(RM,, M,M,).
We can now conclude after using the circles (M, M, PO) and (M,M,RO) as fol-
lows:

Z(M,0,0M,) = Z(M, P, PM,) = Z(RM,, M,M,) = Z(RO,OM,)

which immediately implies collinearity of O, R, M,.. O
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Theorem 11.

(a) Thecircles(MapMacMap), (MpaMpcMpp), (McaMcpMcep), and
(MpaMppMpc) al passthrough O.

(b) O and X are symmetric with respect to G.

Figure 7.

Proof. From symmetry, it suffices to prove part (a) for one of the mentioned circles,
for example (MapMacMap). Using midlines in triangles AC'D and ABC, we
obtain

L(MapMac, MacMag) = Z(CD,CB).

Further, point O lies on (RM,Map) and (QM,M4p) (consult Proposition 5(d)
and Theorem 9), hence (using also the basic circles from Proposition 5(c))

Z(MADO, OMAB) = Z(MADO, OMP) + A(MPO, OMAB)
= Z(DR, RM,) + £(M,Q,QB)
— /(DC,CM,) + Z(M,C,CB) = /(DC,CB).

Hence O indeed lies on (MapMacMap).

For part (b) apply the symmetry with respect to G. It is well-known that M 4,
Mac, Map, Mpc, Mpp, Mcp are sent to Mcp, Mpp, Mpc, Map, Mac,
M 4, respectively. Therefore the circles (MapMacMap), (MpaMpcMpp),
(MoaMcepMep), (MpaMppMpce) are sent to the nine-point circles of the tri-
angles BCD, ACD, ABD, ABC, respectively and these circles have X as their
common point. Hence X is the image of O. O
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4, Proof of Theorem 1

Lemma 12. Reflect a triangle ABC about a point P in its plane to triangle
A'B'C’'. Thenthecircles (AB'C’), (BC'A’), (CA’'B") areconcurrent on (ABC)).

Figure 8.

Proof. Intersect (ABC) and (AB’C’) at X. Then angle-chase using the circles
and parallel lines

/(BX,XC') = /(BX,XA)+ /(AX,XC")
— /(BC,CA) + Z(AB',B'C")
= /(BC,A C’) + Z(A'B, BC)
= Z(BA, A'CY),

)-

which proves that X lies on (BC’'A’ Analogously, we prove it lies on (CA’B’).

]
Theorem 1. Point X lieson (PQR).

Proof. Let us denote by P/, ', R’ the reflections of P, Q, R, respectively, about
the centroid G. From Theorem 11, it suffices to prove that O lies on the circle
(P'Q'R’). We will prove that O lies on the circles (P’QR), (Q'RP), (R'PQ) and
then the result will follow from Lemma 12 applied on triangle P'Q'R’. In fact, we
only need (by symmetry) to prove the circle (P'QRO).

The line M agMcp is the Newton-Gauss line of ABC D so it passes through
the midpoint of PR. As it also passes through G, it is the midline in ARPP’.
Similarly, we prove that M 4p M pc is the midline in AQPP'. It follows that

Z(RP',P'Q) = Z(MapMcp, MapMpc).
At the same time using Theorems 9 and 10 we obtain
Z(RO,0Q) = £(M,0,0Q) = L(M,Mcp, McpQ) = Z(M,Mcp,CD).
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Figure 9.

But in Proposition 6 we proved the direct similarity
AM,CD ~ AMpaMpoMap.

As the angles Z(M,M¢cp,CD) and Z(MapMcp, MapMpc) correspond in this
similarity (angles by medians), they are equal. It follows that

Z(RP',P'Q) = Z(RO,0Q),
which concludes the entire proof.
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A Note on Reflections

Emmanuel Antonio José Garcia

Abstract. We prove some simple results associated with the triangle formed by
the reflections of a point in the midpoints of the sides of a given triangle.

Let ABC be a given triangle with midpoints M, My, M, of the sides BC', C'A,
AB respectively. Consider a point P and its reflections X, Y, Z in M,, My, M.
respectively.

Proposition 1. Triangle XY Z isoppositely congruent to A BC' at the complement
(inferior) of P.

Figure 1

Proof. Let G be the centroid of triangle ABC'. Consider triangle AP X. It has the
segment AM, as a median, and so has centroid G. If @ is the midpoint of AX,
then PQ) is another median of triangle AP X. Therefore, G divides PQ in the ratio
PG :GQ =2:1,and Q is the complement of P.

Similarly, the same point @ is the midpoint of BY and C'Z. It follows that
XY Z is oppositely congruent to ABC at Q. (]
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Let X*, Y*, Z* be the reflections of X, Y, Z in the sidelines BC, CA, AB
respectively.

Proposition 2. The circle through X*, Y*, Z* has center O and contains the P
and itsreflectionin O.

Figure 2

Proof. X™*, Y*, Z* are the reflections of P in the perpendicular bisectors of BC,
C A, AB respectively. Each of these points is equidistant with P from the circum-
center O of triangle ABC'. Therefore the circle through P, center O, also contains
the reflection of P in O. O

Theorem 3. If the Euler lines of PBC, PCA, PAB are concurrent at .S, then
the Euler linesof AZY, BXZ, C'Y X are concurrent at the superior (anticomple-
ment) of S.

Proof. Triangle AZY is a translation of triangle PBC.
Y-C=(C+A-P)—-C=A—-P=(A+B—-P)—-B=7Z-B.

Clearly the two Euler lines of the two triangles are parallel. Since the centroid
of AZY is the superior of the centroid of PBC, every point on the Euler line of
AY Z is the superior of a point on the Euler line of PBC.

The same is true for the pairs BXZ, PCA and CY X, PAB. It follows that
if the Euler lines of PBC, PC A, PAB are concurrent at S, then those of AZY’,
BXZ,CY X are concurrent at the superior (anticomplement) of S. O

Remark. It is well known that for P = I, the incenter, the Euler lines of 1 BC,
ICA, I1AB are concurrent at the Schiffler point X (21) on the Euler line of ABC
(see [4]). It follows that the Euler lines of AY Z, BZX, CXY are concurrent at
the superior (anticomplement) of X (21) (see Figure 3). This is the triangle center
X (2475) of [5], also on the Euler line of ABC.
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Figure 3

On the other hand, Yiu [8] has noted that, for P = I, the Euler lines of X BC,
Y CA, ZAB are concurrent at the cevian quotient @/, where @ is the Spieker
center, the inferior (complement) of 1.

Lemma4. For P = I, theincenter, the line AX intersectsthe Euler line of trian-
gle X BC ontheside BC.

Figure 4

Proof. Let I, be the center of the excircle tangent to BC at T,,. Denote by r and
rq the inradius and radius of the A-excircle. We shall make use of the formulas
r = 2 andr, = 2., where A and s are the area and semiperimeter of triangle
ABC.

Since IX and BC have a common midpoint M,, IBXC' is a parallelogram.
Therefore, BX and C'X are perpendicular to C1, and BI, respectively. From
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this we note that X is the orthocenter of triangle I, BC. Consequently, I, is the
orthocenter of triangle X BC'.

Let GG, be the point dividing X M,, in the ratio XG, : GoM, = 2 : 1. This is
the centroid of triangle X BC, and I,G,, is the Euler line.

Extend I,G, to intersect AT, at G,. Since the line AT, contains the antipode of
T, on the incircle, it is parallel to IX. Therefore, AG,, : G/ T, = TG, : G X =
2:1.

Let AI, intersect BC at K. Consider triangle AT I, with X on T.I,, K on
I, A, and G}, on AT. We have

AG!, 'TéX‘IaK_Z r rq arr, a-%- !

= —- e — . —— = = 5—a — 1.
G'1Tt X1, KA 1 rq—r % (rg —7)A L_%

By Ceva’s theorem, AX, I,G’, and T K are concurrent. This means that AX and

the Euler line I,G,, of triangle X BC intersect on BC. O

Theorem 5. For P = I, the incenter, the Euler lines of triangles X BC, YC'A,
Z AB are concurrent at the cevian quotient )/, where (Q is the Spieker center.

Figure 5
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Proof. The line AX contains the Spieker center () as its midpoint. Denote by
X'Y'Z' the cevian triangle of (). By Lemma 4 above, the Euler line of triangle
XBC'is I,X'. Similarly, the Euler lines of YC A and Z AB are the lines I, Y’ and
1.Z'. Now, I,I,I. is the anticevian triangle of I, and XY Z is the cevian triangle
of S. These lines are concurrent at the cevian quotient @@/ I (see [7, §8.3]). O

Remark. For ) = the Spieker center, the cevian quotient )/ is the triangle center
X (191) of [5]. Itis the reflection of I in the Schiffler point X (21) (see Remark
after Theorem 3 above).

Theorem 6 (Collings). The circles (AY Z), (BZX), (CXY") are concurrent at
a point on the circumcircle of ABC, which is the superior of the center of the
rectangular hyperbola through A, B, C, and P.

Figure 6

Proof. Collings [1] actually shows that if A’B’C’ is the superior (anticomple-
mentary) triangle of ABC, and P’ is the superior of P, then the circles (AY Z),
(BZX), CXY) and (ABC) intersect at the center M’ of the rectangular hyper-
bola through A’, B’, C’, P’ (see Figure 3). Since A’, B/, C’, P’ are the superiors
of A, B, C, P respectively, M’ is the superior of the center M of the rectangular
hyperbola through A, B, C, P. This is a point on the nine-point circle of ABC. It
follows that M/’ is a point on the circumcircle. O
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For example, if P = I, the incenter, the rectangular hyperbola through A, B,
C, I (and H) has center the Feuerbach point F'. The common point of the circles
(AZY), (BXZ), (CY X) is the inferior of F'. This is the point X (100).

Peter Moses has informed us [2], among other things, that triangle XY Z is
perspective to the mid-arc triangle at X (100) (see Figure 7). The vertices of the
mid-arc triangle are the intersections of the angle bisectors with the circumcircle.
Since the inferiors (complements) of X, Y, Z are the midpoints X", Y", Z" of
I A, IB, IC respectively, it is enough to prove that X”Y” Z" is perspective with
the mid-arc triangle of the medial triangle M, M M...

X(1ooy\</ e

Figure 7

Proposition 7. Let X", Y"”, Z” be the midpoints of I A, I B, IC respectively, and
M/, My, M/ the midpoints of the the arcs My M., M.M,, M, M, of the nine-point
circle of triangle ABC not containing M, M,, M.. Thetriangles X"Y"”Z" and
M M; M| are perspective at the Feuerbach point of triangle ABC'.

Proof. The nine-point circle of triangle ABC'is tangent to the incircle at the Feuer-
bach point . Let M/ be the midpoint of the arc M; M. of the nine-point circle
(not containing M,).

1 1 1
LMyFM, = 5 ZMyFM, = 5 ZMyM, M, = 5 ZBAC. 1)

On the other hand, if X" is the midpoint of I A, then the circle through X", M.
and T is the nine-point circle of triangle 1 AB, and it passes through the Feuerbach
point F" as well (see Remark below), and

1
LX"FMy = ZX"TyA = ZX" AT} = 5 /BAC. )
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Figure 8

It follows from (1) and (2) that M/, X" and F are collinear.

The same reasoning shows that /], Y, and F are collinear, so are M, Z"
and F. Therefore, the triangles X"Y" Z" and M/ M]M/ are perspective at the
Feuerbach point. O

Remark. The nine-point circles of IBC, IC'A, IAB, and ABC' are concurrent at
the center of the rectangular hyperbola through A, B, C, I. This is the Feuerbach
point F'. See Theorem 6 above. A synthetic proof of this fact can be found in [6].
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Antirhombi

Nikolaos Dergiades

Abstract. First we give the definition and some properties of the non-rhombus
quadrilateral that we call antirhombus [1], that is circumscribed around a circle
with center the centroid of the quadrilateral. Then we try to cut a triangle ABC
with a line to form an antirhombus, we prove that there are three such lines
forming with the sides of ABC' an hexagon circumscribed around the incircle of
ABC and then investigate their interesting configuration.

1. Circumscribed quadrilaterals with the sameincenter and centroid

Let ABC'D be a quadrilateral circumscribed around a circle with center O and
radius r, and x, y, z, w be the distances of the vertices A, B, C, D from the points
of tangency T,, Ty, T¢, Ty (Figure 1).

¢ z T, D
Figure 1
We have
T T
r=rcot, z=rcot-, OA=—F, 0O0C=—F.
2 2 Slnj Sln5
Hence,
n ( tA+ tC> Sin‘LH'TC
r+z=r|cot—4+cot—|=r. ——=—,
2 2 sin%sin%
or
OA-OC_ r
T+ 2z _sjn%'
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Similarly, we have

OB-0D T
Y+ w - sin # '
Since sin 45¢ = sin Z£2 we have
OA-OC:OB'OD. 1)
T+ z yt+w

It is obvious that every rhombus is a circumscribed parallelogram and its center
is both the incenter and centroid. If the centroid of a circumscribed parallelogram
is also its incenter, then this parallelogram is a rhombus. We will investigate this
double property for other quadrilaterals.

(2) Itis easy to see that if the incenter of a circumscribed trapezium (Figure 2)
is also the centroid, i.e., the midpoint of its median , then from the right angled
triangles OAB and ODC we get AB = 2MO = 20N = CD. Hence the
trapezium is isosceles with AB = CD = M N.

Figure 2

(2) If in a circumscribed trapezium ABC' D (with bases BC and AD) we have
OA-OC =0B-0D,then

T ro_r r
sin% sin% sing sin%
. A D A D
sin — cos — = cos — sin —
2 2 2 2
= A t D
an — = tan —
2 2
— A=D.

Hence the trapezium is isosceles and the incenter O is also its centroid.
We will generalize this property by adopting the following definition formulated
by George Baloglou [1].

Definition. An antirhombus is a circumscribed quadrilateral ABC' D with incenter
O that satisfies the condition

OA-OC=0B-0D.
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Theorem 1. Acircumscribed quadrilateral ABCD with incenter O isan antirhom-
busifandonlyif x + z = y 4+ w.

Proof. It is obvious from equality (1). O

Theorem 2 ([2, Theorem 13]). A circumscribed quadrilateral with no parallel
sides has the same incenter and centroid if and only if it is an antirhombus.

F

Figure 3

Proof. (1) Let ABCD be a circumscribed quadrilateral with centroid and incenter
the point O, and E, F' be the intersection points of the opposite sides AB, C'D and
BC, AD (Figure 3). This point O must be the midpoint of the bimedians M, M.,
MyMy. Let T, Ty, Te, T, be the tangency points with the incircle. The triangle
EM,M,_isisosceles because EO is a bisector and a median. The triangle ET, T is
also isosceles. Therefore, M, M, and T, T, are parallel, and are both perpendicular
to £O. If x > y, then w > z, and we have *5¥ = T, M, = T.M, = “F=. It
follows that x + z = y + w, and ABCD is an antirhombus. Similarly, M,M, and
Ty Ty are parallel, and are both perpendicular to FO.

(2) If ABCD is an antirhombus with incenter O, then we have x + 2z = y+w. If
x>y, thenw > zand T,M, = 5% = “5% = T.M.. The right angled triangles
OT,M, and OT.M, are congruent. Hence, OM, = OM,. This means that the
incenter O lies on the perpendicular bisector £, of the bimedian M, M.. Similarly
O also lies on the perpendicular bisector £, of the bimedian M, M,. But the only
common point of £, and £, is the centroid of ABC D, the common midpoint of
the bimedians. Hence the antirhomus has the same incenter and centroid. Again we
have M, M_||T,T., MM, 1. EO and the same for the other bimedian M, M,. O

Corollary 3. A circumscribed quadrilateral is an antirhombus if and only if a
bimedian connecting two opposite sides is perpendicular to the bisector of the
angle of these sides and hence parallel to the chord of the corresponding contact
points.
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2. Antirhombi from atriangle

Let ABC be a triangle with intouch triangle A; B1C. We begin with the con-
struction of the unique line £, which cuts the sidelines of ABC at the points A,,
Ay, A, and tangent to the incircle of ABC at a point A, such that the quadrilateral
BCAyA. is an antirhombus.

Construction 4. Let theperpendicular to A7 at I intersect AB at J and AC at K.
For the quadrilateral BC A, A. to be an antirhombus it is sufficient from Theorem
3 that theline J K (Figure 4) be a bimedian of the antirhombus. Hence the points

A, and A, are the symmetrics of B, C in J, K respectively. Theline 4, A. isthe
line %,.

Figure 4

Similarly, we construct the lines .%, and .Z. intersecting the sidelines at B,, By,
B, and Cy, Cy, C, respectively such that CAB.B, and ABC,C;, are antirhomobi.

The following property gives easily the barycentric coordinates of the above
points.

Proposition 5. Thelines B.C, C, A., Ay B, are parallel to the sidesof ABC and
are concurrent at the image of the centroid G under the homothety h(7, —3).

Proof. The parallel from A to AC meets the parallel from A. to AB at a point P.
Let A’ be the midpoint of A, A. (Figure 4). G is the centroid of ABC so we have

GA+GB+GC=T0.
Since 1 is the centroid of the quadrilateral BC' A, A..,

A +TA.+IB+IC= 0,
A 4 TB+TC =T,
IP+TA+IB+IC=T0,

ﬁ%+(ﬁ+ﬁ4)+(ﬁ+@)+(ﬁ+@):ﬁ.
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Hence ﬁ’ = —3]2", which means that P is the image of G under the homothety
h(I,—3). From P = 4 — 3G, we obtain

P=Ba—-b—c:3b—c—a: 3c—a—0») (2
in homogeneous barycentric coordinates. Similarly, the lines B.C;, C,A., and
Ay B,, are parallel to the sides of ABC' and concurrent at P. O

So we have an interesting special case mentioned in [5, §12.1.2] and hence in
homogeneous barycentric coordinates we have

Ch=(u:0:v+w), B.=(u:v+w:0);

Ac=(w+u:v:0), Co=(0:v:w+u);

Bi=0:u+v:w), Ap=(u+v:0:w).
The equations of the lines are

w—+u U+ v

%= ApA. -z + Y+ z=0,

%, = B.By, : v+w$ -y +u—|—vz: 0,
U

L. =C,Ch: v+wx+w+uy -z =0,
U v

Since the lines B.Cy,, C,A., AyB, are concurrent at P, from the converse
of Brianchon’s theorem we conclude that there is a conic %) inscribed in the
hexagon Ay A.B.B,C,Cy. It is known [5] that the coordinates of the lines BC,
CA, AB, £,, %, Z. correspond to points on the dual conic. Since these points
are the vertices of ABC and the points (—1: @i . wtv) (vtw . 7. wiv)

v w u w

(vfw . wtu . 1), thatall lie on the circumconic

u v

v+ w w+u U+ v

=0

T Y Z
the dual conic, which is tangent to the 6 lines is the conic with equation
Z (v +w)?x? — 2(w + u) (u + v)yz = 0.
cyclic
This conic has center
O1=QRQu+v+w: u+2v+w: u+v+2w).
In our case with P = X145 given in (2) above, we have
Z (s —a)*z? —2(s — b)(s — c)yz = 0,
cyclic

which is clearly the incircle with center 1. Hence, the incenter I of ABC'is also
the incenter of the quadrilaterals CAB.B, and ABC,,Cj.

These quadrilaterals are convex if and only if for the sides a < b < ¢ of triangle
ABC,wehave 3a — b — ¢ > 0.
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Proposition 6. The tangency points Ay, By, C5 of the lines .%,, %, £, are the
vertices of a triangle perspective with ABC.

Proof. The point A is the pole of £, with respect to 4;:

0 u+tv w+u
Ay = (—ow ww+u) vu+v)) | utwv 0 v+w
w4+u v+w 0

= (v+w)(w+uw)(u+v) vi(u+v) wiw+u)),

2 2
A2:<v+w: Y : v ).

w+u u+ov

Similarly, from the coordinates of the points Bs, Co we conclude the triangle
Ay By (5 is perspective with ABC at the point

T T
v+w wHu utv)’

In our case with P = X145, the perspector is

Q- <(3a—b—c)2, (3b—c—a)? (3c_a_b>2>-

or

b+c—a =~ c+a-b = a+b-c
This point is not in the current edition of the ENCYCLOPEDIA OF TRIANGLE CEN-
TERS [4]. It has (6-9-13)-search number 0.0267031360104 - - -. This divides the
line IG, in the ratio
1Q: QGe =4R +1r : —8r.
The point of tangency with BC'is

0 u+v w4u
Ai=(1 0 0)|u+tv 0 v+w|=(0 ut+v w+u).
w+u v+w 0

Proposition 7. The hexagon Ay A.B.B,C,C} isinscribed in a conic.

Proof. Since
BB, BC, CC, CA, AA. AB.
B,C C,C CyA A,A A.B B.B
w w+ U U U+ v v+ w
u+u. v .v+w. w 'w+u. U
=1

)

from Carnot’s theorem we conclude that the hexagon Ay A.B.B,C,Cy is inscribed
in a conic %5 that has [5, p.141] equation

Z vw(v + w)r? — u(vw + (w + u)(u + v))yz = 0.

cyclic
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The center of this conic is the point

02 = (u2vw+u(v+w—u)) : vRwutv(w+u—v)) : wRw+w(ut+v—w))),
which is the midpoint of P and G/ P. O
Proposition 8. The points A,, By, C. lieon thetrilinear polar of Xs43s.

Proof. The lines .%,, %, -£. meet the sides BC, C'A, AB at the points A,, By, C.
respectively. These are collinear on the Pascal line of the hexagon Ay A.B.B,CCp.

The line £, meets BC at the point A, = (0 : v, u ) which is the inter-

T wtu u+v

section of BC with the trillinear polar of the point Q) = (Uj:w i u%v) For
P = X5, this is the point
Xopzs = <3a—b—c : 3b—c—a : 3c—a—b>
b+c—a c+a—>b a+b—c
see [3]. The same holds for B, and C... O
Proposition 9. The Brianchon points of the quadrilaterals A,A.BC, B.B,CA,

C,CyAB arethe vertices of a triangle P, P, Ps which is perspective with ABC' at
X5435-

I

Proof. The Brianchon point P; of the circumscribed quadrilateral A, A.BC is the
common point of the diagonals BA;, C'A. and the contact chords A, A4, B1Cy
(Figure 5). Hence

Pr=((w+u)(u+v): viut+v): ww+u))

and the line AP, passes through Xs435. Similarly, the lines BP, and C Ps also
pass through the same point. O
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Proposition 10. The triangle P, P>, P; is perspective with the contacts triangle
A1B1Cq at P.

Proof. The points P, A1, A5 are collinear because

u v w
0 u+v w+ul =u(w?—v?)+ v+ w)(v(w+u) —w(u+v)) = 0.
'U2 'UJ2
vt w w+u u+v

Hence the line A; P, passes through P, and the same holds for the lines B, P, and
C1Ps.

Since the line A A, is the polar of the point A, and passes through P, we
conclude that the line . of the points A,, By, C. (which is the tripolar of X5435)
is the polar of P relative to the incircle of ABC. (]

Proposition 11. Thelines.%,, .4, -Z. bound a triangle perspective with ABC at
P.

Proof. It is easy to see that the lines ., and .. meet at (Figure 6) the point Az =
< wo oy w). Similarly .Z. and %, meetat B = (u : Calli w), and .%,

_v+w _w+u
and £, meet at C3 = (u R —uwTi) From these coordinates it is clear that
AsBsCs and ABC are perspectiveat P = (u: v : w). O

Proposition 12. Thepoints A, B, C, As, Bs, Cs lieon a conic %3, and the centers
of the conics €1, 6>, €5 are collinear.

A
Bs
Ap
Ac
A
Cs ?
C1 O3
O
Bc 01 Cb
P
B
Co
Ay
C
B B 7@
Az

Figure 6
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Proof. It is easy to see that the conic %5 in question is
2 2 2
u v w
— 4+ —+—=0
T Y z

with center
O3 = (W*(v? + w? — u?) : V2 (w? +u? —0?) : w?(u? + 0% — w?)).
The centers O1, O, O3 are all on the line
Z (v —w)(u(v + w) — (vV¥ +vw +w?))z = 0.

cyclic
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Asymptotic Directions of Pivotal | socubics

Bernard Gibert

Abstract. Given the pivotal isocubic X = pK(Q, P), we seek all the other
isocubics K1 = pK(€Q1, P1) with pole Q; and pivot P; which have the same
points at infinity, i.e., the same asymptotic directions. We also examine the con-
nection with the Simson lines concurring at a certain given point.

1. Generalities

Recall that the pivotal isocubic XX = pK (€2, P) is the locus of point M/ such that
P, M and the Q—isoconjugate M* of M are collinear. With a pole Q(p : ¢ : r)
and a pivot P(u : v : w), its barycentric equation is

Z ux(ry2_q32) =0 — Zpyz(wy—q)z) =0 (1)
cyclic cyclic
We denote by Fx the family of all pivotal isocubics having the same points at
infinity as /C.

Theorem 1 (Pole theorem). Given K = pK (€, P), a pivotal isocubic ; =
pK (21, P1) has the same points at infinity as K if its pole 2; lies on the cubic
Kq with equation

> urly+z—z)(ry—gqz) =0 2)
cyclic

= Zpyz(v(w—y+z)—w(x+y—z)):0. (3)
cyclic

Theorem 2 (Pivot theorem). Given K = p/K (2, P), a pivotal isocubic K1 =
pK (41, P1) has the same points at infinity as K if its pivot P; lies on the cubic
K p with equation

Yo uly+2)(ry(x+2) - gz(z +y) =0 (4)
cyclic

— Zp(x+y)(x+z)(wy—vz):0. (5)
cyclic
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1.1. Properties of Kq. Kq is the pseudo-isocubic psK(Q2 x c¢P, G, ) where cP
is the complement of P and X = Q x ¢P is the barycentric product of 2 and cP.
See [3].

KCq is a circum-cubic passing through € and the midpoints M,, My, M. of BC,
CA, AB.

The tangents at A, B, C concur at Xq. This point lies on Kq when G, 2, P are
collinear in which case Kq is a pC (see §2).

The equation (2) shows that, for a given €2, all L form a net of circum-cubics
which is generated by three decomposed cubics, one of them being the union of
the line BC, the line through the midpoints of AB and AC, the line A€, the other
two similarly. Generally, this net contains only one circular cubic and only one
equilateral cubic.

1.2. Properties of Kp. Kp is the anticomplement of the pseudo-isocubic K, =
psK(2 x ¢P, G, cP). See [3].

Kp is a circum-cubic passing through P and the vertices G,, Gy, G, of the
antimedial triangle. Moreover, it has the same points at infinity as K hence, Kp is
a circular cubic (an equilateral cubic) if and only if K is itself a circular cubic (an
equilateral cubic).

The tangents at G,, Gy, G, concur at a point which is the anticomplement of
Xq. This point lies on Kp when G, 2, P are collinear in which case Kq, is also a
pIC (see §2).

KCp is itself a pseudo-isocubic if and only if its tangents at A, B, C concur which
is realized when G, €2, P are collinear as above but also when P lies on the circum-
conic with center €2 or equivalently when €2 lies on the bicevian conic C(G, P) with
center ccP, the complement of cP. In this latter case, the pseudo-pivot of Kp lies
on the Steiner ellipse and the pseudo-pole lies on psK(taf2, t(G/?), G).

The equation (5) shows that, for a given P, all XCp form another net of circum-
cubics which is generated by three decomposed cubics, one of them being the union
of the parallels at C, B to AB, AC respectively and the line AP, the other two
similarly.

1.3. Aspecial case. With Q = P? (barycentric square), Kq (resp. KCp) is the locus
of poles (resp. pivots) of all p/C having asymptotes parallel to the cevian lines of
P.

1.4. Examples. We show several examples with known cubics for which G, 2, P
are not collinear.

1.4.1. K isthe McCay cubic. With Q = K and P = O, K is the McCay cubic
K003. We know that it has three real asymptotes perpendicular to the sidelines of
the Morley triangle.

Kq is K307 = psK(X51, Xo, Xg) With equation :

Z a?Sax(y+z—x)(Py—b*2) =0 (6)

cyclic
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It passes through K, X53, X216, X1249. The tangents at A, B, C concur at X1,
centroid of the orthic triangle. See Figure 1.

Figure 1. KqwithQ =K and P =0

Each point on the curve is the pole of a pXC having asymptotes parallel to those of
the McCay cubic. pk(X53, X4) = K049 is the McCay cubic of the orthic triangle,
pK (X216, X20) = K096 contains X3, X5, Xy and the tangential Esg7 of H in the
Darboux cubic.

Kp is denoted by K$+ = K080 : it is a central cubic with center O, having
three real asymptotes perpendicular to the sidelines of the Morley triangle and
concurring at O. Each point on the curve is the pivot of a p/C having asymptotes
parallel to those of the McCay cubic.

Its equation is :

D (@ +y)(z+2)(c*Soy —b?Spz) =0 ™

cyclic

K5 is a circum-cubic passing through :

-0, H, L, X1670, X1671,

—the vertices G, Gy, G, of the antimedial triangle,

— the reflections H4, Hg, Ho of Hin A, B, C,

— the reflections Ao, Bo, Co of A, B, C'in O,

— the points U,, Uy, U, which also lie on the Neuberg cubic and on the circle
with center L and radius 2R. These points are the images under h(H,2) of the
points V,, V,, V., intersections of the Napoleon cubic with the circumcircle. See
Figure 2.

1.4.2. K isthe orthocubic. With Q = K and P = H, K is the orthocubic K 006.
Kq is K260, a nodal cubic with node K and passes through Xgg, Xo0g, X219,
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Figure 2. KZ™ and the Neuberg cubic

Xars, X577, X1249, X2165. The tangents at A, B, C concur at X1g4. Its equation
is:

D a*Saly — 2)yz — (b* — A)(® — a®)(a® — b ayz =0 (8)

cyclic

Orthocubic

inscribed \
parabola \

Figure 3. KqwithQ=Kand P =H

An easy construction of K, is the following : the trilinear polar ¢ of any point @
on the Euler line meets the lines K M,, K M,, KM, at Q,, Qp, Q.. The triangles
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ABC and Q,Q,Q. are perspective at M and the locus of M is Kq. Furthermore,
g envelopes the inscribed parabola with focus X112 and directrix the line H K. See
Figure 3.

Kp is K617, the anticomplement of K0O9. It is also a nodal cubic with node H
and it passes through X0, Xgs, X254, X315, X2996. The construction seen above
for KCq, is easily adapted for ICp : it is enough to replace the Euler line by the line
X5X916 and K by H. Similarly we obtain another inscribed parabola with focus
X107 and directrix the line X4 X51. See Figure 4. The equation of p is :

Y @ (@+y)(w+2)(y/Sc—2/SB) =0 )

cyclic

Orthocubic

inscribed
parabola

Figure 4. Kp withQ = Kand P =H

In the two cubics, the tangents at the nodes are parallel to the asymptotes of the
Jerabek hyperbola.

From all this, we see that each point @) on the Euler line gives a pole w on g
and a corresponding pivot 7 on KCp such that the cubic p/C(w, 7) has its asymptotes
parallel to those of the orthocubic. For example, with@Q = G, Q = Oand Q = H,
we find pIC(Xﬁg, X315), pIC(X577, XQQ) and pIC(X2165, Xﬁg) respectively.

1.4.3. A selection of cubics K, Kp and K. Table 1 below shows a small se-
lection of these cubics, specially those connected with the usual and well known
cubics K in triangle geometry. When a cubic is not listed in [2], a list of centers is
provided.

Some of these examples are detailed below.
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Table 1. K and the related cubics K, Kp, Kb

IC Ka Kp ICQD
K001 | Xg, X1249, X1989, X1990, X3163 K449 K446
K002 K002 K007 K002
K003 K307 K080 K026
K004 X6, X393, X1249 X4, X2 K376
K005 Xe, X233, X1249, X2963 X4, X5, Xoo, Xogsg | K569
K006 K260 K617 K009
K034 K345 K034 K345

2. Pivotal K and Kp

2.1. Theoremand corollaries.

Theorem 3. Kq and Kp are pivotal isocubics if and only if
(g=rut(r—pv+pP-qw=0

i.e ifandonlyif G, 2, P arecollinear.

Corollary 4. Kq has pivot G and pole w, the barycentric product of 2 and the
complement of P. This point isthe common tangential of A, B, C.

This pole lies on the line through €, the barycentric square of €2, the complement
of the isotomic conjugate of €.
KCq contains the following points :

e A, B C,G

L4 Ma: Mb: Mc

e ), w, cP (complement of P), P* (2—isoconjugate of P)

e the isotomic conjugate of the anticomplement of w and its complement

Corollary 5. Kp isan isotomic pivotal isocubic with pivot the anticomplement of
w. This point is the common tangential of G, Gy, G..

This pivot lies on the line through the anticomplement of 2, the isotomic conju-
gate of €2, the anticomplement of the barycentric square of (2.
KCp contains the following points :
e A B C,G
o G, Gy, G
e P, the anticomplements of 2, w, P*
e the isotomic conjugate of the anticomplement of w
Corollary 6. Kq isthe complement of K. The two cubics are tangent at GG to the
line Gw.

Corollary 7. Kq, Kp have the same points at infinity which are those of K.

From all this, we notice that X, and p have nine common points : A, B,
C, G (double), the three points at infinity of /C, the isotomic conjugate of the
anticomplement of w.
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When we choose 2 or P at G, we obtain :

Corallary 8. (1) Any isotomic pK isthe locus of pivots of all pXC having the same
asymptotic directions as itself.

(2) Any p/C with pivot G isthe locus of poles of all pKC having the same asymp-
totic directions as itself.

See the three examples below.

Aline /¢ through G meets Kq, at two points €2, and 2o which are w—isoconjugate
and collinear with G.

Denote by Py, P, the anticomplements of Q9, €21 respectively (reverse order).
These points lie on p.

Theorem 9. The two pivotal isocubics 1 = pK(Qy, P1) and Ky = pK(Q2, Ps)
have the same points at infinity as IC = pk(Q2, P)

Construction : given © and P collinear with G, let T, be the inscribed conic in
ABC which is tangent at G to £¢. The trilinear pole @, of £ lies on the Steiner
circum-ellipse, and the trilinear pole of the tangent at ), to the Steiner circum-
ellipse is the perspector of T'y.

Now draw the two (not necessarily real) tangents to ', passing through w. These
tangents meet /¢ at 2o, €21. The construction of Py, P, follows easily.

Beware Py, P, are two points on p but are not isotomic conjugates on this
cubic.

2.2. Examples.

2.2.1. K is the Thomson cubic. When K is the Thomson cubic K002 with Q =
K (Lemoine point) and P = G (centroid), K, is the Thomson cubic again and
K p is the Lucas cubic KOO7. In other words, all the corresponding cubics £ =
pK (1, P1) and KCy = pK(Q2, P») have the same points at infinity which are those
of the Thomson and Lucas cubics.

The following table shows several examples of corresponding points 4, P; and
QQ, Pg.

[ | P cubic or X; fori = [ 9 | P | cubic or X; fori =
X, Xg K308 X3 Xs K308
X5 Xs9 K007 X6 X5 K002
X3 Xoo 2,3,20,1032,1073,1498 X4 X4 K181
X9 X309 | 2,9,188,282,329,1034,1490 || X57 X7 1,2,7,57,145,174,1488,2089
Esg30 ? Eges | X1034
Esg2 | Eeas Ess3 | X1032

Remark. FEgo3 is the anticomplement of Xogo, Egog is the anticomplement of
X073, F389 IS the complement of X432, Fgs30 IS the complement of X¢34.
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2.2.2. K isthe Grebe cubic. When K is the Grebe cubic K102 with 2 = P = K,
we obtain o = pK(X39, X2) and Kp = pK(X2, X76) = K141. We find six
cubics with the same points at infinity :

| 1 | P JcubicorX;fori=1[ Qp [ P, | cubicorX;fori= |

X; | X2 2,3,22,159 X7 | X4 | 2,4,76,141,193,427,1843
X | Xo K102 X141 | Xoo 2,20,69,141,427
X390 | X2 | 2.3,6,39,141,427 || X2 | X76 K141

2.2.3. K isanisogonal circular cubic. The points at infinity of & need not be real.
For example, with Q = K and P = X394 (infinite point of the line GK), K is now
a circular cubic passing through G, K, X111 (Parry point), with singular focus
X1296 (antipode of the Parry point on the circumcircle). The real asymptote is the
parallel to GK at X111.

In this case, Ko = pK(X187, X2) = K043 (Droussent medial cubic) and Kp =
pK (X2, X316) = KOO8 (Droussent cubic). All the cubics defined in the following
table are circular with a real infinite point X504.

| Q1 | P Jcubicor X;fori=] Qy | P, | cubicorX,fori= |
X3 | Xgss | 2,3,66,524,858,895 || Xues | X4 K209
X6 X524 1,2,6,111,524,2930 X524 X6g 2,20,69,468,524,2373
Xo7 | Xor K103 Ey6 | E61s

X111 | Xer1 K273 Xous2 | Ee2o

Xig7 | Xo K043 Xo | X316 K008

Remark. Ejgg is the anticomplement of X47, Egoo is the anticomplement of X711,
E4o6 is the midpoint of Xg, X110.

3. Isogonal and isotomic cubics of the pencil Fx

We suppose now that X = pKC(Q2, P) is neither an isogonal nor an isotomic
isocubic, i.e., that  is distinct of K = Xg and G = Xo.

3.1. Theorem and consequences.

Theorem 10. (1) Fi contains one isogonal isocubic if and only if the pivot P of
K liesontheline £, passing through H and the {2—isoconjugate of O.

(2) Fy contains one isotomic isocubic if and only if the pivot P of K lies on the
line £; passing through G and Q.

Remark. These two lines are always perfectly defined since € is neither K nor
G. They coincide if and only if Q = O : for any pX(O, P) with P on the Euler
line, there is one isogonal isocubic and one isotomic isocubic having asymptotes
parallel to those of pKC(O, P).

Corollary 11. Fj containsoneisogonal isocubic and oneisotomic isocubic if and
only if the pivot P of K istheintersection @ of £, and L;.

Remark. £, and L; are parallel if and only if €2 lies on the rectangular hyperbola
‘H passing through G, O, K, X119 (focus of the Kiepert parabola) and also X754,
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X354, X392, X1201, Xo574, Xo575. Its asymptotes are parallel to those of the Jer-
abek hyperbola.

The intersections (other than X719) with the circumcircle are three points on the
Thomson cubic which are the vertices of the Thomson triangle. The center of H is
the midpoint of G X11¢. See Figure 5. The equation of this hyperbola is :

Z (b? — ) (b22® + a*Sayz) =0

cyclic

Thomson
cubic

Figure 5. The rectangular hyperbola H

3.2. Examples.

e With Q2 = I (incenter), we find @ = Xy (Nagel point). Hence, p/C( X1, X3g)
= K308 generates a family Fx of isocubics containing one isogonal isocu-
bic (the Thomson cubic K002) and one isotomic isocubic (the Lucas cubic
K007).

e With 2 = O and P = G, K = K168. The isogonal cubic is pK (K, X193)
and the isotomic cubic is p/C(G, H) = K170. See Figure 6.

4, Circular Kq cubics

We have seen that ICp is circular if and only if K is itself circular. We have the
following theorems for KCq,.

Theorem 12. (1) For any pole €2 distinct of O, there is one and only one circular
Kq which passes through O and €.

(2) When Q = O, there are infinitely many circular Cq forming a pencil of
cubics passing through O. In this case, P must lie on the de Longchamps axis.
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PK(0,G)/ / [/ pK(K,X193)

4

Figure 6. p/C(O, G), pK(K, X193) and pK(G, H)

For example, with P = Xgsg, Kq is the Droussent medial cubic K043,

Theorem 13. (1) For any pivot P distinct of X9, thereisoneand only onecircular
Kq.

(2) When P = Xgy, there are infinitely many circular ICp, forming a pencil of
cubics passing through O and €2 which must lie on the line at infinity. The isogonal
conjugate of Q2 lies on the cubic (and on the circumcircle).

The table gives a selection of such cubics.

Q centers on the cubic cubic
X30 | X3, X4, X30, X74, X133, X1511 K446
X519 | X1, X3, X106, X214, X519, X1319
X524 | Xo, X3, X6, Xe7, X111, X187, X468, X524, X1560, X042 | K043
Xso7 | X3, Xog, X57, X507, X1155, X2201
X532 | X3, X13, X16, X532, X618, X2380
X533 | X3, X14, X5, X533, X619, X23s1
X758 | X3, X10, X36, X65, X758, X759
Xo393 | X3, Xos5, Xoo6, Xss8, X2373, X2303

5. pK with threereal asymptotes

Let L = pK(Q2, P) be the pivotal isocubic with pole Q(p : ¢ : ) and pivot
P(u : v : w). Let Cq be the circum-conic with perspector 2 and center O =
plg+7r—p):q(r+p—gq):r(p+q—r), the G—Ceva conjugate of 2 i.e. the
perspector of the medial triangle and the anticevian triangle of 2. Let I'q, be the
homothetic of Cq, under h(Oq, 3).
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Theorem 14. pK hasthree real asymptotesif and only if P liesinside ! a tricusp-
idal quartic Qq, tritangent to C and having its cuspson I'g,.

Remark. Qq is bitangent to the line at infinity at the two points where Cq, meets
the line at infinity.

Corollary 15 (isogonal pK). From this remark, it is clear that Qq, is bicircular
if and only if 2 = K. Inthiscase, Og = O, Cq is the circumcircle and Qg
is a deltoid, the envelope of axes of inscribed parabolas. This result is already
mentioned in [1].

Corollary 16 (isotomic pk). Qq contains A, B, C'if and only if 2 = G. In this
case, Oq = G, Cq isthe Seiner dlipse.

Q¢ has three cusps lying on the medians of ABC and on T'g, the homothetic
of the Steiner ellipse under h(G, 3). It is tangent at A, B, C to the Steiner ellipse.
See Figure 7.

Figure 7. The tricuspidal quartic Q¢

The equation of Q¢ is:
32) w(P+25)+61) 1y +118 Y afyz =0 (10)
cyclic cyclic cyclic

Remark. When € lies on the inscribed Steiner ellipse, Qq decomposes into the
line at infinity counted twice and a parabola. In this case, one of the fixed points of
the isoconjugation lies at infinity.

1P is said to be inside the quartic when it lies in the same region of the plane as Oq.
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6. Asymptotesand Simson lines

Let L = pK(Q2, P) be the pivotal isocubic with pole Q(p : ¢ : ) and pivot
P(u : v : w) and let M be a point. It is known that there are three (real or not,
distinct or not) Simson lines that pass through M since the envelope of all Simson
lines is the well known Steiner deltoid #3, a tricuspidal bicircular quartic of class
3.

6.1. Construction of the Smson lines passing through M. Jean-Pierre Ehrmann
has found a simple conic construction of these lines which is as follows. Draw the
rectangular circum-hyperbola # ,, passing through A and its image 7', under the
translation that maps H onto M. ', meets the circumcircle of ABC at four (real
or not) points. One of them (always real) is the reflection of H about the center of
‘H s and this point also lies on #H ;. The three other points (one is always real) are
those whose Simson lines pass through M.

Recall that these three points are all real when M lies inside the Steiner deltoid
Hs.

6.2. Concurrent Smson lines and cevian lines. Three Simson lines concurring at
Q are parallel to the cevian lines of a certain point A if and only if M lies on
the McCay cubic K0O03. If M = («a : B : =), this point @ is given by @ =
(b%c2a?(B + ) ::). Hence it is the barycentric product tgM x ctM. The mapping
M — @ has numerous properties we shall not consider in this paper. See [5].

For example, if we take M = X3 = O, we obtain a point @) which is X5z562 In
ETC. Its first barycentric coordinate is : a?5% [a?(b? + ¢?) — (b* — ¢)?] and its
SEARCH number is 1.84961021841713 - - -. This point is the intersection of many
lines such as X9 X3g9, X3X49, X4Xg9, X5X51, €tc.

Figure 8 shows these Simson lines and the corresponding hyperbolas Ho (here
the Jerabek hyperbola), 7, meeting the circumcircle at X, and three points Q,
2, Q3 whose Simson lines concur at Q = X5560.

6.3. Theorems. In this section, we characterize the cubics K for which the asymp-
totes are parallel to three Simson lines concurring at a certain point M (« : 3 : 7).
The equation of these three Simson lines is given by

> a2(a(y—2) —x(ﬁ—v)) (ﬂ(w+2) —y(a+w)) (v(ff:+y) —Z(a+6)> =0,
cyclic A As As
which is then more simply rewritten under the form :

Z a2A1A2A3 = 0.

cyclic

In this case, the equation of the parallels at M to the asymptotes of K is :

Z P (w A2 - 'L)A3)A2A3 =0.
cyclic
When we express that these two equations have the same solutions when (z :
y @ z) is a point at infinity, we obtain three conditions which are linear with respect
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Figure 8. Concurrent Simson lines and cevian lines

to all the variables namely (p: ¢ : r), (u : v : w) and (« : B : ). In other words,
if two of the three points 2, P, M are chosen, the coordinates of the third point
are given by a system of three linear equations with a corresponding 3 x 3 matrix
generally of rank 3.

Since the system has always the trivial and improper solution (0 : 0 : 0), we
will find at least one proper solution if and only if the determinant of each of the
three matrices above is zero. This gives three conditions involving two of the three
points 2, P, M. These conditions are

(QP) : Z wa?Sa(Pq—b*r) =0 — Z pb*c(Spv—Scw) =0, (11)

cyclic cyclic

@mM) = > aqr((bQ —A)p—a’(q— 7«)) =0

cyclic

(12)
= > azqr(@(q—r)+p(5—’y)> =0,
cyclic
(PM) : Za(u—l—v)(u—{—w)(SBv—Scw):O
cyclic (13)
= ¥ et o)(@rs-n)v-(a-s+9w) =0

cyclic

Remarks. (1) (2P) is linear in Q and P, (M) and (PM) are linear in M.
(2) (Q2P) identically vanishes when Q = X¢ or P = X.
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(3) (M) identically vanishes when 2 = X (or when € is a midpoint of ABC
not giving a proper cubic).

(4) (PM) identically vanishes when P = X, (or when P is a vertex of the
antimedial triangle not giving a proper cubic).

(5) When P = X9, the conditions (©2P) and (P M ) show that the points 2 and
M must lie on the line GK = X5 X§.

Each time a condition identically vanishes, the system above has one and only
one solution since the rank of at least one of the matrices above is 2. This is
examined in the next section.

6.4. Special cases.

6.4.1. Q = Xg. When Q = Xg, the cubic K is a pivotal isogonal cubic and its
asymptotes are parallel to the Simson lines that pass through M = cP, the com-
plement of the pivot.

For example, with P = X3 we have M = ¢P = X5 . the asymptotes of the
McCay cubic K003 are the parallels at G to the Simson lines passing through X5
which are in fact the axes of the Steiner deltoid.

6.4.2. P = X4. When P = Xy, the cubic K is a pivotal isogonal cubic with
respect to the orthic triangle. Its asymptotes are parallel to the Simson lines that
pass through M = Q x Xgg (barycentric product). Conversely, if M is given, the
pole Q is that of the isoconjugation that swaps the orthocenter H = X, and M.

For example, with M = X5 we have Q = X4 x X5 = X553 : the corresponding
cubic is the McCay orthic cubic K049 whose asymptotes are the parallels at X5,
to the Simson lines passing through X5 as above.

6.4.3. Q = Xg and P = X,4. This gives the orthocubic K006 whose asymptotes
are parallel to the Simson lines passing through O = Xs. In this case, these
asymptotes are not concurrent.

6.5. Interpretation of the three conditionsin the general case.

6.5.1. The linear conditions. The conditions (11), (11), (13) above represent ac-
tually six equations and four of them are linear with respect to the coordinates of
at least one of the three points €2, P, M. These four equations give the following
propositions.

Proposition 17. For a given pole (2 # Xg, the asymptotes of KC are parallel to the
Simson lines of a certain point A/ if and only if its pivot P lieson theline £(€2, P)
with equation

Z a?Sa(c*q — b*r)z = 0.

cyclic

In this case, this point M must lie on the line £(€2, M) with equation

Z qr((b2 — 02)p — a2(q — r))x =0.

cyclic
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L(Q, P) is the Steiner line of the isogonal conjugate of the infinite point of the
trilinear polar of the isogonal conjugate of €2 and therefore passes through X .

If T'qy is the circum-conic with perspector €2, the line £(€2, M) is the conjugated
diameter with respect to I'q, of the trilinear polar of the isotomic conjugate of the
isogonal conjugate of 2. Obviously, this line contains the center of I'g,.

Proposition 18. For a given pivot P # X4, the asymptotes of KC are parallel to the
Simson lines of a certain point M if and only if its pole €2 lies on the line L£( P, §2)
with equation

Z b?c*(Spv — Scw)x = 0.

cyclic

In this case, this point M must lie on the line £( P, M) with equation
Z (u+v)(u+w)(Spv—Scw)x =0.

cyclic

L(P, Q) is the trilinear polar of the isogonal conjugate of the infinite point of the
trilinear polar of the barycentric quotient X, P or equivalently the X, —isoconjugate
of P.

L(P, M) contains cP. It is the trilinear polar of the isoconjugate of the infinite
point of the trilinear polar of the barycentric quotient X, — P under the isoconju-
gation with pole cP.

For example,

o L(Q = Xo, P) is the line through X4, X9, X76, etc, and L(Q2, P = X3)
is the Brocard axis,

o L(Q = Xy, M)and L(P = X», M) coincide into the line X3, Xg, X¢o,
etc.

6.5.2. The other conditions. The remaining two equations are of degree 3 and lead
to two cubic curves. They correspond to the choice of a given point M whose isog-
onal conjugate of isotomic conjugate is denoted gt M, also the barycentric product
M x Xﬁ.

Property 1. For agiven point M, thereisa cubic K whose asymptotes are parallel
to the Smson lines passing through M if and only if its pole €2 lies on the cubic
(M, Q) whichispsK(gtM, Xo, X¢) = psK(M x Xg, Xo2, X¢) With equation

Z aﬂa(y—z)—kx(ﬂ—’y)]yz =0.

cyclic

Property 2. For a given point M, there is a cubic K whose asymptotes are par-
allel to the Smson lines passing through M if and only if its pivot P lies on the
cubic (M, P) which is the anticomplement of psK(gtM, Xa, X4) = psK(M x
X, X2, X4). Theequation of IC(M, P) is

> (@48 (o= )]+t 2) =0

cyclic
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and that of its complement is very similar to the equation above namely

> a2[a(y—2)—fﬁ(ﬁ—7) yz = 0.
cyclic
Example 1: When we consider the cubics having their asymptotes parallel to the
Simson lines passing through the circumcenter O = X3, we find
o K(M = X3,0) = K260 = psK(Xig4, X2, X) passing through Xg, Xgo,
X206, X219, X478, X577, X1249, X2165-
o IC(M = Xg, P) passing through Xy, XQ(), X68a X254, X315, X2996. Itis
the anticomplement of psKC( X184, X2, X4) Which contains X3, X4, X3,
Xs6, X1147-
Among them, we have the Orthocubic K006 as already said and also
PK(Xe9, X315), PK(X219, X3436), DK (X577, X20), PK(X2165, X68), PL(X32 %
X 2996, X2996)-
All these cubics have three asymptotes parallel to the Simson lines passing
through X5 and also to the asymptotes of the Orthocubic K 006.
The most interesting is probably K690 = pk(X2165, Xe6s) Since it contains X,
X681 X485, X4861 X637, X638- See Figure 9.

Jerabek
hyperbola\

Figure 9. K690 = pK(X2165, X6s)

Example 2 : When we consider the cubics having their asymptotes parallel to the
Simson lines passing through the incenter I = X1, we find

° ]C(M = Xy, Q) =pSIC(X31, Xo, XG) passing through Xe, X9, X19, X47s.
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e (M = X, P) passing through X,, Xs. It is the anticomplement of
psK(X31, Xo, X1) which contains X1, X3, Xs6.
There are two interesting related cubics namely K691 = p/C( X9, X4) and K692
= pK(Xg, Xg) generating a pencil which contains the decomposed cubic which is
the union of the line X4, Xy and the circum-conic passing through X; and X}.

Example 3 : The Simson lines passing through the nine point center X5 form
a (decomposed) stelloid and the cubics having their asymptotes parallel to these
Simson lines are equilateral cubics.

o K(M = X5,9) = K307 = psK (X351, X2, Xg) passes through Xg, X5,
X216, X1249.
° IC(M = X5,P) passes through X3, Xy, Xoo, X670, X1671. It is the
anticomplement of K026 = psk(Xs1, X2, X3) which contains X3, Xy,
Xs.
The most remarkable corresponding cubics are the McCay cubic K003 = pK( X, X3),
the McCay orthic cubic K049 = piC( X353, X4) and K096 = pkC( X216, Xo0).

References

[1] H. M. Cundy and C. F. Parry, Some cubic curves associated with a triangle, Journal of Geometry,
53 (1995) 41-66.

[2] B. Gibert, Cubics in the Triangle Plane, available at
http://bernard.gibert.pagesperso-orange.fr

[3] B. Gibert, Pseudo-Pivotal Cubics and Poristic Triangles, available at
http://bernard.gibert.pagesperso-orange.fr

[4] B. Gibert, How pivotal isocubics intersect the circumcircle, Forum Geom., 7 (2007) 211-229.

[5] B. Gibert, The Cevian Simson transformation, Forum Geom., 14 (2014) 191-200.

[6] C. Kimberling, Triangle Centers and Central Triangles, Congressus Numerantium, 129 (1998)
1-295.

[7] C. Kimberling, Encyclopedia of Triangle Centers,
http://faculty.evansville.edu/cké/encyclopedia/ETC.html

Bernard Gibert: 10 rue Cussinel, 42100 - St Etienne, France
E-mail address. bg42@orange. fr






Forum Geometricorum
Volume 14 (2014) 191-200.

FORUM GEQM
X
ISSN 1534-1178

The Cevian Simson Transfor mation

Bernard Gibert

Abstract. We study a transformation whose origin lies in the relation between
concurrent Simson lines parallel to cevian lines as seen in [4].

1. Introduction

Let M = (u : v : w) be a point. In [4] we raised the following question: to
find a point P such that the three Simson lines passing through P are parallel to
the three cevian lines of M.

The answer to this question is that A/ must lie on the McCay cubic K003 and,
in this case, the corresponding point P is given by

p_ wv+w) v(w+u) w(u+v)
N a? ' b2 ' c2 ’
In this case one can find an isogonal pivotal cubic whose asymptotes are also par-
allel to the cevian lines of M.
We note the strong connection with the cubic K024 whose equation is

2

xT + z

Z (y _ ) 0.
- a

cyclic

When M lies on K024, P lies on the line at infinity.

If we denote by gM, tM, ¢cM, aM the isogonal conjugate, the isotomic conju-
gate, the complement, the anticomplement of M respectively then P = tgM xctM
where x is the barycentric product. £(M') will denote the trilinear polar of M.

In this paper, we extend to the whole plane the mapping CST that sends M onto
P which we call the Cevian Simson Transformation.

2. Propertiesof CST

2.1. Sngular points and consequences.

Proposition 1. CST hassix singular pointswhichare A, B, C each counted twice.
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This is obvious from the coordinates of P. It follows that CST transforms any
curve C of degree n into a curve C’" of degree 3n which must be reduced according
to the number and the nature of the singular points on the original curve.

More precisely, let G, GG, be the antimedial triangle.

(1) IfC contains only A and is not tangent to GG, the degree of C’ is 3n — 1,

(2) If C contains A, B, C and is not tangent at these points to a sideline of
G.GyG., the degree of C’ is 3n — 3.

(3) IfC contains A, B, C and has a double contact at these points to a sideline
of G,GyG., the degree of C’ is 3n — 6.

In particular,

(4) The transform of a line is generally a cubic which must be tangent to the
sidelines of ABC'. See §3 below.

(5) The transform of a circum-conic is generally a circum-cubic. See §4 below.

(6) The transform of a circum-cubic tangent at A, B, C' to the sidelines of
G.GpG. is generally a circum-cubic.

A very special case: the Steiner ellipse is tangent A, B, C to the sidelines of
G.GpG. hence its transform is a “curve” of degree 0, namely a point. This point
is actually X+¢, the isotomic conjugate of the Lemoine point K = X. Note that
Xrg is also CST(X2).

Consequently, the curve C’ above will have a singular point at X whose multi-
plicity is 2n lowered according to the singular points on C as above. The nature of
this singular point, i.e., the reality of the nodal tangents, will depend of the nature
of the intersections of C and the Steiner ellipse. If C contains X5, the multiplicity
must be increased.

This will be developed in the following sections.

2.2. Fixed points.

Proposition 2. CST has one and only one fixed point which is the orthocenter
H =X, of ABC.

Indeed, M is afixed pointof CST ifandonly if P = M <= ctM = Xg <~
M = X4. It follows that the transform C’ of any curve C passing through H also
passes through H.

2.3. Some special CST images.

Ga, Gy, G are transformed into A, B, C.

The infinite points of the sidelines of ABC' are transformed into the traces of
the de Longchamps axis £(X76) on these same sidelines.

The infinite points of KOO3 are transformed into the cusps of the Steiner deltoid
Hs.

The infinite points of an equilateral cubic whose asymptotes are not parallel to
those of K024 are transformed into the cusps of a deltoid inscribed in ABC.

If these asymptotes are parallel to those of K024, their infinite points are trans-
formed into the infinite points of the sidelines of ABC'.
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2.4. Pre-images of a point. We already know that X has infinitely many pre-
images which are G = X5 and the points on the Steiner ellipse and also H = Xy,
being a fixed point, has already at least one pre-image namely itself.

We consider a point P different of X4 and not lying on a sideline of ABC or
Go.GpG.. We wish to characterize all the points A such that CST(M) is P.

When expressing that CST(M) = P we obtain three equations representing
three nodal circum-cubic curves with nodes at A, B, C'. Their isogonal transforms
are three conics each passing through one vertex of ABC. These conics have
generally three common points hence P has three pre-images My, My, Ms.

The nature of these points (real or not, distinct or not) depends of the position
of P with respect to the sidelines of ABC, the cevian lines of X4 and mainly
the Ehrmann-MacBeath cubic K244 which is the locus of the cusps of all the del-
toids inscribed in ABC' and also the CST image of the line at infinity. For more
informations about K244, see [1].

More precisely, see Figure 1,

(i) when P lies inside the yellow region (excluding its “edges” mentioned above)
there are three real distinct points My, Ms, Mj;

(ii) when M lies outside, there is only one real point;

(iii) when P lies on K244 (but not on the other lines above), there is only one
point (counted twice) and this point lies on the line at infinity. For example, when
P = X4 We obtain X5;3. This will be detailed in section 3.

The net generated by the three conics above contains the circum-conic which
is the isogonal transform of the line passing through X, and ¢t P always defined
since gt P # Xo. This line must contain the points My, Ms, Mj.

On the other hand, each cubic which is the union of one conic and the opposite
sideline of ABC must contain the isogonal conjugates of the points My, My, Ms.
Hence the three isogonal transforms of these three cubics contain My, Ms, Ms.
These three latter cubics generate a pencil which contains several simple cubics
and, in particular, the n/Cy(€2, ©2) where Q is the isogonal conjugate of the infinite
point of the trilinear polar of ¢ P, a point clearly on the circumcircle of ABC.

This cubic is a member of the class CL026 and has always three concurring
asymptotes and is tritangent at A, B, C to the Steiner ellipse unless it decomposes.
See Example 3 below.

The equation of nfCy (€2, 2)

cyclic

clearly shows that its CST image is the line X5, P. See §5 for more details.
Furthermore, if the coordinates of X5 + A\ gt P are inserted into the equation of
nkKo (€2, Q) then the 3rd degree polynomial in A has no term in A2. Hence the sum
of the three values corresponding to the points My, My, Mj is zero. It follows that
the isobarycenter of My, Msy, M3 is Xo.
In conclusion and generally speaking, we have
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K244

X76

X764

Figure 1. Regions delimited by the cubic K244

Proposition 3. (a) The pre-images My, My, M3 of a point P # X4 are the
intersections of the linejoining X2 and gt P with the cubic n/Cy(€2, 2).

(b) The CST image of thislineistheline Xs, P.

(c) The centroid G of ABC' istheisobarycenter of My, Mo, Ms.

Example 1. With P = X, we find the Euler line and nKy (X112, X112). Hence
the prelmag% of Xy are X4, X1113, X1114-

Example 2. With P = X3, we find the line through X5, Xog, X110, €tc, and
nko(X112, X112) again. One of the pre-images is X119 and the other are real
when ABC is acute angled.

Example 3. The cubic nkCy (€2, 2) contains X» if and only if P lies on the line
X5 X76. Inthis caseg, it splitsinto the Steiner ellipse and the line X5 X.

2.5. CST images of cevian triangles. Let P, P, P, be the cevian triangle of P =
(p:q:r)andlet Q,QuQ. be its anticomplement.

Wehave P, = (0 : q :7),Qy = (¢q+7: —q+7r:q—r). Itiseasyto
see that CST(P,) = CST(Q,) = (0 : ¢?q : b*r) = R,. The points Ry, R. are
defined likewise and these three points are the vertices of the cevian triangle of
tgP. Hence,

Proposition 4. CST maps the vertices of the cevian triangle of P and the vertices
of its anticomplement to the vertices of the same cevian triangle, that of tg P.
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2.6. CST images of some common triangle centers. Table 1 gives a selection of
some CST images. A (6-9-13)-search number is given for each unlisted point in
ETC.

Table 1. CST images of some common triangle centers

M CST(M) M CST(M) M CST(M)

X X10 Xo X6 X3 X5562

X4 X4 X5 | 4.342332195522807 || X X3g

X7 X85 XS X341 Xg 5.493555510910763

X0 | 5.329221045166122 || X;; | 4.196262646186253 | X5 | 2.698123376290196

Xi3 | 0.1427165061182335 || X714 | 5.228738830014126 || X15 | 4.707520749612165

X6 | -15.70210201702076 || X;7 | 2.708683938139388 || X5 | 12.30617330317703

Peter Moses has kindly provided all the pairs {A,CST(M)} = {X;, X} in the
ETC (up to X5573) for these {i, j}. Apart from those listed in Table 1 above and
excluding X5 and all the points on the Steiner ellipse for which CST(M) is X,
he has found

66 69 | 100 | 101 | 110 | 513 | 651 | 879 | 925
23533926 | 8 |3730| 3 764 | 348 | 5489 | 847
1113 | 1114 | 1379 | 1380 | 1576 | 3952
4 4 | 3557 | 3558 | 3202 | 1089

L ol =,

3. CST images of lines

Let £ be the line with equation pz + gy + rz = 0 and trilinear pole @ = (gr :
D : pq).

3.1. The general case. In general, the CST image of L is a nodal cubic with node
X6 Which is tangent to the sidelines of ABC at the traces A, Bg, Co of L(tgQ)
and meeting these lines again at the traces A;, By, C; of L(tgtatQ).

Indeed, if L meets BC atU = (0:7: —q)and G,G.atU' = (q—r: —p:p)
then CST(U) = Az = (0 : ¢*r : —b?q) and CST(U') = A1 = (0: A (p+q—7) :
—0*(p—q+7)).

Note that the CST image of the infinite point of £ is the point

<(q—r)3 (r—p)? (P—Q)3>

2 2 2
on the cubic. It is also on K244 as seen below.

The most remarkable example is obtained when @Q = X5. Since £ is the line at
infinity and since the two trilinear polars coincide into the de Longchamps axis (the
isotomic transform of the circumcircle of ABC'), we find the cubic K 244 meeting
the sidelines of ABC at three inflexion points on the curve (see Figure 2).



196 B. Gibert

Figure 2. The cubic K244

3.2. Fpecial cases.

(1) If £ contains X, and another point M, the cubic is the line £’ passing
through X~¢ and CST (M) counted three times.

More precisely, if £ meets the Kiepert hyperbola again at £ then £’ is the line
X76E.

(2) If £ is tangent to the Steiner ellipse, the cubic is cuspidal (with cusp X+7¢)
and the lines L(tgQ), L(tgtat@) envelope the circum-conic and the in-conic with
same perspector Xrg respectively.

4. CST images of circum-conics

Let C(Q) be the circum-conic with perspector @ = (p : ¢ : r) # X2 (to
eliminate the Steiner ellipse case) and equation pyz + gz + rzy = 0.

4.1. Thegeneral case. In general, the CST image of C(Q) is a nodal circum-cubic
with node Ng passing through X~¢ which turns out to be a psK as in [2]. This
cubic has the following properties.

1
aX(—p+q+r)
2

(2) Its pseudo-isopivot P, = <p Deees ) is tgQ?.

(1) Its pseudo-pivot Py = < > is tgtaQ.

a?
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P .
3) tsnodeNg=(——————:---:--- | ISP, .
© ¢ <a2(—p+q+r) > 2x@
2
p .
4) | -poleQQp=| —-———:---:--- Py x P} or N,
(4) Its pseudo-pole Qg <a4<_p+q+r) >IS Q % P 0r Ng x

tgQ, This node is obtained when the intersections of C'(Q) with the line
through its center and X5 are transformed under CST.
2
. . . p
5) Theisoconjugate X2, of X7 isQxNop=| ——"———:---:--- ],
®) Jug 76 76 1S QX Ng <a2(—p+q—|—r) >
obviously on the cubic.
The most remarkable example is obtained when Q = Xjg since C(Q) is the
circumcircle (O) of ABC. In this case we find the (third) Musselman cubic K 028,
a stelloid which is psK( Xy, X264, X3). See details in [1] and Figure 3.

Figure 3. The cubic K028

4.2. Special cases. The CST image of C(Q) is a cuspidal circum-cubic if and only
if Q lies on two cubics which are the complement of K196 (the isotomic transform
of K024 with no remarkable center on it) and K219 (the complement of K015)
Containing Xo, X645, X1646, X1647, X1648, X1649, X1650. IN this latter case, the
cusp lies on K244,
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Figure 4 shows the cubic which is the CST image of C(X646), a circum-cubic
passing through X513, Xee6s, X891, X1015. The cusp is Xr7¢4 = CST(X513). Since
Xgg1 is a point at infinity, its image also lies on K244,

CST(X1015)

Figure 4. A cuspidal cubic, CST image of C(X1646)

4.3. CST images of some usual circum-conics. Any C(Q) which is a rectangular
hyperbola must have its perspector Q) on the orthic axis, the trilinear polar of X}.
Its CST image K(Q) is a nodal cubic passing through X~ and X,. Furthermore, its
node lies on K028, its pseudo-pivot lies on the Steiner ellipse, its pseudo-isopivot
lies on the inscribed conic with perspector Xs052. The pseudo-pole lies on a com-
plicated quartic.

Table 2 gives a selection of such hyperbolas.

Table 2. CST images of some usual rectangular hyperbolas

Q C(Q) K(Q) Ng | other centers on 1C(Q)
X523 | Kiepert | psK(Xsgs0 X Xve, Xe70, X76) | X76
Xea7 | Jerabek psK (X520, Xo9, X3) X3 | X39, Xo353
Xeso | Feuerbach psK(X4397, Xe6s, X4) Xg | X10, Xs5, X341

Remark. When M lies on the Jerabek hyperbola, the points X3, M and CST(M)
are collinear. This is also true when M lies on the circumcircle.
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More generally, for any point Ng on K028, the points A/, CST(M), Ng are
collinear if and only if M lies on two circum-conics =1, 7.

~1 is the isogonal conjugate of the parallel §; at X3 to the line X, N¢g. 1 is
obviously a rectangular hyperbola.

72 is the isogonal conjugate of the perpendicular d, at X3 to the line X, Ng.
The perspector of ~ lies on the circum-conic passing through X5, Xg.

Note that J» envelopes the Kiepert parabola and that ;, 62 meet on the Stammler
strophoid K038.

The CST images of 71, v2 are two nodal cubics pskC with nodes N1 = Ng, N2
on the Kiepert hyperbola respectively.

5. CST images of some circum-cubics

5.1. CST imagesof thecubicsn/Co(P, P). If P = (p: q : ), the cubic nfCo(P, P)
has an equation of the form

2 2 2
PR N N o A
p p p

cyclic cyclic

which shows that its CST image is the line L(tgP).

Recall that n/Cy(P, P) is a member of the class CL026. It is a cubic having
three asymptotes concurring at Xs.

With P = X5, Xg, X989 We find the cubics K016, K024, K064 whose CST
images are the de Longchamps axis, the line at infinity, the perpendicular bisector
of OH respectively.

The cubics n’CO(X112, X112), n’CQ(X1576, X1576), n/C()(ngg, ng) give the Eu-
ler line, the Brocard axis, the Lemoine axis.

With P = gt X197 we have the cubic whose CST image is the line HK. See
Figure 5.

5.2. CST images of the cubics cK (#P, P?) = nk(P?, P2, P). fP=(p:q: 1),
the cubic c/C(# P, P?) has an equation of the form

> pPa(ry—qz)? =0

cyclic

It is a nodal cubic with node P. Since it is tangent at A, B, C to the sidelines of
the antimedial triangle, its CST image must be a cubic curve with node CST(P).
This cubic is tangent to the sidelines of ABC at their intersections with £(tgP?)
and meets these sidelines again on L(tgctP).

The most remarkable example is obtained when P = X5 since the CST image
of the nodal Tucker cubic K015 = c¢/C(# X3, X2) is the cubic K244. In this case,
the two trilinear polars coincide as already point out above.

We conclude with a summary of interesting CST images.
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X4

Figure 5. The cubic n/Co(P, P) with P = gt X107

C CST(C)
Lines line at infinity K244
Euler line line X4, Xg9, X6, €tc
Conics Steiner ellipse X7
Circumcircle K028
Kiepert hyperbola pS,C(X850 X X6, X670, X76)
Jerabek hyperbola psK (X520, Xog, X3)
Feuerbach hyperbola psK(X4397, Xees, X4)
Cubics K024 line at infinity
K015 K244
K242 psK(Xsgs0 X X6, X670, X76)
| Others | Q066 \ Kiepert hyperbola \
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Two Pairs of Archimedean Circlesin the Arbelos

Dao Thanh Oai

Abstract. We construct four circles congruent to the Archimedean twin circles
in the arbelos.

Consider an arbelos formed by semicircles (O1), (O2), and (O) of radii a, b,
and a + b. The famous Archimedean twin circles associated in the arbelos have
equal radii % (see[2, 3)).

Let C'D bethedividing line of the smaller semicircles, and extend their common
tangent P(Q) to intersect (O) at T, and 7.

Theorem 1. Let A’ and B’ be the orthogonal projections of D on the tangents
to (O) at T, and Ty, respectively. The circles with diameters DA’ and DB’ are
congruent to the Archimedean twin circles.

B’

Figure 1

Proof. Let thetangentsat 7, and T}, intersect at 7. Since OT' is the perpendicular
bisector of T, T, it intersects the semicircle (O) at the midpoint D of thearc T, T},
(see 3, §5.2.1]). Since O1 P, OM and O-(Q are pardlel, and O1 P = OOy = a,
02Q = 010 = b,

b 2 42 2ab
¢ 0 P+—0,0=""" . DM =0OD-OM=""
a+b a+b

a+b a+b
Publication Date: September 2, 2014. Communicating Editor: Floor van Lamoen.
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Now, /DT, T = /DT, T, = £DT,T,. Therefore, T, D bisects angle T1,T;.
Similarly, T, D bisects angle T1,T,, and D is the incenter of triangle T1,T;. It
followsthat DA’ = DB’ = DM, andthecircleswith DA’ and DB’ are congruent
to the Archimedean twin circles. O

Remark. The circle with DM as diameter is the Archimedean circle (As) in [2]
(or (Wy) in[1]).

Theorem 2. Let A1 A5 and By B, be tangents to the smaller semicircles with A1,
By ontheline AB and A1As = a, BiBs = b. If H and K are the midpoints
of the semicircles (O1) and (O3) respectively, and A” = CH N A1By, B" =
CK N By As, then the circles through C with centers A” and B” are congruent to
the Archimedean twin circles.

Figure 2

Proof. Clearly, ZA"CA;, = ZHCO; = 45°. Since BBy = 03By = b,
/ByB10y = 45°, the lines CA” and B, B, are paralel. Also, B0y = v/2b.
Similarly, A;01 = v/2a, and A1 B; = (v/2 + 1)(a + b). Therefore,

A 241
CA”:BlBQ' 1C — . (f+ )a — U/b .

A1By (V2+1)(a+b) a+b
Similarly, CB" = aa—fb Therefore, the circles through C' with centers A” and B”
are congruent to the Archimedean twin circles. O
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On Some Triads of Homothetic Triangles

Gotthard Weise

Abstract. To a given reference triangle A and three directions «, 3, ~ we con-
struct four triads of homothetic triangles and investigate relations between their
homothetic centers, centroids, midway triangles, medial triangles and areas.

1. Twotriads of homothetic triangles

Given an arbitrary triangle A = ABC with sidelines a, b, c and an ordered set
{a, B, ~} of three directions in the plane of A. Let

p1=apy, p2=~vaB, p3=pya, and

p' =7Ba, p*=pay, p’=ayf
be the even and odd permutations of these directions. Each such permutation p =
m1mom3 defines three lines with directions w1 at A, mo at B and w3 at C', which are
the sidelines of two triads 7 and T2 of homothetic triangles A; = U;V;W; and
A" = UWIW? (i = 1, 2, 3) with angles U, V, . The assignment of the indexed
symbols U, V, W to the vertices of these triangles is chosen so that homologous
vertices have the same symbol (see Figure 1).

Wy

W3

Figure 1

We shall consider some properties of these triads and relationships with other triads
of triangles.

Publication Date: September 2, 2014. Communicating Editor: Paul Yiu.
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2. Coordinate representations of geometric objects

Geometric objects are described in this paper by homogeneous barycentric co-
ordinates with reference to the triangle A. P = (u : v : w) isapoint,l = [p: q : r]
a line. For a triangle given by its vertices we use the matrix representation (round
brackets) with vertice coordinates in the rows. The same triangle can be repre-
sented in another matrix form (square brackets), where the rows mean the coordi-
nates of the lines.

We shall regard each direction as a point on the line at infinity with the same
name. Then the ordered direction triple («, 3, ) has the matrix form

« a1 o Qs
D=|B8|=|5 B2 B3
7 Y2 8

with vanishing row sums. By suitable factors in each row it is possible, that not
only the row sums of D vanish, but also the column sums, and that all cofactors
are equal of unity. In order to verificate analytically the propositions in the sections
below, we shall use some other properties of such matrices (see [2]):

Br—72 =73 — a1 =az— f3=a18372 — af173 =: A1, 1)
Y2 —az=a1 — B2 = P35 —n = a3y — a1f372 =: A2, (2)
az —fB1 = fo— 73 =71 — a2 = azP173 — a3fay1 =: A3; 3
B3 =72 =7 —az=qa— B = axB371 — azfiy2 = y1, 4
Y2 — a1 =az— B2 = 1 — 3 = azfiye — a1fays = p, ®)
ap — B3 =P —m =73 — a2 = a18273 — a2f8371 =: U3 (6)
with
3 3 3 3

=D =0 and > pl=6+> A @)

=1 i—1 k=1 k=1

aga3 — fB3y2 = B2fls — y3qe = Y23 — azfBa =: &, €)

azal — B1yz = B3f1 — v1az = 31 — @13 =: &, )

arag — Boy1 = B1f2 — vear = M2 — a2 =: &35 (10)
oz — Bayg = BofB3 — Yoz = 1273 — B3 =1 11, (11)
azay — PB3y1 = B3f1 — y3on = 3 — azf =i ma, (12)

arag — Pry2 = B1fe — a2 = Y172 — 1B =: 1. (13)

Furthermore, for each row ¢ of D,

3
Yo\ Il T ) =1, (14)

k=1 \jg#i  j#k
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and for each column &,

Here is an example:

205
(15)
i#k
2 -3
R
-5 7

The 9 lines at the points A, B, C with the directions o, 3, « have following

coordinate representations:
| A

a|ag=1[0:—as: a

B| Ba=10:—P3: )]
Y| ya=10:—v3:7)

B =[y3:0:—71]

B C
ap=las:0:—a1] ac=[—a2:a;:0]
Bp=1[B3:0:=p1] Bc=I[-B2:p1:0]

Yo =[—v2 7 : 0]

From this it is easy to determine the matrix forms of the triangles A; and A? in
normalized barycentric coordinates (row sums are equal of unity):

EN Be N

A= |Be| ZE |l wcnNas | =
e | aaNpBp
[y ] Bc Nya

AQ = |lap| 2| vyaNap | =
| Bc | ap N Be
[B4] BaNvB

Az= || = |vBNac | =
lac | ac N Ba
) [ya ] B Nva

A= |Bp| =Z |vanNac | =
Lo ac N Be
[B4] BaNve

A’= lap| = |ycnag | =
| ve ] ap N fa
[ua ] Bc NyB

A= lyp| = [ysNas| =
el aaNBo

Ur Bin Bive Bz
i | = Y1 Yeqo yea3 |,
W azfr afls azf3
Us By B2y B23
Vo | = Y31 03 y3a3 |,
Wo a1 a1 B
Us Bsy1 B2ys B33
V3 | = yior v y30q |
W3 a1z azfB2 a3
Ut B1yz B3y B33
V] =— |71 mwas 302 |,
wt a1 aof a1f3
U? Boy1 B2y2 B3e
V2] =-— 711 Y201 Y143 |,
w2 a1z asfa azfs
U3 Bivi Boyi Bivs
V3] =~ mas ya2 yas
w3 asfi B2 azfh

In §5 we shall use the concept of the medial map m of a point P = (u : v : w),

defined by mP = (v + w

W+ u

u + v). The medial image mP lies on

the line PG. The centroid G of A divides the segment between P and mP in
the ratio 2 : 1. We call a triangle PQ R the medial image of a triangle UV W, if

P=mU, Q=mV and R = mW.

The isotomic conjugate P* of a point P has the coordinates (1/u: 1/v:

1/w).
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3. Centroids and homothetic centersof thetriangles A; and A’

The centroid of A is G = (1 : 1 : 1), G; are the centroids of the triangles
A;. Their j-th coordinates are the sums of the j-th column of the matrix A;. The
triangle Ag = (Gy;) is formed by the centroids G;. Similarly define G* and
A% = (GY).

Proposition 1. Thetriangles A¢ and A® have the same centroid G as A.

Proof. The sums of the i-th column sums of A1, Ay and Az resp. A, A% and A3
have the same value 3. O

The centers of homothety P;; of the triangle pairs (A;, A;) are in detail
Py = (B2 —y303) : v2(asfi — azf2) : az(B2y3 — B171))s
Po3 = (a1 (8371 — B2y2) : Pa(veas — mra) = v3(1 B2 — a3fB3)),
P3; = (m1(0a2B3 — a1fr) : ao(Biyz — B373) : B3(y30 — Y20r2)).

These three points are collinear because each triad of homothetic triangles has
collinear homothetic centers. The line g containing them can be written as

92[52—53253—51151—52], (16)

with abbreviations 8; = o Biy;. Similarly, the homothetic centers P of the pairs
(A*, AY) lie on the same line g. O

Proposition 2. Theline g contains the centroid G of A.

Wy

Figure 2

Proof. In accordance with (16) g has a vanishing sum of coordinates. O
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Proposition 3. The homothetic center P;; of the pair (A;, A;) lies on the side
GG, of Ag and the homothetic center P/ on the side G'GY of A®.

Proof. Verification. O

4. Areas

Let [UVW]| be the area of a triangle UVIV and o the area of the reference
triangle A. If the vertices of the triangles are given by their normalized barycen-
tric coordinates, then UV W has the area o - | det(U, V, W)|. We shall see below
that there is a simple connection between the areas of A, A;, A%, Ag and AG,
independent of «, 5 and ~.

Making use of (1) to (6) we find

det(A;) = p2, det(AY) = A2
Let d;; and d* be the column sums of the matrices A; and A?, respectively, then
we have the (normalized) matrices (G;;) = %(d;;) and (G¥) = 1(d¥), and it is
valid

din diz 3 1 di1 diz 3

1 1 1 d11 -1 d12 -1
det(Ag) = s det(dij) = = |d21 da2 3| = ——|do1 do2 3| =3 _ 1l

27 27 s dsy 3 27 3 3 g9 3 do1 —1 dypp—1
In accordance with

dii—1 =X — Bia di2 — 1 = agds — Y23

d21 —1= 61/\2 — CM1)\3 d22 -1= 72/\3 - /82)\1

it follows that

1 1
det(Ag) = g(Af + A2+ M0) = 8()\% + 224+ 22).
Similarly,

1 1
det(AY) = (i + i3 + i) = (1 + i3 + 453).

From this we obtain

Proposition 4.

Do 1Al =6-]A% = 6-(|Ag|+]A]), D |AY =6-|Ac] = 6-(JAY] - |A]),
A=Al =AY IA] =) AT =6-]Al

5. Thetriads T, T2 and their midway triangles

Given two labeled triangles 77 = X Y177 and T, = X5Y575. Let X5 be the
midpoint of the line segment X X5, Y12 and Z;5 the midpoints of the segments
Y1Ys and Z1 Z,, respectively. Then the triangle T2 = X12Y12715 is called the
midway triangle of the pair (77, 7%).
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The midway triangles of the pairs (A;, A;) have obvious the normalized represen-
tations:

Uiz 1 —B173 —B372 Bav1 + B23
Ap=|Viz2 | = 5 | o2 + 301 —Y20r1 7103 )
Wi —af o33 4 a1 B2 —o3 52
Usas 1 (P2 +Bsm —Bam —B173
Agg = | Vag | = 3 —Y2011 Yooz + Y12 —Y302 ;
Was —a133 —a3f3o azf + a3
Us1 1 —Bam Bay3 + Biy2 —B372
Asp=1| Va1 | = 3 —y103 —Y302 Y301 + 203 |
W31 a1 B2 + azfr —az —a133
and we find by calculation
15 15 L 5
| det(A2)| = VGl | det(Ags)| = T | det(Asz1)| = 1H

Proposition 5. For i # j, k # 1, j,

(a) the midway triangle A;; is the medial image of A; and from this congruent
with the medial triangle of Ay,

(b) G isthe homothetic center of the pair (Ag, Ajj).

<

Wi

W3

Figure 3

Proof. Verification. O

For the triangles of the triad 72 the above proposition is true by analogy.



On some triads of homothetic triangles 209

6. Two triads of homothetic inscribed triangles

The above described construction of two triads of homothetic in A circum-
scribed triangles A; and A’ raises the question whether or not exist triads of ho-
mothetic in A inscribed triangles whose sides have the given directions «, 3, ~.
For this purpose we form groups of vertices of A? and A; to new triangles ®* and
®,, respectively:

U3 U? Ul
Pl=|V],d2=(V3], @3=[V?2];
w2 wi w3
Us Us Uy
(1)1 - ‘/1 ) (PQ — ‘/3 ) q)3 - ‘/2
W Wi W3

Then we intersect the sidelines of these triangles with certain sidelines of the ref-
erence triangle (see Figure 4). The points of intersection A;, B;, C; and A, B*, C*
form triangles €2; and °, respectively, with following normalized barycentric co-

ordinates:

Ay Viw2na 1 0 Y2 — 03
0 B, W2U3 nb — 1|7 0 a3 ,

&) Uvline H1 b1 —ao 0

Ag U?V3na 1 0 Bo  —as
Qs = | By V3Wing —— | =p 0 Y3 ,

Cy Wiu2ne 2 a) —72 0

As W3U'Na 1 0 a2 —73
Q3 Bs UlvZnob —— |- 0 B3 |;

Cs V2W3ne K3 Y — 9 0

Al ViUsNa 1 0 oy —[33
0l B! UsWsNb /\* —Qq 0 3 ,

ct WeVine Y\ B — O

A2 UsWiNa 1 0 Yo o —03
02 B? WiVsnb I -7 0 B3 )

Cc? VaUs Ne 2\ B 0

A3 WsVana 1 0 B2 -3
0= | B? VoUr Nb — -8 0 a3 |.

cB UiWsNe 3 Y1 —QQ 0

Then we have (see Figure 5)

Proposition 6. (a) The sidelines of the inscribed triangles ©; and ©* have the di-
rections o, S and~.

(b) The sides of A; are parallels of the sides a;, b;, ¢; of Q; at A, B, C (in this
order). An analogous statement is true for A‘.



210 G. Weise

Figure 4

(c) The points in each of the triples { A, Bs, Ca}, {A2, B1,Cs}, {As, Ba, C1},
{A', B2, C3}, {A% B3, C'} and {43, B!, C?} arecollinear.
(d) The product of the areas of A; and €; and of A’ and Q' is independent of
o, B, 7

Al - 1€] = AT 1] = |AP

Proof. Verification.
(a) For instance the line A1 By intersects the infinite line in accordance with (4) at
—p1(m : y2 : y3), therefor it has the direction ~.

(b) For instance the translation of the line A; By at C'yields the line [—v2 : 1 :

0] =c.

0 72 B3
(c) For instance det(A;, B3, C2) = |—a1 0 B3 | = 0.
a; —y2 0

(d) For instance according to (4)
det(€21) - det(Aq) = —H%(Oésﬁﬂz —agfzm) - 43 = 1. O

For the comparison of homothetic triangles it is useful to give homologous ver-
tices the same position:
W = A1B1Cy, Qo = BaC2As, Q3 = C3A3B3;

Ol = C'B'AY, Q2 = B2A2C?, Q3 = ABCRBS.
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Figure 5

Then for instance the homothetic center (12 of the pair (21, 22) is the common
point of intersection of the lines A1 By, B1Cs and C1As. By asimple calculation
it follows for the homothetic centers €2;; and 2%/

Q2= (B1:72:03), Q3= (ar:P2:73), Q31 = (71:02:03),
le = (Oél P2 53)7 Q23 = (71 : 62 : 043), le = (61 L ’}/3)

It is clear, that the homothetic centers Q12, Q23, @31 and Q*2, Q?3, Q3! are
collinear on lines g, and g, respectively, and these lines have according to (8)-
(13) the simple representations

9o =161 :&: &), g% =[m:n:nsl.
The centroids .S; of ; and S of Q7 respectively, are
Si=Br—m:ipe—a:az—F), S'=(Br—ar:a—y2:73—F3),

Sy = (a1 —P1:P2—72:73 — 3), S% = (a1 —y1:v2— B2 B3 —as),
Sz =(m —ai:az—P2: 03 —73), S3=(y1—B1:PB2—as:asz—13).

A simple computation proves the following proposition:

Proposition 7. The three centroids of the €2; and the three homothetic centers Q;;
lie on the line g,,, the three centroids of the Q¢ and the three homothetic centers
Q" ontheline ¢*? (see Figure 6).

Marginal node: The triangles ®; and ®* have else some peculiarities:



212 G. Weise

Figure 6

Proposition 8. (a) The triangles ®; and ®' have the same area as the reference
triangle (see Figure 7).

(b) The vertices of ®; and & lie on a circumconic C; and C? of A, respectively.
The C; are concurrent at °, the C? at ¢* (see Figure 8).

Figure 7

Proof. (a) By use of normalized barycentric coordinates of the vertices of ®; and
®' it is easy to show, that | det(®;)| = | det(®?)| = 1.

(b) It is simple to verify, that the isotomic conjugates of the vertices of each
triangle ®; and ® are collinear and that the concerned lines are concurrent at 7
and &, respectively. From this follows the assertion directly. O
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Figure 8

7. A special direction triple (o, 5, )

In the end we consider an interesting special case. Given a direction o = (o :
as : a3). We choose 3 and ~ as iterate Brocardians: 8 = a. . = (a3 : a1 : ag)
and vy = a_,, = (g : as : a1) [1]. The isotomic conjugates «®, 3°,~* are points
on the Steiner ellipse, they form a Brocardian triple, that is the line at two of these
points is the dual of the third point.

Let A’, B’, C’ be the reflections of A, B, C'in G and

2

Ca: 2> —yz=0, Cg: y>?—2x=0, Co: 22—ay=0

three ellipses created by translation of the Steiner ellipse with centers A’, B’, C’
and passing through the common point G.

In the following we mention without proofs some properties of points and trian-
gles defined above.

(1) The line triples (y4, BB, ac), (Ba, ap, v¢)and (@, vB, Bc) are con-
current at the points

P = (aza) 1 awas @ aqan), Py = (a1ag @ azag @ agas), Py = (azas :
ajag : aszag),

respectively, that is each of the triangles A’ degenerates into a point on the
Steiner ellipse.

(2) The triangles A, have the same centroid G, it is at the same time the homo-
thetic center of each pair (A;, Aj).

(3) The points of each triple {Uy, Uz, Us}, {V1, Va, V3 }, {W1, Wa, W3} are collinear.
The three lines concurrent in G are the duals of «, 3, .



214 G. Weise

P

Figure 9

(4) For the vertices of the triangles A; is valid:
U, V3, Wao € Ca, Uz, Vi,W3€Cp, Us,Vo,Wp €Cc.
These triangles are homothetic, congruent and equal in area with A.

C . (8%
< Us Cs 1 \%

Figure 10

(5) The triangles ®;, are homothetic and congruent with A. The homothetic cen-
ters of the pairs (A, @) are the medial images m Py, of Py. They are the midpoints
of the segments P; P;, lie on the Steiner inellipse, have the representations

mP, = (a3 : a2 :a2), mPy = (a2 : a3 : a?), mP3 = (o : a3 : a3)

and form a Brocardian Triple (see Figure 11).
(6) The sum of the areas of A; is sixfold the area of A:

DA =6-|A]

(7) The midway triangle of the pair (A;, A;) coincides with the medial triangle
of Ay.
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1441

U
Figure 11
(8) The triangles €2; have the representations
0 Qa3 — Q9 0 (651 —Q3 0 (%) —Qq
Ql = —Q 0 Qs 5 QQ = —Qs3 0 ap 5 Qg = —Q 0 (6)
a3 —Qo 0 oq —Qg 0 oy —Qg 0

and the centroid G. The homothetic centers of the pairs (£2;, €2;) coincide with G.
(9) The triangles Q¢ degenerate, their vertices lie on the infinite line.
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Symbolic Substitution Has a Geometric M eaning

Manfred Evers

Abstract. By comparing two different metrics in the affine plane, it is shown
that symbolic substitution, introduced by Clark Kimberling, has a clear geomet-
ric meaning.

1. Introduction

Consider in the real plane R? a triangle ABC with vertices
a? —b*+c* o
A = <2a,2a> y B = (0,0), C— (a,O),
where a, b and c are positive real numbers with
o:=o0(a,b,c)=(a+b+c)(—a+b+c)(a—b+c)la+b—c) > 0.

If in R? the Euclidean distance d of two points U = (X,Y) and U’ = (X', Y") is
defined by

AU, U = /(X = X)2+ (Y —Y")2,
then the reference triangle ABC' has side lengths a, b, c¢. In the following we use
Conway’s triangle notation:

1 1
S = 5\/5, Sy = 5(b2 + ¢ — a?), etc.

Thus, we can write A = (STB, %)

Besides Cartesian coordinates we also use barycentric coordinates with respect
to the reference triangle. The notation U = (u, v, w) apc is used if (u, v, w) are the
absolute coordinates of U with respect to ABC. If (u : v : w) are homogeneous
coordinates of U, then we write U = (u : v : w)apc. The conversion from
Cartesian coordinates (X,Y") of a point U to its barycentric coordinates (u, v, w)
can be achieved by taking

aY —((X —a)S+YSc) XS-YSp
U= -5, v = ) W=—g5 (*)
S asS as
Given two points U and V' with absolute barycentric coordinates (u,v,w) and
(u',v", w"), the square of the distance between these two points can be calculated

Publication Date: September 4, 2014. Communicating Editor: Paul Yiu.
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by the formula
(U, U") = Sa(u—u)? + Sp(v —v')* 4+ So(w — w')2.
In addition to the canonical Euclidean metric, we introduce a second metric d,,

which we call generalized metric or g-metric, for short. This second metric is
obtained by giving new lengths to the sides of the reference triangle:

dg(A,B) = ¢4, dg(B,C)=aqay, d4(C,A)=0b,.

We still demand that these lengths ay, by, ¢, are positive real numbers * but do not
claim that

0g = (ag + by + cg)(—ag + bg + ¢g)(ag — by + ¢g)(ag + bg — ¢4)
is a positive real number.

For different signs of o, we get different geometries: o, > 0 delivers an affine
version of the Euclidean metric, for o, = 0 the metric is Galilean, and for o, < 0
the metric is a Lorentz-Minkowski metric. With respect to this generalized metric,
the square of the distance between two points U and U’ with absolute barycentric
coordinates (u, v, w) and (u’, ', w’) is given by

d?](U, U') = Sa,4(u— u')? + Sp,g(v — v')? + Sc,g(w — w')? (xx)

2,32, .2
with 5,4 , = —225*% etc. The point with coordinates (a, : by : c,) will become

the generalized incenter I,. The new circumcenter O, has coordinates (a2(—a2 +
b2+c2):---:---). More generally, if z(a, b, c) is a barycentric center function of
atriangle center X, then X, = (z(ag, by, cg) : -+ : - -+ ) aBc is the corresponding
g-center. The point G, still agrees with G = (1 : 1 : 1) 4pc. The square of the
new triangle area is -o.

Figure 1. An equilateral triangle is given new side lengths (ag : by : ¢q) = (3 :
4 : 5). The picture shows the circumcircle (blue), the incircle (green) and the
nine-point circle (red).

Figures 1 and 2 show the situation for an equilateral triangle (¢ = b = ¢)
on which was imposed a new metric (ag,by,cy) = (3,4,5) and (agy, by, cy) =

L ater on, we dismiss this condition, see 2.4 .
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Figure 2. An equilateral triangle is given new side lengths (ag : by : ¢g) =
(6 : 9 : 13). Besides the circumcircle, the incircle and the nine-point circle, the
picture shows the excircles (green) and the polarcircle (brown).

(6,9,13), respectively. Considering these two new metrics, the first triangle is
right angled, the second obtuse.

A generalization of the incenter, the circumcenter and the orthocenter of a trian-
gle is given by I. Minevich and P. Morton [12, Section 4]. They introduce the name
generalized triangle centers. We adopt this terminology.

1.1. Embedding the affinein a projective plane. The affine plane can be embedded
in a projective plane P by adding the line at infinity £.,. This line consists of all
points (u,v,w)apc With w + v +w = 0. Points on L., are called infinite or
improper while those in the affine plane are called finite or proper. A line is called
proper if it differs from £..

1.2. g-orthogonality of lines. If two proper lines are g-orthogonal, we shall say
that their infinite points form a pair of g-orthopoints. Two infinite points U =
(u:v:w)apcand U = (v : v : w')apc are g-orthopoints if and only if
Sagun’ + Spgvv’ + Scqww’ = 0. See [15, p. 55] or [2] for the Euclidean case.
The following version of Thales’ theorem is valid in all metric affine geometries:
Given two lines £ and £’ which meet in a finite point P, these lines are orthogonal
precisely when there exist two (not necessarily finite) points ¢ and R, one on £ and
the other on £’ and both different from P, so that the center of the (generalized)
circle PQR is a point on the line QR.
In the following, we analyze the three cases o, > 0, 0, = 0 and oy < 0.

2. The affine Euclidean case

If o, > 0, then the g-incenter I, lies inside the medial triangle and the g-
symmedian K, lies inside the Steiner inellipse. The metric given by formula (sx)
is affine Euclidean. Proof: By an affine transformation 7 with fixed point ,, the in-
conic with center I, can be mapped onto a circle. Let A’, B’, C’ be the image points
of A, B, C under 7. This transformation maps a point U = (u : v : w)4pc to the
point U = (u : v : w)arprcr. 14 is the incenter of A’B’C”; therefore the ratio of
the sidelengths of this triangle is a, : by : ¢4. If = is a barycentric center function,
then 7 maps the g-center X, = (z(ag, by, cg) : x(bg, cg,aq) : x(cg, ag,by)) aBc Of
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ABC tothe triangle center X = (z(ay, by, ¢g) : x(bg, cq, aq) : x(cqg, aq,bg)) 4 Brc
of A/B'C’. O

2.1. Description of the generalized circumcircle. In case of o, > 0, the gener-
alized circles are ellipses. We assume that I, and I are different points, so that
these generalized circles are ellipses with two foci. The focal axes of these ellipses
have all the same infinite point. We will determine this point. Furthermore, for the
g-circumcircle we calculate the lengths of the two principal axes and the distance
between the two foci.

The equation of a g-circle with center M = (mg, my, m¢) Apc and radius p is

Z Sag((mp+me)r —ma(y+ 2))% = p*(ma +mp +me)?(z +y + 2)2

cyclic
We concentrate on the g-circumcircle, which is given by the equation

azyz + bzzx + czxy =0.
Using (x), we can derive an equation in Cartesian coordinates,
2 2 aagbgcyS 2
a(X = X0)” + 28(X — Xo) + (Y — Y = ( =L )
g

with a = (2a45)%, 8 = 25(a2(b* — ¢*) — a*(b — c2)),

v =az(b* — c*)? —2a*(b* — ) (b — ) — a4(a3 — 2b2 — 2¢2), and

(Xo, Yo) the Cartesian coordinates of the g-circumcenter
Oy = (ag(—ag—i—bg—i—cg) Deee i )ABC-
The direction vectors of the two principal axes of the circumellipse are the eigen-

vectors of the matrix M = <a

B
Ae = % (a byt a—7)? +452) — 2a%(0 + ¢?)

5 > The two eigenvalues are

with
o+ 7y

0= 4@2 :a2SA’g+b25’B7g+CQSC,g:a‘gSA—i_szB"i_CzSC,

1
6= {/(6+258,)(0-255,) and s, = /7

In the affine Euclidean case we have Ay > A_ > 0. A calculation shows that the
lengths of the major and minor half axes are

aagbgycyS aagbgcyS
Tmas = —— = N0 Trin = —— .
Sgv/ A= S/ A+
The distance f of the foci from the center O, is therefore

Fo 2 GabeCe?
- Tmax Tmin = .
Og
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The eigenspaces of A\ and A_ are R(A+ —~, /3), so that the focal line is (Xo, Yp)+
R(A— — =, 8). The infinite point on this line is

(a®B:=S(A_ —v) = Scf: S(A_ —7) — SB)asc-

The Cartesian coordinates of the two foci F.. are (Xo £+ fu1, Yo £ fva), (v1,v2)
being a unit eigenvector of A_. Subsequently, the barycentric coordinates of the
two foci can be calculated:

Fe=@p+p,q9%d,r+1")anrc,
where (p, ¢, ) are the absolute barycentric coordinates of O, and
, afva ,  f(=v1S —1Se . f(v1S —v2SB)

8 B aS ’ N aS

The foci of a circumconic and an inconic can be obtained by a compass-ruler-
construction, see Gibert [8]. Dergiades [3] calculated the lengths of the axes of an
inellipse with given center and also described a compass-ruler-construction of the

foci.

2.2. Criterion for the g-orthogonality of lines / Theorem of Brianchon and Pon-
celet. Let two different lines meet the line at infinity in the points U, V. These
lines are g-orthogonal if and only if there exists a hyperbola through the points A,

B, C, U,V and the g-orthocenter H, = ( L

—aZTa ¢

2.3. The g-angle between two lines. We want to determine the g-measure ¢, <
[0, 5] of the angle (L, L') between the proper lines £ : iz + my + nz = 0 and
L' 'z +m'y +n’z = 0. This measure is fixed as soon as we know the value of
sin ¢4 Or cos ¢4. To get these two values, let

k:=1(m' —n")y+mn =) +n(l —m'),
and calculate the g-area | PQR|, of a triangle PQ R, where

p_ (mn’ —m/n U'n—In" Ilm' — l’m)
ABC

k ’ k ’ k
is the intersection of £ and £/,
(mn’ —m/n >
7+m_n,...7...
k ABC

is a second point on £, and

’ ’
mn’' —m'n
R:< —I—m/—n/,-",”->
k ABC

is a second point on £’. For this,

Q=

1 1
PQRI, = K| - |[ABCl, = Ik|\/75 = 5 [KIS,.
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Thus, we get
2k - |ABC],
dg(P, Q)dg(P, R) |’
Sag(m—n)(m' —n')+ Spg(n—1)(n" =)+ Scg(l —m)(l' —m’)
dg(P,Q)dy(P, R) ’
d2(P,Q) = Sag(m—n)*+ Spg(n—1)>+ Sp4(l —m)?,
d2(P,R) = Sag(m' —n)? + Spg(n' —1')* + Sp4(l' —m/)*.

sin ¢y =

COS Qg = ‘

~ m-—n _ m' —n/
We interpretl = | n—1 | and!’= [ n’ —1' | asdirection vectors of £ and
l—m U'—m/

L' respectively, and the expression
Sag(m—=n)(m' —n')+ Spys(n -1 =)+ Scy (0 —m)(l' —m')
as a dot product [ - I/ =< [|I’ >, of these two vectors, so that we can write
I 7]
cos(g) = —m=—7=—=-
VIV

2.4. Negative sidelengths a4, by, c4. There is no reason to forbid negative values
for ag4, by, cy. For example, if we choose a; = —a, b, =bandc, = c oray = a,
b, = —band ¢, = —c, we just swap the incenter I with the excenter I, and the
excenter I, with the excenter I.. If a weak center, consisting of the main point and
its three mates, is not considered as a quadruple but as a set of four points, changing
signs leaves this weak center invariant. Strong centers keep their positions, anyway.
This situation does not change if we dismiss the condition o, > 0.

3. The Galilean case

If o, = 0, the point H, is an infinite point and agrees with O, and N,. H, is
the absolute pole of the Galilean plane: two finite points lying on the same line
through H, have Galilean distance 0. A line through the absolute pole is therefore
called a null line. In particular, the three generalized triangle altitudes, considered

as lines, are null lines. This is in accordance with the area of the triangle: \/f" =0.
The g-symmedian point K, is a point on the Steiner inellipse. The incenter and the
excenters are the barycentric square roots of K,. One of these roots agrees with
Hg, so itis an infinite point. The other three roots lie on the sidelines of the medial
triangle of ABC.

3.1. g-circlesin Galilean geometry. Generalized circles in the Galilean plane are
parabolas. Some of them may degenerate. For example, the g-incircle and the g-
excircles are double lines (lines with multiplicity 2), and if the incenter is a vertex
of the medial triangle, then the g-circumcircle and the g-nine-point circle each con-
sist of two parallel lines. It should be noted that a degenerate g-circle in Galilean
geometry has more than one center. All these centers lie on a “centerline” of this g-
circle. Michel Bataille [2] calculated the barycentric coordinates of the focus F' of
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Figure 3. An equilateral triangle is given new side lengths (ag : by : ¢g) = (2 :
3 : 5). The picture shows the g-circumcircle (blue) with focus F, the g-nine-
point circle (red) and the g-polar circle (brown). The g-polar circle runs through
the g-incenter and the g-excenters. The green lines are the g-altitudes. As double
lines they are the g-incircle and two g-excircles.

a circumparabola C of the triangle ABC' if the infinite point of C has barycentric
coordinates (u : v : w), then the focus is

’LL2 CLQU’LU
vw  a?ow + b2wu + uv ABC
Figure 3 gives an illustration of a triangle in the Galilean plane.

3.2. ¢g-Orthogonality of linesin a Galilean plane. Two lines which meet in a finite
point are orthogonal if and only if one of these is a null line.

3.3. The g-angle between two lines. It makes sense to define the g-measure of the
angle between two non-null-lines £ and £’ to be the g-distance of the poles of
these lines with respect to the g-circumcircle of the triangle ABC'. Proof: We may
assume that the finite part of the g-circumcircle of the triangle ABC in R? is given
by the equation y = kx?, k # 0, and that y = ma +nand y = m/z + n’ are
the equations of the lines £ and £’. The poles of these two lines with respect to
the g-circumcircle are P = (5, —n) resp. P’ = (’2”—,;, —n'). There exists a real
number k" # 0 so that the Galilean distance between any two points (x,y) and
(«',y') is k'|x — 2’|. Therefore, the distance between P and P’ is %,;”m —m/|.
This is consistent with the usual definition of the measure of the angle between the
two lines £ and £’ in Galilean geometry, see for example [7, Chap 4] or [13, Chap
23].0

Remarks. (1) Using barycentric coordinates, the pole of the line £ : lz4+my+nz =
0 with respect to the circumcircle C : a2yz + b2za + c2ay = 0 is
P (a4 Bmt ) s

(2) For the reference triangle ABC, the ratio of the measure of an angle and the
length of its opposite side is % (The measure « of the angle between AB and AC
ic 1
IS sa €tC).

2
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(3) For the medial triangle of ABC, the measure of an angle equals the measure
of its opposite side.

4, TheLorentz-Minkowski case

If 0, < 0 then the metric d, is a Lorentz-Minkowski metric or an LM metric,
for short. In this case, generalized circles are hyperbolas which might eventually
degenerate. Given a g-metric, all the g-circles run through the same two points
on the line at infinity £.,. These two points P; and P, are the absolute poles of
the LM plane. The distance between two different finite points U and V' is 0 if
and only if (either) P, or P; is a point on the line UV; in this case UV is called
a null line. In LM geometry, not only the distance between two points can be
negative but also the square of the distance. Following A. Einstein [6], we will
define: Two points U and V are in a spacelike position if df](U, V) > 0, and they
are in a timelike position if dg(U, V) < 0. If two points U, V are in a spacelike
(respectively timelike) position, then all finite points P, @ on the line UV with
P #£ @, are in a spacelike (respectively timelike) position. Therefore, we can call
the line UV spacelike (respectively timelike). Obviously, in LM geometry triangles
can have real as well as imaginary sidelengths. Triangles having both, a real and
an imaginary sidelength # 0, do not have weak triangle centers. All strong centers
still exist.

4.1. Description of the generalized circles. Generalized circles in the LM plane
are hyperbolas. The focal axes of two g-circles do not have to be parallel but may
be orthogonal, as can be seen in Figure 7. The principal axes and the foci can be
calculated the same way as in §2.1 for the Euclidean case, except for the distance
between the foci and the center O,. This is now

_agbgcg\/ 4 .
o

g

f = T?naa: + Trzm'n =
The two absolute poles are
P = (—d*(w+p): (a®+ Sp)(w+ B) + 97 : =Sp(w + B) — S7) asc,
Py = (—a*(w—B): (a®* = Sp)(w— B) + Sy : Sp(w — B) — SY)asc-
Here we use the notations of §2.1 and w := /% — ay = a*\/—00y.

4.2. g-Orthogonality of lines. A pair (U, V') of points on the line at infinity is a
pair of g-orthopoints if and only if the quadruple (U, V, Py, P) is harmonic. It
can be easily checked that if a line is spacelike then all its g-orthogonal lines are
timelike. Particularly, if a sideline of a triangle is spacelike then the corresponding
altitude, considered as a line, is timelike and vice versa. Figure 5 shows a trian-
gle with d,(B,C) = 0, and Figure 6 illustrates the situation for a triangle with
dy(A, B) = dy4(A,C) = 0. In both cases, the generalized circumcircle as well as
the generalized nine point circle degenerate to a pair of lines. In Figure 7 the gen-
eralized symmedian K, is outside the triangle, therefore weak generalized centers
do not exist in the real plane.
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Figure 4. An equilateral triangle is given new side lengths (ag : by : ¢g) = (3 :
5: 11). The picture shows the g-circumcircle (blue), the g-incircle (green), the
g-nine-point circle (red) and the g-polar circle (brown). All g-circles go through
the same infinite points.

Figure 5. An equilateral triangle is given new side lengths (ag : by : ¢4) = (0 :
1 : 2). The picture shows the following generalized circles: the circumcircle (it
consists of two blue lines intersecting in O,), the incircle (green), the nine-point
circle (it consists of two red lines intersecting in N,) and the polarcircle (brown).
14,04 and K, are points on the sideline BC, N, is a point on the g-incircle.

4.3. The g-angle between two lines. We want to calculate the g-measure ¢, of
the angle Z,(L, £’) between the proper lines £ : iz + my + nz = 0 and £’ :
U'z+m'y+n'z = 0. To get a real value for ¢, these lines have to be both spacelike
or both timelike. The value of ¢, > 0 is determined by the value of cosh(¢,). A
calculation similar to the one in the Euclidean case gives the following result (we
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Figure 6. An equilateral triangle is given new side lengths (a4 : by : ¢4) = (0 :
0:1). The points I, O4 and K, agree with the vertex C.

Figure 7. An equilateral triangle is given new side lengths (ag : by : ¢g) = (2i :
2:3).

use notations defined in §2.3):
\l Ul

\/]l \/ l’ l’
5. Symboalic substitutions

In [10], C. Kimberling gives the following definition of the transfigured plane of
a triangle:
Suppose a, b, ¢ are variables (or indeterminates) over the field of
complex numbers and that z, y, z are homogeneous algebraic func-
tions of (a,b,¢) : x = z(a,b,c), y = y(a,b,c),z = z(a, b, c), all
of the same degree of homogeneity and not all identically zero.
Triples (z,y,2) and (z/,y/, 2") are equivalent if zy’ = ya’ and

cosh(¢g) =
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yz' = zy'. The equivalence class containing any particular (z, y, z)
is denoted by = : y : z and is a ‘point’. Let A =1 : 0 : 0,
B=0:1:0C =0:0: 1. These three points define the
reference triangle ABC'. The set of all points is the transfigured
plane.

We denote this transfigured plane by P. A model of PP can be obtained by taking
a, b, c as the side lengths of the triangle ABC and (x(a, b, ¢) : y(a,b,¢) : z(a, b, c))
as barycentric coordinates of a point. A second model is constructed by taking
(xz :y: z) as trilinear coordinates of a point. If 2/, ¢/, 2’ are functions of a, b, ¢, all
of the same degree of homogeneity and not all identically zero, then the substitu-
tion (a,b,¢) — (2/(a,b,c),y (a,b,c), 2 (a,b,c)) induces a transformation on P.
While in the first model, in addition to the vertices A, B, C of the reference trian-
gle, its centroid is a fixed point of the transformations, in the second the vertices
and the incenter stay fixed. The advantage of the first model, as compared to the
second, is that the transformations leave the line at infinity invariant. Kimberling
[9] (see also [4, §2.3]) names these substitutions and the hereby induced transfor-
mations symbolic because, as he says, they suffer from a geometric meaning:

The adjective symbolicis applied to substitutions («, 3,v) — (¢/, 8',7")
in order to distinguish between these and geometric transforma-
tions. Consider the substitution (a,b,c) — (be, ca,ab); if a,b, ¢

are the sidelengths 2, 4, 5 of a triangle then bc, ca, ab are not side-
lengths of a triangle. Moreover, for general a,b, ¢, a geometric
construction of a point (x(a,b,c) : y(a,b,c) : z(a,b,c)) offers

no clues for constructing the point x(bc, ca, ab) : y(be, ca,ab) :
z(be, ca, ab).

The first of these two arguments can be dismissed, as in the former sections
was shown that every triangle can be given any side lengths a4, by, c, except for
ag = by = ¢4 = 0 by taking a suitable generalized metric d,. Furthermore, this
new metric can be used for the construction of new triangle centers. We give two
examples:

(1) The substitution

(x,y,2)=(—a,b,c)— (2',y,2)
:(a2(b2 4 02) o (b2 o 62)2,62(0,2 + 02) _ (62 o CL2)2,02(6L2 + b2) o (a2 o b2)2)
maps the excenter I, = (—a, b, ¢) 4pc to the nine-point center IV, the incenter I to
the anticevian point ,N of NV, and the symmedian point K to N? (the barycentric
square of IV). If we take ,/V as the generalized incenter I,, then NV is going to be
the generalized excenter I, , and N2 the perspector of the g-circumcircle.

(2) Construction of the contact triangle of the MacBeath inconic, starting from
its center V. The substitution

(z,y,2)=(a,b,c) = (., )
:(aQ(bQ + 02) . (b2 _ 02)2’[)2(&2 + 02) _ (62 o a2)2,62(a2 + b2) o (a2 o b2)2)
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maps I to N and the Gergonne point G, to G /O, the isotomic conjugate of the
circumcenter 2. I is the center and G, is the perspector of the incircle. Therefore,
G, is the isotomic conjugate of the anticomplement of 7. Thus, we can construct
G /O as isotomic conjugate of the anticomplement of N. The cevian triangle of
G /O is the contact triangle of the MacBeath inconic.

5.1. Thegeometric meaning of a symbolic substitution. Let z(a, b, c) be a barycen-
tric center function. If in the affine plane the square of the distance between two
points U = (u,v,w)apc and U' = (v/,v', w’) 4pc is given by

1
PU,U") = Z 5(—oﬂ + 0%+ A)(u—u)?,
cyclic
the point X that corresponds to this center function has barycentric coordinates
(z(a,b,c) : x(b,c,a) : x(c,a,b)). The same point is the incenter of the reference
triangle when using a distance function d, with
1
EUU) =) 5 (=(@(a,, N+ (z(b,c,a)? + (z(c, a,b)H) (u— u')2.

cyclic

Let 2/, 4/, 2’ be functions of a, b, ¢, all of the same degree of homogeneity and
not all identically zero. The point

X' = (z(2'(a,b,¢),y'(a,b,¢), 2 (a,b,¢)) : -+ 1 -+ ) aBC

can be interpreted as a point with center function x, when the square of the distance
d’' of two points U = (u,v,w) and U’ = (u/,v', w') is given by

PO) = 3 S (a,5,0)° + (5 a,b,0) + (b)) — )

cyclic

6. Generalized versions of Feuerbach’s conic theorem

Feuerbach’s conic theorem establishes a connection between two different met-
rics of the affine plane.

6.1. Feuerbach’s conic theorem (see [5, 1]). Each circumconic of a triangle run-
ning through the orthocenter A has its center on the nine point circle.

If we interpret this circumconic as a g-circumcircle of the reference triangle
with center Oy, then the g-orthocenter H,, is a point on the Euclidean circumcircle.
Thus, we can formulate the following generalized versions (6.1.1) and (6.1.2) of
Feuerbach’s conic theorem:

6.1.1. Let C and C’ be two circumconics of triangle ABC'. We interpret C and C’
as generalized circumcircles with center O, and O,4/. Then Hy is a point on C' if
and only if H{ is a point on C.

2G/0 is Xas4 in [9].
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6.1.2. A conic runs through all four points of a g-orthocentric system if and only
if its center lies on the g-orthic circle, which is the g-circumcircle of the g-orthic
triangle.

6.2. Corollaries.

6.2.1. Each conic through the vertices of a quadrangle has its center on the nine-
point conic of this (complete) quadrangle, see for example [4, Lemma 19.1.2], [12]
and [15].

6.2.2. Together with the incenter I, the excenters I, I, I. of the triangle ABC
form an orthocentric system, the reference triangle ABC being the orthic triangle.
Each conic running through these four points has its center on the circumcircle
of the triangle ABC. Taking one of these conics and interpreting its center as a
g-orthocenter, this conic is the g-polar circle of ABC. The triangle ABC is self
polar with respect to it.

6.2.3. We shall call an LM metric canonical if H, is a point on the (common)
circumcircle of ABC. In this case the g-circumconic is a rectangular circumhy-
perbola of ABC, thus running through H. The center O, of this conic is the
complement of H, and lies on the nine-point circle. The g-nine-point circle is
a rectangular circumhyperbola through the vertices of the medial triangle and its
orthocenter (= circumcenter of ABC'). The perspector of the g-circumconic, the
g-symmedian point K, is a point on the tripolar line of H. If H is inside the tri-
angle, K, has to lie outside, and weak g-centers do not exist in the real plane. We
now assume that K, lies inside the triangle ABC. In this case ABC' is obtuse, the
g-incenter and the g-excenters exist, and these four points lie on the polar circle of
ABC.

624. If P = (p: q:r)yand P = (p/ : ¢ : r') are the centers of two
different circumconics C and C’ of ABC, then the perspectors of these conics
have coordinates (v : v : w) = (p(—p+q+ 1) = --- : ---) respectively
(W v W)= @=p +¢+7"):--:---). The fourth (nontrivial) inter-
section point of C and C’ has coordinates

1 1 1
vw —v'w  wd —wu T w —ulv )

In the case of P’ = O, the fourth intersection point is called the Collings transform
of P, see [9] for a definition and a bibliography.

6.2.5. Let ABC D be a not degenerate quadrangle, the point D having barycentric
coordinates (d : e : f) with respect to ABC'. Then the centers of circumconics
of ABCD lie on the nine-point conic of the complete quadrangle ABC D. This
conic is also the bicevian conic of D and G with respect to the triangle ABC'. The
barycentric equation of this conic is

efe(—z+y+2)+ fdy(x —y + 2) + dez(z +y — z) = 0. (% % %)
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Its center is the midpoint of the Varignon parallelogram of the quadrangle ABC D
and has coordinates (2d +e+ f : ---: ---). We will denote this midpoint by Mp.
If by a homothety x with center GG and scale factor i the quadrangle ABCD is
mapped onto a quadrangle A’B’C’D’, and D’ agrees with Mp, as can be proved
by a simple calculation. If we now assume that D is a point on a circumconic C
of ABC, the point D’ = M, lies on the image C’ of C under x. Suppose that
the center of C has coordinates (k : [ : m), then the center of C’ has coordinates
2k+1+m :---:---). Proof of (x xx): Taking (d : e : f)apc as the g-
orthocenter H, of ABC, the symmedian point K, has coordinates (a} : b2 : ¢2) =
(dle+ f):e(f+d): f(d+e)). We can now use the equation of the g-nine-point
circle Y- i (Sa g2 — agyz = 0) (see [16] for the ordinary version) to get the
equation (x * ). [J

7. Additional change of the centroid

In the plane P of the reference triangle ABC we choose a point P = pA +
gB + rC with p 4+ ¢+ r = 1 and pgr # 0. The mapping, which assigns each
point () the barycentric product P - Q, is a bijective projective transformation of
the plane. It maps the quadrangle ABC'G (G being the centroid) to the quadrangle
ABCP and the line at infinity to the tripolar line 7p of P. Making P the new
centroid G, of triangle ABC and 7p the new line at infinity, we can define a new
metric on P — Tp: The triangle ABC is given side lengths a4, b4, ¢4, Where ag,
by, ¢y May take any real or purely imaginary values except for a, = by = ¢, = 0.
The square of the new distance between two points U = (u : v : w)apc and
V = (u : v : w)apc is now defined by

P eyetic Sag(wv’ — w'v)r + (uw' — u'w)q)?

(ugqr + vrp + wpq)?(u'qr + v'rp + w'pq)?
If X, is a triangle center of ABC' with respect to the metric dg as defined in
Section 1, then X, - P is the corresponding center of triangle ABC with respect

to the new metric. Figure 8 gives an illustration by showing the most important
triangle centers and triangle circles.

diew (U U") =
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euler

¥ il \
infini ’/I7
e

Figure 8. An equilateral triangle is given new side lengths (ag : by : ¢g) = (6 :
9 : 13). Here, the new line at infinity is the polar line 7p of the point P = G,
with barycentric coordinates (2 : 3 : 4). There exists a point Z on the new line
at infinity with the following properties: The mirror image of Z in a new circle
is its new center, and the polar line of Z with respect to this new circle is parallel
to Tp.
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Quasi-circumcenters and a Generalization of the
Quasi-Euler Lineto a Hexagon

Michael de Villiers

Abstract. This short note first proves an elementary property of the quasi-circumcenter
of a quadrilateral, and then generalizes the quasi-Euler line of a quadrilateral to

a hexagon involving its quasi-circumcenter, its quasi-orthocenter and its lamina
centroid.

1. Introduction

The term “quasi-circumcenter” of a quadrilateral seems to have first been intro-
duced by Myakishev in [2], where it is defined as follows: Given a quadrilateral
ABCD, denote by O, the circumcenter of triangle BC D, and similarly, O,, for
triangle AC'D, O, for triangle ABD, and O, for triangle ABC, then the quasi-
circumcenter for the quadrilateral is given by O = 0,0, N 0, O.

From a problem posed in [1] to find the “best” place to build a water reservoir
for four villages of more or less equal size, if the four villages are not concyclic, the
following theorem was experimentally discovered and proved. It followed from the
classroom discussion of a proposed solution by an undergraduate student, Renate
Lebleu Davis, at Kennesaw State University during 2006.

Figure 1

Theorem 1. For a general quadrilateral ABC D, the quasi-circumcenter O is
equidistant from A and C, and also from B and D. (See Figure 1).

Publication Date: September 4, 2014. Communicating Editor: Paul Yiu.
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Proof. Since both O, and O, lie on the perpendicular bisector of the B D, all points
on the line 0,0, are equidistant from B and D. Similarly, all points on the line
0,0y are equidistant from A and C. Thus, the intersection O of lines OO, and
0,0y is equidistant from the two pairs of opposite vertices. O

This result was used in the Kennesaw State Mathematics Competition for High
School students in 2007, as well as in the World InterCity Mathematics Competi-
tion for Junior High School students in 2009. Of interest too is that an analogous
result exists as given below for the “quasi-incenter” of a quadrilateral, defined in
the same way as quasi-circumcenter. The proof is left to the reader.

Theorem 2. Given a general quadrilateral ABC'D, then the quasi-incenter [ is
equidistant from AD and BC', aswell as equidistant from AB and C' D.

2. The quasi-circumcenter of a hexagon

The point of concurrency given in the Theorem 3 below defines the quasi-
circumcenter of a hexagon.

Theorem 3. If the quasi-circumcenters P, Q, R, S, T, and U, respectively of the
quadrilaterals ABCD, BCDE, CDEF, DEFA, EFAB, and FABC subdi-
viding an arbitrary hexagon ABC DEF are constructed, then the lines connecting
opposite vertices of the hexagon formed by these quasi-circumcenters are concur-
rent. (See Figure 2).

Figure 2

Proof. The result follows directly from the dual of the theorem of Pappus, which
can be conveniently formulated as follows: The diagonals of a plane hexagon
whose sides pass alternatively through two fixed points, meet at a point. With
reference to Figure 2, note that alternate sides QR, ST and U P respectively lie
on the perpendicular bisectors of sides AE, EC and C' A of triangle ACF, and
are therefore concurrent. Similarly, the other set of alternate sides are concurrent
(with respect to triangle BDF'). Hence, according to the dual of Pappus, the lines
connecting the opposite vertices (the main diagonals) are concurrent. O
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3. Thequasi-Euler line of a hexagon

In [2], it is shown how the Euler line for a triangle generalizes to the Ganin -
Rideau - Myakishev theorem, e.g. a quasi-Euler line for a general quadrilateral
ABCD, which involves its lamina centroid G, its quasi-circumcenter O, and its
quasi-orthocenter H (which is defined in the same way as the quasi-circumcenter),
and OH : HG = 3 : —2. Using the result of Theorem 3, this result generalizes to
a hexagon as follows.

Theorem 4. In any hexagon, its lamina centroid G, its quasi-circumcenter O, and
its quasi-orthocenter H arecollinear,and OH : HG = 3 : —2. (See Figure 3).

Figure 3

Proof. Subdivide the hexagon ABC DEF into the same six quadrilaterals as in
Theorem 3 above, and determine the quasi-circumcenter O, the lamina centroid
G, and the quasi-orthocenter H of each quadrilateral, respectively labelling the
formed hexagons as

P PQRSTU, PG : PgQgRG'SngUG, PH : PHQHRHSHTHUH.

Since the same affine relations hold between O, G and H in each quadrilateral,
affine mappings exist that will map P onto Pg and Py. But since the diagonals of
‘P are concurrent, it follows that the diagonals of P and Py would also be concur-
rent. Respectively label and define those two points of concurrency of P and Py
as the centroid G and quasi-orthocenter H for the whole hexagon. Finally, since
affine transformations preserve collinearity as well as ratios into which segments
are divided, we note from the affine mappings between the various hexagons that
the result holds. O

We can similarly define the quasi-ninepoint center of a hexagon in terms of the
six quasi-ninepoint centers of the subdividing quadrilaterals, from which it follows
by the same affine transformations that the quasi-ninepoint center N bisects the
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segment OH. An interactive Java applet to illustrate and explore Theorem 4 is
available for the reader at:

http://dynamicmathematicslearning.com/
quasi-euler-line-hexagon.html.

The result unfortunately does not generalize further to an octagon as subdividing
it in the same way into quadrilaterals or hexagons do not produce octagons that
generally have concurrent diagonals.
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A Simple Property of |sosceles Triangles with Applications

Surajit Dutta

Abstract. In this paper we prove a simple property of isosceles triangles and
give two applications: construction of third proportional line segments and con-
struction of the inverse point with respect to a circle.

1. Introduction

Here we give an interesting property of isosceles triangles. It is known that if
a and b are two given line segments, then their third proportional line segment ¢
can be constructed geometrically; see [2, VI.11]. We can more easily construct
the third proportional line segment by using the simple geometric property of the
isosceles triangles. Two points A and B are inverse points with respect to the
inversion circle with center O and radius r, if OA - OB = r?; see [3]. We can
construct the inverse point with respect to a circle by using the same property of
the isosceles triangle.

2. Theproperty

Lemmal. Let ABC be an isoscelestriangle with AB = BC. Let D be a point
on theray BC and let h be the ray obtained by reflecting the ray AD in the line
AC. Then theray h cutstheray BC in a point £ which lies outside the segment
BC if the point D lies inside this segment (see Figure 1) and inside the segment
BC if the point D lies outside (see Figure 2).

Figure 1 Figure 2

Proof. For Figure 1, let k£ denote the ray which is the part of the ray BC' outside
the segment BC'. Then,

L(k,CA)+ L(AC,h) = m — LACB + Z(AC, h)
m—LBAC + Z(AC, h)
= r1—/BAC+ /DAC
< .
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The second equality holds since the triangle ABC'is isosceles, the third by reflec-
tion, and the fourth since D is an interior point of the segment BC'. Now according
to Euclid’s fifth postulate the rays k and A meet in a point E. By the properties of
reflection it is obvious that this intersection point £ must lie on the ray BC' outside
the segment BC.

For Figure 2, Z(h, AC) = LCAD < LACB = ZBAC. The first equal-
ity holds by reflection, the inequality by the Exterior Angle Theorem, the second
equality since the triangle ABC' is isosceles. Thus, the ray h runs first within the
triangle ABC' and meets the side BC' in an interior point E. (]

Theorem 2. If ABC' is an isosceles triangle and points D, E are given as in
Lemma 1, then BC? = BD - BE, i.e., BC isthe geometric mean of BD and BE.

Proof. Firstly, we assume the point D inside the segment BC'. The triangles ABD
and E B A share the angle at vertex B. Now consider the angle sums of the triangles
ABC and ABD.

/ABC + /BCA + /CAB = T,
/ABD + /BDA + /DAB = .

Note, that Z/CAB = ZCAD + ZDAB. Thus, comparison of the two angle sums
yields /BDA = /BCA 4+ Z/CAD. But /BCA = ZCAB since the triangle
ABC isisoscelesand ZCAD = ZEAC by reflection. Thus,

/BDA=/CAB+ LFAC = Z/FEAB.
Therefore the triangles ABD and EB A are inversely similar, and
BC:BD =AB:BD =BFE: BA=DBE: BC.

From this, BC? = BD - BE.
Secondly, if the point D lies outside the segment BC' then interchanging the
roles of the points D and E in the previous argument yields the same result. O

3. Applications

3.1. Construction of third proportional line segments. Let a and b be the lengths
of two line segments, and we have to draw a line segment of length ¢ such that the
square of b equals the product of a and c.

A A

Figure 3 Figure 4

For this, construct an isosceles triangle ABC with AB = BC' = b (see Figures
3 and 4). Let D be a point on the ray BC such that BD = « and let h be the line
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obtained by reflecting the ray AD in the line AC. By Lemma 1 the ray h cuts the
ray BC' in a point E. Theorem 2 implies BE = c.

3.2. Construction of the inverse point with respect to a circle. Consider a circle C
with center B and D a point which may lies inside or outside of the circle C. In
both cases we can follow the same steps to construct the inverse point of D with
respect to the circle C, a case distinction as in the usual treatments, see for example
[1, pp.108-109], is not needed.

Figure 5 Figure 6

Take the intersection point C' of the ray BD with the circle C, see Figures 5 and
6. Connect the point C' with an arbitrary point A on the circle C (different from
C) and let h be the ray obtained by reflecting the ray AD in the line AC. The ray
h cuts the ray BC' in a point E' by Lemma 1 which is the inverse point of D with
respect to the circle C in view of Theorem 2.

Figure 7

Note that the circumcircle C’ of the triangle ADFE is orthogonal to the circle C,
since it is invariant under the inversion at the circle C (see Figure 7).
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A Noteon Haga's Theoremsin Paper Folding

Hiroshi Okumura

Abstract. Haga’s three theorems in the mathematics of square paper folding are
unified in a simple way.

1. Introduction

Haga’s famous theorems in the mathematics of square paper folding consists of
three main parts [1, 2, 3]. Let us assume that ABC D is a piece of square paper
with a point E on the side AD. We fold the paper so that the corner C' coincides
with E and the side BC'is carried into B'E, which intersects the side AB at a
point F (see Figure 1). We call this Haga’s fold of the first kind. Haga discovered
if £ is the midpoint of AD, then F' divides AB in the ratio 2 : 1 internally (first
theorem). Also if F' is the midpoint of AB, then E divides AD in the ratio 2 : 1
internally (third theorem; see Figure 2).

A E D A E D
I P |
I /
B I
F I
| |
| |
I I I
e o ___ — b - - — — — = 4
B c B c
Figure 1 Figure 2 Figure 3

Let F' be a point on the side AB such that the reflection of B in the line CF
coincides with the reflection of D in the line C'E (see Figure 3). This is called
Haga’s fold of the second kind, with the crease lines CE and C'F'. He discovered
if F is the midpoint of AB, then E divides AD in the ratio 2 : 1 internally (second
theorem). In this note, we show that these three facts are unified in a simple way.

2. Main theorem

It is easy to show AF as a function of DE. Indeed, the following fact is given
in [1]: If AB = 1, then AF = 282 holds for the fold of the first kind. Also he
pointed out that his fold of the first kind derived from the fold of the second kind,
and vice versa. In fact for the fold of the first kind, the reflection of B in the line
C'F coincides with the reflection of D in the line C'E (see Figure 4). Haga’s results

are unified as follows.
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Theorem. The relation % =2 % holds for Haga’s folds of the first and second
kinds.

Figure 4

Proof. Let AB = 1. The theorem can be proved using the relation AF = 12+DDEE.

We give a proof using trigonometry. By the above remark, it is sufficient to prove
for the fold of the second kind. Let 8 = Z/DCE and t = tand. Then we get
DE = tand EA = 1 — t (see Figure 4). This implies % = L. While

1-t*
/BCF =7 —0leadsto FB = tan (] —0) = = and AF = 1 — FB = £5.
Hence we get ﬁ—g = % The theorem is now proved. O

By the theorem AF : FB = k : 1isequivalentto DE : EA = k : 2 for a
positive real number k. Haga’s results are obtained when k = 1 and k£ = 2.
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Dao’s Theorem on Six Circumcenter s associated
with a Cyclic Hexagon

Nikolaos Dergiades

Abstract. We reformulate and give an elegant proof of a wonderful theorem of
Dao Thanh Oai concerning the centers of the circumcircles of the six triangles
each bounded by the lines containing three consecutive sides of the hexagon.

In slightly different notations Dao Thanh Oai [3] has posed the problem of prov-
ing the following remarkable theorem.
Theorem (Dao). Let A;, i = 1,2,...,6, be six points on a circle. Taking sub-
scripts modulo 6, we denote, for ¢ = 1,2,...,6, the intersection of the lines
A;A;r1and A; 9 A3 by B,y 3, and the circumcenter of thetriangle A; A; 11 B; 12
by C;. 3. Thelines C1Cy, C2C5, C3Cg are concurrent.

Figure 1

Indeed a proof with tedious computer aided calculations with barycentric coor-
dinates has been given in [4]. In this note we give an elegant proof using complex
numbers by considering the given hexagon as inscribed on the unit circle with cen-

ter 0 in the complex plane.
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Lemmal. If A, B, C, D arepointson the unit circle with affixes a, b, ¢, d respec-
tively, and the lines AB, CD intersect at I, then the circumcenter P of triangle

ACE has affix p = 2=,

Figure 2

Proof. If the oriented angle between AB and CD is o = LAEC, then ZAPC =
2. If z = cos ¢ + i sin ¢, then since for a point A on the unit circle, the conjugate
of its affix is@ = 1, we conclude that

(c—p) = (a—p)2*. (*)

Now,
d—c b—a (d—c)?*  (b—a)? , d—c b—a 4
d—d " o—al” — Jd=cf  P—aP® ~ d-c b-a

d—c b—a , 9
ﬁ:l lZ — cd = abz”.

d c b a

This reduces to cd = abz?, and from (x), (¢ — p)ab = (a — p)ed. From this,

_ ac(b—d)
- acfbfcd ' O

To avoid excessive use of subscripts, we reformulate and prove Dao’s Theorem
in the following form.

Theorem 2. Let A, B, C, X, Y, Z be arbitrary points on the unit circle with
complex affixes a, b, ¢, x, y, z respectively. ThelinesZB, XC,YAand CY, AZ,
BX bound the triangles A’B’C" and A”B"C". If Ay, By, C1, As, By, Cy are
the circumcenters of the circles (A'Y C'), (B'ZA), (C'XB), (A"BZ), (B"CX),
(C"AY), thenthelines Ay Ay, B1Bs, C1C> are concurrent.
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Figure 3

Proof. From Lemma 1, we have the affixes of the circumcenters:

eyl —a) _ bz(a—1x)
“= cr—ay 2= b
b — =) p, = @b —y)
YT Ty — b2 br —cy ’
_bx(z—¢) _ay(c—z)
AT T e 2= cy—az

For every point ¥ on the line A1 As, the number ¢t = 1’;%3; is real. Therefore,

w w 1
t= %:%. This gives the equation of the line A1 A> as |a; ar 1| = 0 (see [1]).
ay ag 1
Since a, b, ¢, x, y, z are unit complex numbers,
1 1/1 1
_ ag@-a G- a-a
N= e  T.I_1.1 r—ay
Yy c 'z a’ Y cx ay

Similarly, a3 = -2=%-. From these we obtain the equation of the line A1 A,, and

az—bx"

likewise those of B; By and C1C5. These are
(az + cx — ay — bx)w + (bcxy + abyz — cayz — bezx)w + (a — x)(cy — bz) = 0,
(bz + ay — bz — cy)w + (cayz + bezx — abzx — caxy)w + (b — y)(az — cx) =0,
+

(cy + bz — cx — az)w + (abzz + cazy — bexy — abyz)w + (¢ — z)(bx — ay) = 0.
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The three lines are concurrent if and only if the determinant
az+cx —ay —br bexy + abyz — cayz — bezx (o — x)(cy — bz)
bx + ay — bz —cy cayz + bezx — abzax — caxy (b —y)(az —cx)| = 0.
cy +bz—cx—az abzx+ cary — bexry — abyz (¢ — z)(bx — ay)
This clearly is true since each column sum is equal to 0. O

From the equations of the lines it is clear that the point of concurrency is O if
and only if

(a —x)(cy —bz) = (b—y)(az — cx) = (¢ — z)(bx — ay) = 0.

Assume the points A, B, C, X, Y, Z distinct. This condition is satisfied precisely
when the unit complex affixes satisfy £ = # = 2. From this we conclude that
XY Z is obtained from ABC by a rotation.
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Two Tangent Circlesfrom Jigsawing Quadrangle

Tran Quang Hung

Abstract. We establish the tangency of two circles associated with the jigsawing
quadrangle of Floor van Lamoen.

Floor van Lamoen [1] has given a construction, for an acute angled triangle
ABC, a pair of isotomic points Q P, @@ on BC such that when perpendiculars at
P, Q to BC are constructed to intersect AB and AC at P’ and @’ respectively, the
quadrangle PP'Q’Q satisfies P'QQ" = PP’ + QQ' (see Figure 1). If the triangles
BPP'and CQQ’ are rotated about P’ and @)’ respectively, so that the images of P
and @ coincide at a point on P’Q’, then the images of B and C coincide at a point
A’ such that the quadrangle AP’ A’Q" is cyclic. van Lamoen also showed that A A’
passes through the circumcenter O of triangle ABC'. Denote by S the center of the
circle through the four points. We show that this circle is tangent at A’ to another
circle naturally associated with the triangle. Let the tangents at B and C' to the
circumcircle of ABC' intersect at 7.

Theorem. Thecirclesthrough A, P’, A’, Q' istangent at A’ to the circle, center
T, passing through B and C'.

Proof. (1) We first show that A’ also lies on the circle, center T, passing through
B and C. Note that triangles P"BA’ and Q'C' A’ are isosceles (see Figure 1).
Therefore,

/BA'C = 360° — /ZBA'P' — /P AQ — LQ'AC

180° — /BP' A’ 180° — /CQ' A’
- 360°—80f—(180°—43140)—%
/ ! ! A/
_ /BP'A ;4()@,4 L BAC
! ! ! Al
_ 2AQ'A J;mQA L BaC
= 90° + ZBAC

= 180° — %ABTC.
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This shows that A’ lies on the circle, center T', passing through B and C.

A

Figure 1.

(2) We show that the points S, A’, and 7" are collinear.
LSAQ + LQ'A'C+ LCA'T
= (90° — LA'P'Q") + LQ'CA’ + (90° — LA'BC)
= 180° — ZBP'P + ZACB — (180° — ZBA'C)
= 180° — (90° — LABC) + LACB — (90° — ZBAC)
= LABC+ ZACB + /BAC
= 180°.
Therefore, A’ lies on the segment ST.
It follows that the two circles are tangent externally at A’. O
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Two More Pairs of Archimedean Circlesin the Arbelos

Tran Quang Hung

Abstract. We construct two more pairs of Archimedean circles in the arbelos.
One of them isapair constructed by Floor van Lamoen in another way.

In addition to the two pairs of Archimedean circles associated with the arbelos
constructed by Dao Thanh Oai [1], we construct two more pairs. Given a segment
AB with an interior point C, consider the semicircles (O), (O1), (O2) with diam-
eters AB, AC, and C'B, dl on the same side of AB. The perpendicular to AB at
C intersects (O) a D. Let a and b be the radii of the semicircles (O;) and (O2)
respectively. The Archimedean circles have radii a“—fb

Theorem 1. Let the perpendicularsto AB at O; and O, intersect (O) at £ and
F respectively. If AF intersects (O) at H and BE intersects (O») at K, then the
circlestangent to C'D with centers H and K are Archimedean circles.

Figurel Figure2

Proof. Let M and N be the orthogonal projections of H and K on C'D respec-
tively. Since C H and BF are both perpendicular to AF, theright triangles C H M
and F'BO,, are similar (see Figure 1).

HM CH AC AC 2a ab
BO, FB _ap - AM=BOr gp =t e =
Therefore the circle H (M) is Archimedean; similarly for K (V). O

Floor van Lamoen has kindly pointed out that this pair has appeared beforein a
different construction, as (K1) and (K3) in[3] (seeaso (Aas,) and (Assp) in[4]).
We show that H and K areintersectionsof (O;) and (O2) with the mid-semicircle
with diameter O105. It is enough to show that /01 HOy = Z01 KOs = 90°.
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In Figure 2, O, isthe midpoint of BC, and BF', CH are pardlel. The paralléel
through O- to these lines is the perpendicular bisector of F'H. This means that
O F = OoH, and

ZO1HOy = 180° — LZO1HA — ZO3HF
= 180° — LZO1AH — ZOsFH
= LAOF = 90°.

Similarly, Z01 KOy = 90°.

Theorem 2. Let P be the intersection of AD with the semicircle with diameter
AO-, and @ that of B.D with the semicircle with diameter BO;. The circles tan-
gent to C'D with centers P and @) are Archimedean.

/
/
/
/
/
4

A 010,0 o,C 0, B

Figure 3 Figure 4

Proof. Let X and Y be the orthogonal projections of P and @ on C'D (see Figure
3). Since BD and O, P are both perpendicular to AD, they are paralldl.

PX DP BO, B BO, b ab
AC DA BA TN EAC B T S T av
Therefore, the circle P(X) is Archimedean; similarly for Q(Y"). O

We show that PQ is a common tangent to the semicircles with diameters AO-
and BO1 (see[5]). In Figure 4, these two semicirclesintersect at apoint Z on C'D
satisfying CZ? = 2a-b = a-2b. Now, DP- DA = DZ(DC + ZC) = DQ- DB.
It follows that g—g = BB o that the right triangles DPQ and DB A are similar.
Now, if O] isthe midpoint of AO-, then

ZO1PQ = 180° — LO}PA — /DPQ
= 180° — /BAD — /DBA
= /ADB = 90°.

Therefore, P(Q is tangent to the semicircle on AOy at P. Similarly, it is aso
tangent to the semicircle on BO; a Q. It isacommon tangent of the two semicir-
cles.
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A Special Point in the Arbelos L eading to a Pair of
Archimedean Circles

Floor van Lamoen

Abstract. In 2011 Quang Tuan Bui found a beautiful and simple pair of Archimedean
circles, which were published on a website. From this pair we find a special point
in the Arbelos leading to a related pair of Archimedean circles.

In 2011 Quang Tuan Bui found a beautiful and elegant pair of Archimedean
circles. These were published by Alexander Bogomolny on his website [1]. In
2013 the circle pair was found independently by Hiroshi Okumura [2, 3].

E

A O1 C o Oz B

Figure 1.

Consider an arbelos with (O) being the semicircle with diameter AB, while the
point C' on AB defines the smaller semicircles (O;) and (O2) on AC and BC
respectively. Let the perpendiculars to AB from O, and O, meet (O) in D and F
respectively. The segments DA and DC meet (O;) in two points F and G. The
segment F'G is the diameter of an Archimedean circle (see Figure 1). Likewise an
Archimedean circle is found from E.

To prove the correctness of the finding of Bui, we let r, r1 and o be the radii
of (O), (01) and (O3) respectively. Note that AF' : AD = ry : r, so that AD :
FD = r : ro. Of course G divides C'D in the same ratio. So, by similarity
FG=".AC = 2. =22 the Archimedean diameter.

Now one may wonder what the locus of points P is such that PA and PC cut a
chord ST off (O;) congruent to F'G. See Figure 2.

For ST to be congruent to F'G, it is clear that arcs F'S and G'T" must be con-
gruent. From this the angles D AP and DC'P must be congruent, and we conclude
that AC'DP is cyclic. The locus of P is thus the circumcircle of triangle AC'D.
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D
P
F
T
A e}
U

Figure 2.

Similarly, the locus of P for PB and PC to cut congruent to the one cut out by
EBand EC is the circumcircle BC'E. Now the circumcircles of ACD and BCE
intersect, apart from C, in a point L. This point is thus the only point leading to
an Archimedean circle on each of the semicircles (O;) and (O2). A notable point
(see Figure 3).

Figure 3.
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Three Constructions of Archimedean Circlesin an Arbelos

Paul Yiu

Abstract. We give ruler and compass constructions of three Archimedean cir-
cles in an arbelos, each with the endpoints of a diameter on the smaller semi-
circles. In the first case, the diameter contains the intersection of the defining
smaller semicircles of the arbelos. In the second case, these endpoints are the
intersections of the smaller semicircles with the lines joining the endpoints of
the base of the arbelos to a fixed point on the dividing perpendicular line. In the
third case, the diameter containing these endpoints is parallel to the base line of
the arbelos.

1. Introduction

We consider three constructions of Archimedean circles in an arbelos. Given
a segment AB with an interior point C, the semicircles (O), (O1), (O2) with
diameters AB, AC', C'B on the same side of AB bound the arbelos, with dividing
line C'D perpendicular to AB. Let a and b be the radii of the semicircles (O;) and
(O2). Circles with radius ¢ := a“—fb are called Archimedean. They are congruent
to the Archimedean twin circles [1, 2, 3]. We shall make use of the Archimedean
circles with centers Oy and O, respectively.

D

\ 0o C | O2 B

Figure 1.

In particular, we shall encounter below lines making an angle 8 with AB defined
by
t

inf = ——.
St a+b

1)
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Such lines are parallel to the tangents from O; to the Archimedean circle with
center Oy or vice versa. The points of tangency are the intersections with the circle
with diameter OO and center O’ (see Figure 1). We adopt a Cartesian coordinate
system with origin at C, so that the points A and B have coordinates (—2a, 0) and
(2b,0) respectively. The equations of the circles (O;) and (O2) are

(a:+a)2 +y? = a?,

(z —b)? + 1> = V>

2. Archimedean circles with diameter through C' and endpointson (O;) and
(02)

Consider the construction of a line . through C' intersecting the circles (O1)
and (O9) at A’ and B’ respectively so that the segment A’ B’ has length 2¢, and the
circle with diameter A’ B’ is Archimedean. If . has slope m, then these intersec-

tions are A’ = ( —2a ‘2‘“”> and B’ = ( 2 _2bm ) Since the difference

1+m2° 14+m? 1+m27 14+m?2
between the z-coordinates is 2@+ | 4/ B2 = 49+b% This s equal to (2¢)? if and

- 1+m2* 1+m?2 -~
only if
s (a+b)?t  (a+b?*
1+m” = 22 = 2 = csc“ 0

for the angle 6 defined by (1). It follows that the slope m = = cot 6, and the line
& is perpendicular to a tangent from O, to the Archimedean circle at O-.

Theorem 1. A line through C intersecting (O;) and (O2) at the endpoints of a
diameter of an Archimedean circle if and only if it is perpendicular to a tangent
from O to the Archimedean circle with center Os.

Figure 2(a) Figure 2(b)



Three constructions of Archimedean circles in an arbelos 257

3. Archimedean circle from intersections of Q A, QB with @ on C'D

We construct a point @ on the line C'D such that the intersections of AQ with
(O71) and BQ with (O3) are the endpoints of a diameter of an Archimedean circle

(see Figure 3). Let @ = (0, q). These intersections are A” = ( ~2aq” _da’q )

q2+4a27 q2+4a2
" o__ 2bq? 4b2q .
and B” = (q2 T Zrale ) From these coordinates,

4(a + b)2q4
(¢* +4a?)(¢* + 40%)

This is equal to (2¢)? if and only if (a + b)*¢* — a?b?(¢? + 4a?)(¢? + 4b%) = 0
Rewriting this as

((a +b)* — a®b?)¢* — 4a®b*(a* + v*)¢* — 16a*b* = 0, (2)

A// B//2 _

we see that there is a unique positive root.

Theorem 2. There is a unique point ) on the dividing line C'D such that the
intersections of QA with (O;) and QB with (O2) are the endpoints of a diameter
of an Archimedean circle.

¢

) AZA\
| Y

A O1 02 B
Figure 3.
From (2), we obtain explicitly
2 a?b? 2 2 B} B
¢ = W—_a%z(z(a +0?) + 2(a + b)y/(a — b)2 + 4(a + b)2?).

Now, (a+5i‘fa2b2 = (aHf; — = tan®@ for ¢ defined by (1). It is enough to
construct a segment C' X on AB with

CX? =2(a® +b%) +2(a +b)\/(a — b)2 + 4(a +b)2. ?)

Let M be the “highest” point of (O), i.e., the intersection of (O) with the per-
pendicular to AB at O (see Figure 4). For the construction of X, we make use of
the following.

(i) 2(a® + 62) (a+ b)2 + (a—b)2=0M? +0C? = CM?,
(i) (a — b)® + 4(a + b)? = 4(0'0? + OM?) = 4 - O'M?.
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M T

Figure 4.

Construction. (1) On different sides of AB on the perpendicular at C', choose
points Y; and Y5 such that CY; = OM and CYy = O'M. Construct the circle
with diameter Y7 Y5, to intersect the line AB in a segment X7 Xo.

(2) On the perpendicular to MC at M, choose a point X such that M X, =
X1Xo.

(3) Let X be a pointon AB suchthat CX = C'X,. The segment C X has length
given by (3) above.

(4) Construct a parallel through X to a tangent from O; to the Archimedean
circle with center Oo, to intersect C'D at Q. This is the unique point @ in Theorem
2.

4. Archimedean circle with a diameter parallel to AB and endpointson (O;)
and (O2)

We consider the possibility of an Archimedean circle with a diameter parallel
to AB having its endpoints one on each of the semicircles (O;) and (Oz). If the
diameter is at a distance d from AB, its endpoints are among the points

X_=(-a—Va*—d*d), X;=(—a+Va?—d?d);
Yo = (b—Vvb?—d?,d), Yy = (b+ Vb? —d?d).

The differences between the lengths of the various segments and the diameter of
an Archimedean circle are

X_Yy—2t=a+b—2t+Va2—d+ Vb — a2,
X_Y. —2t=a+b—2t+Va>—d— /b -2,
X, Y, —2=a+b—2t— a2 —d+ Vb — &2,
X Y. —2t=a+b—2t— a2 —d2— Vb2 — 2.
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The condition
(X_YL —26)(X_Y_ —26)( XY, —26)(X4+Y- —2t) =0
simplifies into
4t(a —t)(b—t)(a+b—1t) — (a+b—2t)%d*> = 0. (4)
This clearly has a unique positive root d.

Theorem 3. Thereisa unique Archimedean circle with a diameter parallel to AB,
having endpoints one on each of the semicircles (O;) and (O2).

Now, by Heron’s formula, ¢(a — ¢)(b — t)(a + b — t) is the square of the area of
a triangle with sides a, b, and a + b — 2¢t. From (4), d is the altitude of the triangle
on the side a + b — 2¢. This leads to the following simple construction.

Construction. Let the Archimedean circle with center Oy intersect O;C at X and
that with center O intersect CO, at Y. Construct a point Z (on the same side of
the arbelos) such that XZ = a and Y Z = b. The parallel to AB through Z is the
line which intersects (O1) and (O2) at two points at a distance 2¢ apart.

T 1
v or KO x o0, /! B
- N _ AN _

-~ — -~ —

Figure 5a: a® < a?b + ab® + b° Figure 5b: a® > a?b 4 ab® + b*

The point Z is indeed the center of the Archimedean circle in question.
Assume a > b without loss of generality. Note that 01X, = XZ = a, and
they are parallel since

d
sin X1 01C = — =sin ZXY.
a

This means that O X Z X is a parallelogram, and ZX = XO; = t. The circle,
center Z, passing through X is Archimedean. The other end of the the diameter
is Y_ or Y, according as a? is less than or greater than a2b + ab® + b3 (see Figures
5a and 5b). This follows from the simple fact

Jp: 212 3 4 )
Vi — &2 = { ey i’ <a’btab® b,

Setvtm o (0>t el 40
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A Purely Synthetic Proof of Dao’s Theorem on Six
Circumcenters Associated with a Cyclic Hexagon

Telv Cohl

Abstract. We present a purely synthetic proof of Dao’s theorem on six circum-
centers associated with a cyclic hexagon.

Nikolaos Dergiades [4] has given an elegant proof using complex numbers of
the following theorem.

Theorem (Dao [2]). Let six points A, B, C, D, E, F lieonacircle, and U =
AFNBC,V=ABNCD,W =BCNDE, X=CDNEF,Y=DENFA,
Z = EF N AB. Denote by O1, Oz, O3, Oy4, Os, Og the circumceneters of the
six triangles ABU, BCV, CDW, DEX , EFY, FAZ. Thethreelines 0,0y,
0205, O304 are concurrent.

Figure 1

In this note we present a purely synthetic proof.

Lemmal. Let A, B, C, A’, B', C’ be six points (in cyclic order) on a circle (O),
and X = ABNA'C, X' = A/B'n AC’. Let O, O} be the circumcenters of
(XBC), (X'B'C") respectively. Thelines 0,0, BB’, CC’ are concurrent (see
Figure 2).

Publication Date: September 30, 2014. Communicating Editor: Nikolaos Dergiades.
The author thanks Messrs. Dao Thanh Oai and Nikolaos Dergiades for their help in the improve-
ment of this paper.
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Figure 2

Proof. Since the triangles X BC and X A’A are inversely similar, the diameter
XY of (O) isandtitude of triangle X A’ A. Similarly, the diameter X'Y” of (O})
is an altitude of triangle X A’A. Hence, XY and X'Y’ are paralel, and X X',
Y'Y’ intersect at a point P that divides these segments in the ratio of the radii of
the circles. Clearly, P aso lies on the segment O, 0. Thelines X B, X’ B’ and
their perpendiculars Y B, Y’ B’ meet at the points Z’, Z respectively. If AAgp isa
diameter of (O), then A’Ay LA’ A. Sincethepoints Z, B, B’, Z' are concyclic, we
have ZZ'|| A’ Ay because they are both antiparallelsto BB’ relativeto AgZ, A’Z’.
Hence XY || X'Y'||ZZ', and are perpendicular to A’A. By Desargues theorem,
the triangles (XY B) and (X'Y’B’) are perspective. Hence, BB’ passes though
P. Similarly we prove that CC’ passes through P. O

We reformulate and prove Dao’s theorem in the following form.

Theorem 2. Divide a circle in six consecutive arcs co, a1, by, c1, a2, by with the
arbitrary points A, B, C, A’, B/, C’. Let the chords of the arcs as, b, co bound
atriangle A, B1Cq, and those of the arcs aq, b1, ¢; bound atriangle A5 B>Cs. |If
01, O}, Og, 0%, O3, O% are the circumcenters of the circles (A4, BC), (A2 B'C’),
(B1C'A), (B2CA"), (C1A'B’), (C2AB) respectively, thenthelines O, 0, 0205,
0304 are concurrent (see Figure 3).

Proof. Let A3 = BB'NCC’', By = CC' N AA, and C3 = AA' N BB'. By
Lemma 1 the points As, Bs, Cs lie on the lines 010}, 0205, O30 respectively.
Denote
/Z01BAs = Ay, /09C'Bs = B, Z03A'Cy = C,,
Z0.CAs3 = A, Z09AB3 = By, Z03B'Cy = Cy.
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Figure 3

We have A, = Z/01BC + Z/CBA3 = 90° — ZCA1B + ZCBB' or

a2+b1+01—a1+52+c1 a1 +by —as — by

A — o — o
b 90 5 5 90 + 5
Similarly,
b —b by —ags —b
B, = 90° — 2 +c1+ap 1+a2+01:900_a1+2 as L

2 2 2
From these, A, + B, = 180°, and sin A, = sin B,. Similarly, sin B, = sin(},
and sin C, = sin A..
Consider 014301, 02 B304, and O3C30% as lines through the vertices of tri-
angle A3 B3Cs5. Let Ry betheradius of the circle (O1). Since

sin Ap sin Ay 0143 sin A, sin A,

sinC3A4307 ~ sin BA3O; Ry sinO1AsC  sin O} A3Bs’

sin C3A30) _ sin A,

. SiIlAngOl2 __ sin B¢ SintCg,Oé _
we have sinO]A3B3 ~ sinAc’ Smllarly’ sinO,B3C3 ~ sinBg' d sinO5C3A3 —
sinCa Therefore,

s Cp

sin C3A30] sin A3B305 sin B3C305  sin A, sinB. sinCy
sin O] A3B3  sin 04B3C3  sin O5C3A3 ~ sinA. sinB, sinCp
By the converse of Ceva's theorem, we conclude that thelines 0,0}, 0205, O304
are concurrent. [l

1.
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The Triangle of Reflections

Jesus Torres

Abstract. This paper presents some results in triangle geometry discovered with
the aids of a dynamic software, namely, the Geometer’s Sketchpad, and con-
firmed with computations using Mathematica 9.0. With the method of barycen-
tric coordinates, we study geometric problems associated with the triangle of
reflections T of a given triangle T (obtained by reflecting the vertices in their
opposite sides), resulting in interesting triangle centers and simple loci such as
circles and conics. These lead to some new triangle centers with reasonably sim-
ple coordinates, and also new properties of some known, classical centers. In
particular, we show that the Parry reflection point (reflection of circumcenter in
the Euler reflection point) is the common point of two triads of circles, one asso-
ciated with the tangential triangle, and another with the excentral triangle. More
interestingly, we show that a certain rectangular hyperbola through the vertices
of T appears as the locus of the perspector of a family of triangles perspective
with TT, and in a different context as the locus of the orthology center of T'f
with another family of triangles.

1. Introduction

This paper is a revision of the author’s master thesis [14]. We present some re-
sults in triangle geometry discovered with the aids of a dynamic software, namely,
the Geometer’s Sketchpad®©, and confirmed with computations using Mathemat-
ica 9.0. With the method of barycentric coordinates, we study geometric problems
associated with the triangle of reflections TT of a given triangle T (obtained by
reflecting the vertices in their opposite sides). We use the notations and basic
formulas in triangle geometry as presented in [15]. In particular, coordinates of
triangle centers are expressed in the Conway notation, so as to reduce the degrees
of polynomials involved. We obtain a number of interesting triangle centers with
reasonably simple coordinates, and also new properties of some known, classical
centers.

1.1. Summary. Let T be a given triangle. The triangle of reflections T is the one
whose vertices are the reflections of the vertices of T in their opposite sides. This
is introduced in CHAPTER 2. Propositions 2.1 and 2.2 explain the significance of
the nine-point center of T in the geometry of TT. The homogeneous barycentric
coordinates of a few classical centers on the Euler line are computed. While the
calculations for the centroid and the circumcenter are easy (Proposition 2.4), the

Publication Date: October 7, 2014. Communicating Editor: Paul Yiu.
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coordinates of the orthocenter and nine-point center can only be computed with the
aids of Mathematica. These two centers will feature in CHAPTER 7.

CHAPTERS 3 and 4 give a number of simple results related to perspectivity and
orthology with T. In §4.1, we give a simple computational proof of Sondat’s
theorem (Theorem 4.1) which states that if two nondegenerate triangles are both
perspective and orthologic, then the perpector and the two orthology centers are
collinear. This applies to T and the orthic triangle of T (Theorem 4.3). The line
containing these centers has a remarkably simple equation. This line also appears
as a locus discussed in §7.2. Also, the orthology center cev(H)*(TT) in Theorem
4.3 is a new center which reappears in a number of places in later chapters.

In CHAPTERS 5 and 6 we construct a number of circles associated with T, In
§5.3 we construct a triad of circles in relation to the tangential triangle of T, and
show that they are concurrent at the Parry reflection point (which is the reflection
of the circumcenter of T in its Euler reflection point). Another triad of circles
is constructed in §5.4, this time in connection with the excentral triangle of T.
This triad of circles are also concurrent at the same Parry reflection point. A new
Tucker circle (through the pedals of the vertices of TT on the sidelines of T) is
constructed in §6.3. The center of this circle bears a very simple relationship with
the Parry reflection point and the Hatzipolakis reflection point in §6.1.

In CHAPTER 7 we present two locus problems related to Tt and resulting in
conic loci, which can be easily identified as rectangular hyperbolas. Specifically,
we show that the rectangular circum-hyperbola through the vertices of TT and
the orthocenter of T arises as the locus of the perspector of a family of triangles
perspective with Tt (Theorem 7.1), and also as the locus of the orthology center of
T with another family of triangles (Theorem 7.4(a)). Some of the triangle centers
and lines constructed in earlier chapters also feature in the solutions of the loci
problems discussed in this chapter.

Appendix A lists a number of triangle centers catalogued in ETC [7] that feature
in this paper with properties related to TT. Appendix B is a summary of new
triangle centers appearing in this thesis, listed in order of their search numbers in
ETC.

2. Thetriangle of reflections and the nine-point center

Given a reference T := ABC, consider the reflections of the vertices in the
respective opposite sides. In homogeneous barycentric coordinates, these are the
points

=
!

= (—(SB + Sc) : 250 - QSB),
B/ = (ZSC : —(SC + SA) : 2SA)7
C'= (2Sp: 284 : —(Sa + SB)).

The triangle TT := A’B’C" is called the triangle of reflections of T. It is the main
object of study of this paper.

2.1. Perspectivity with T. Clearly, T and T are perspective at the orthocenter H.
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Proposition 2.1. The perspectrix of T and T is the trilinear polar of the nine-
point center N.

Figure 2.1

Proof. The equation of the line B'C" is
(=3Sa4 + 5%z +2(S% 4+ Sap)y + 2(S* + Sca)z = 0.

It is clear that B'C' N BC = (0 : —(S% + Sca) : S? + Sap). The equations of
the lines C’ A’ and A’ B’, and their intersections with the corresponding sidelines,
can be written down easily by cyclic permutations of parameters. These are

C'A'NCA= (S?+Spc:0:—(S*+ Sup)),
A'B'NAB = (—(5?+4 Spc) : 5%+ Sc4:0).
The line containing these points is

GO —
S% + Sge S2+SCA S22+ Sap a
the trilinear polar of the nine-point center V. O

2.2. Homothety between T and the reflection triangle of N.

Proposition 2.2. Thetriangle of reflections T is the image of the reflection trian-
gle of the nine-point center N under the homothety h(O, 2).

Proof. If D is the midpoint of BC, it is well knownthat2 - OD = AH = H(IA’
(see Figure 2.2). If N is the reflection of N in BC, then

1 1 1
NN/ = OD+HH, = 5(20D+2HH,) = §(HHa+HaH§+H(IA’) = 5HA’.
Since NV is the midpoint of OH, it follows that N is the midpoint of O A'.

A similar reasoning shows that NJ and N/ are the midpoints of OB’ and OC".
O
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Figure 2.2 Figure 2.3

Proposition 2.3. The medial triangles of T and T are perspective at V.

Proof. The midpoint of B’C" is the point

X' =

((250, ~(Sc +54),281) | (255,254, ~(Sa+ SB)))
Sc+ Sa Sa+Sgp

(2(S% + Spc), (Sa — SB)(Sc + Sa), (Sa — Sc)(Sa + SB))

2(Sc 4+ S4)(Sa+ Sg)

In homogeneous barycentric coordinates, this is

X' = (2(52 + Spc) : (Sa—SB)(Sc+S4) : (Sa—Sc)(Sa+ Sg)).
The line joining X’ to the midpoint of BC' has equation

2(5% + Spc) (Sa—SB)(Sc+Sa) (Sa—Sc)(Sa+ Sp)
0 1 1
x y z

=0,

or
Sa(Sp — Sc)z + (S* + Spco)(y — 2) = 0.
This line clearly contains the nine-point center N, since
Sa(Sp — Sc)(S* + Spe) + (% + Spe)((S* + Sca) — (5% + Sap)) = 0.

Similarly, the lines joining the midpoints of C’A” and A’B’ to those of C' A and
AB also contain V. We conclude that the two medial triangles are perspective at
N (see Figure 2.3). O
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2.3. The Euler line of T.

Proposition 2.4. (a) The centroid, circumcenter, and orthocenter of TT are the
points

G' = (a*(San —Sa(Sp+Sc)—3Spc) ),

O = (a*(=35%(SB + Sc) + Saa(5Sgp + 6Spc + 5Scc)
+9S4Bc(Sp + Sc) +4SppScc)) -1+ ),

H = (a2(2(S4 + Sp + 8¢)S® + Spc(2(—S4 + 4S5 +4Sc)S*
+(Saa —38%)((7Sa + 585 +55c)S? + Sapc))) -+t o),

N’ = (a*(3a*S5 + 2a*(a* + 9Spc)S4 — (a® 4 26a*Spc — 165%,) S5
—4a®Spco(4a* +19Spc)Saa — SaSppScc(29a* 4 48Spc) — 144 (Spc)?)
).
(b) The equation of the Euler line of T*:

> (Sc+84)(Sa+ Sp)(Sp — Sc) f(Sa, S, Sc)x =0,

cyclic

where
f(S4,8B,5¢c) = 2(854+Sp+50)5*—S4S5+S5c)((5S4+7Sp+75¢)S*+Sanc).

Remarks. (1) The centroid G’ is X (3060) in ETC, defined as the external center of
similitude of the circumcircle of T and the nine-point circle of the orthic triangle.
(2) The circumcenter O’ is the reflection of O in N*.
(3) The orthocenter H' has ETC (6-9-13)-search number 31.1514091170 - - -
(4) The nine-point center N’ has ETC (6-9-13)-search number 5.99676405896 - - - .
(5) The Euler line of TT also contains the triangle center X (156), which is the
nine-point center of the tangential triangle.

2.4. Euler reflection point of TT. A famous theorem of Collings [2] and Longuet-
Higgins [8] states that the reflections of a line £ in the sidelines of T are concur-
rent if and only if . contains the orthocenter H. If this condition is satisfied, the
point of concurrency is a point on the circumcircle.

Applying this to the Euler line of T, we obtain the Euler reflection point

E = < a’ : i : ¢ ) .
b2—C2 02_a2 a2—b2
The Euler reflection point of T is a point £’ on the circumcircle of TT (see

Figure 2.4). Its coordinates involve polynomial factors of degree 12 in Sy, Sg,
Sc; ithas ETC (6-9-13)-search number —1.94515015138 - - -
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Figure 2.4

3. Perspectivity
3.1. Triangles perspective with T,

3.1.1. Theexcentral triangle. The excentral triangle of T has the excenters as ver-
tices. L. Evans [3] has shown that this is perspective with T at the triangle center

X(484) = (a(a® + a®(b+¢) —a(b* + be+ ) —(b+c)(b—¢)?) i1 ).

This triangle center is often called the Evans perspector. It is the inverse of I in the
circumcircle of the excentral triangle, and divides OT in the ratio

OX(484) : X(484)] = R+ 2r : —4r.

3.1.2. The Fermat triangles. Hatzipolakis and Yiu [5] have shown that the only
Kiepert triangles perspective with T are the Fermat triangles, consisting of ver-
tices of equilateral triangles erected on the sides of T. The perspectors are the
isodynamic points, X (16) or X (15) according as the vertices of the equilateral
triangles are on the same or opposite sides of the vertices of T.

3.2. Triangles bounded by reflections of the sidelines of T and T in each other.
Let a, b, c be the sidelines BC, C A, AB of triangle T := ABC, and &/, b/, ¢
those of T1. The reflections of these lines in a, b, ¢ (and vice versa) give rise to
interesting examples of perspective triangles. Let ., be the reflection of a in a’,
and . that of a’ in a. Similarly, define %, £/, and £, 2.

Since a, a’ intersect at X, the lines .%,, ., intersect BC at the same point.
Similarly, the reflections of b and b’ in each other intersect b at Y'; so do those
of cand ¢’ at Z. By Proposition 2.1, X, Y, Z define the trilinear polar of V.
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Figure 3.1

Therefore, T, T, the triangles T* bounded by %/, %/, ! (see Figure 3.1), and
T” = A”B”C” bounded by .%,, .4, .Z. are line-perspective to each other, all
sharing the same perspectrix XY Z. They are also vertex-perspective.

The following table gives the (6 — 9 — 13)-search numbers of the perspectors,
with the highest degree of the polynomial factors (in S, S, S¢) in the coordi-
nates.

e T | T |
T | H| 3.99180618013---(5) 8.27975385194 - - - (7)
TT —9.04876879620 - - - (11) | —7.90053389552 - - - (16)
T —0.873191727540 - - - (26)
Here is the perspector of T and T* in homogeneous barycentric coordinates:
< : o)
(354 — Sp — S¢)S* + Spc((6Sa + 5Sp +5S¢)S? + TSapc) ' ’
4. Orthology

4.1. Orthology and perspectivity.

Theorem 4.1 (Sondat [12]; see also [13, 9]). If two nondegenerate triangles are
both perspective and orthologic, then the perspector and the two orthology centers
are collinear.

Proof. Assume triangles ABC and XY Z are perspective at a point P = (u : v :
w) and have perpendiculars from X to BC, Y to C'A, and Z to AB concurrent at
apoint @ = (v : v : w'). Now the point X is the intersection of the line AP and
the perpendicular from @ to BC. It has coordinates

(v((Sp+Sc)w'+Spu’)—w(Scu'+(Sp+Sc)v’) : v(Spv'—Scw') : w(Spv' —Scw’)).
Similarly, Y is the intersection of B P and the perpendicular from ¢ to C'A, and

Z is that of C'P and the perpendicular from ) to AB. Their coordinates can be
written down from those of X by cyclic permutations of parameters. Since the
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triangles are orthologic, we find the second orthology center. The perpendculars
fromAtoYZ, Bto ZX, and C to AB are the lines

(Sau — Spv)(u'w — w'u)y — (Scw — Sau)(v'u — u'v)z = 0,

(Spv — Scw)(v'u — u'v)z — (Sau — Spv)(w'v — v'w)z = 0,

(Scw — Sau)(w'v — v'w)z — (Spv — Scw)(v'w — w'u)y = 0.
These lines are concurrent at the point

o = (SBU—Scw Scw — Sau SAu—SBv>

wv —vw T ww—wu vy —u'v

This clearly lies on the line PQ:
(w'v —v'w)z + (Ww — w'u)y + (vV'u — v'v)z = 0.
Therefore the perspector P and the orthology centers @ and @’ are collinear. [

Here is an illustrative example. Let T (P) be the pedal triangle of a point P. It
is clear that the perpendiculars from the vertices of T-(P) to T are concurrent at
P. Therefore, the perpendiculars from A, B, C to the corresponding sides of the
pedal triangle are also concurrent. This is the isogonal conjugate of P.

Since the reflection triangle is homothetic to the pedal triangle. The same result
holds, namely,

(TH(P)H(T) =P and THTH(P)) = P*.

4.2. Orthology with T. Clearly the perpendiculars from A’, B’, C’ to the sidelines
of T are concurrent at /. We find the other orthology center.

Proposition 4.2. The orthology center T-(TT) is N*.

7 A
|

Figure 4.1
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Proof. The perpendiculars from A to B'C’, Bto C'A’, and C to A’ B’ are the lines

(Sa+SB)(S*+Sca)y — (Sc+Sa)(S*+Sap)z = 0,
—(Sa + SB)(S? + Sgc)x + (Sp+Sc)(S*+ Sap)z = 0,
(Sc +Sa)(S? + Spc)r — (Sp+Sc)(S%+ Sca)y = 0.

These are concurrent at
Sp+Sc  Sc+Sa Sa+Sp
(52 +Spc S*+Sca S? +SAB> ’
which is the isogonal conjugate of the nine-point center V. O

4.3. Orthic triangle.

Theorem 4.3. Thetriangle of reflections T is orthologic to the orthic triangle.

Figure 4.2

Proof. The perpendiculars from H, to B'C’, H,to C'A’, H.to A’ B’ are the lines

25%(Sp — Sc)Saz + (S*(354 + Sp + Sc) + Sapc)(Spy — Scz) = 0,
25%(Sc — Sa)Spy + (S*(Sa +3Sp + Sc) + Sapc)(Scz — Sax) = 0,
25%(Sa — Sp)Scz + (S*(Sa + Sp +3Sc) + Sapc)(Sax — Spy) = 0.
These are concurrent at
Q := (Spc(Sp+ Sc)(Saa —35%)(S%(354 4+ Sp+Sc)+ Sapc)) c---:---).
The perpendiculars from A’ to H,H,., B’ to H.H,, C' to H,H,, are the lines
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28%(Sp — Sc)(x +y+2) = (Sp+ Sc)(—(Sa+ Sp)Scy + (Sc + Sa)Spz),

25%(Sc — Sa)(w+y+2) = (Sc+ Sa)(—(S + Sc)Saz + (Sa+ Sp)Scx),

25%(S4 — Sp)(z +y+2) = (Sa+ Sp)(—(Sc + S4)Spz + (Sp + Sc)Say).
These lines are concurrent at

Q' = ((Sp+Sc)(35%(Sp+Sc)—Saa(Sp—Sc)*~5Sapc(Sp+Sc)—4S5c) 1 -+t ---).

Remarks. (1) The orthology center Q := cev(H)*(TT") has ETC (6-9-13)-search
number 12.4818250323 - - - . This also appears in Proposition 6.3 and §7.1.1 below.
(2) The orthology center Q' := TTL(cev(H )) has ETC (6-9-13)-search number
—8.27009636449 - - - .
(3) Since the two triangles are perspective at H, the line joining these two or-
thology centers contains H. This is the line

> a?Sa(Sp — Sc) (35 — Saa)x =0.

cyclic
See Theorem 7.4(b) below.

4.4, Tangential triangle. Since the tangential triangle is homothetic to the orthic
triangle, the results of §4.2 also shows that the triangle of reflections is orthologic
to the tangential triangle. Clearly, (TT)*(cev™(K)) = (TT)*(cev(H)) = Q'.

Proposition 4.4. The orthology center cev—! (K)+(T") isthe circumcenter of T*.

\ Kb/ s

Figure 4.3
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Proof. The vertex K* = (—(Sp + S¢) : Sc + 5S4 : S4 + Sp) is equidistant from
B’ and C". In fact,

SA(952 + S + Spc + Scc) + (S + Se)Spe
4544 '
Therefore, K lies on the perpendicular bisector of B’C”. Similarly, K and K¢ lie

on the perpendicular bisectors of C’ A’ and A’ B’ respectively. From this the result
follows. O

KaB/2 _ KaC/2 _

5. Triadsof circles

In this chapter we consider triads of circles related to T. The circumcircle of
the reflection flanks are considered in §5.1. In §5.2, we construct a triad of coaxial
circles associated with pedals and with the line H K as axis. In §5.3,4, we show that
a common triangle center, the Parry reflection point X (399), the reflection of the
circumcenter in the Euler reflection point of T, occurs as the point of concurrence
of two triads of circles, one associated with the tangential triangle (Proposition
5.7), and another with the excentral triangle (§5.4).

We shall make frequent use of the following fundamental theorem.

Theorem 5.1 ([5, Proposition 18]). If thecircles X BC', AY C, ABZ have a com-
mon point, so do thecircles AY Z, XBZ, XY C.

5.1. The reflection flanks and their circumcircles. We shall refer to the triangles
T .= AB'C’, T1" .= A’BC’, and T'® := A’B'C as the reflection flanks.
Proposition 5.2. The reflection flank T is degenerate if and only if A = gor

2r
T

Proof. The line B’C” has equation
(3844 + 5%)z +2(S? + Sap)y +2(S% + Sca)z = 0.
(See §2.1). This contains the vertex A if and only if 3544 = S?, cot? A = 1, ie,,
A=ZorZ. O
The circumcircle of TT:
(8% — 3S44)(a*yz + b*zz + ay)
—2(x+y+2)(A(S* 4+ Sca)y +b*(S? + Sap)z) = 0.
Its center is the point
O, = 25%(35% — S44)(1,0,0) + b*c*(S% + Spc, S? + Sca, 5% + San).

Proposition 5.3. (a) The circumcenters of the reflection flanks forma triangle per-
spective with ABC at the nine-point center N.

(b) The orthocenters of the reflection flanks form a triangle perspective with
ABC at N*.
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Proof. From the coordinates of O,, we note that the line AO,, contains the nine-
point center N = (S? + Spc : S% + Sca : S% + Sap). Similarly, for the
circumcenters Oy and O, of Tt? and T the lines BOy and CO, also contain the
nine-point center.

(b) is equivalent to the orthology of T and TT. It follows from Proposition
4.2, O

Since the circles (A’BC), (AB'C), (ABC") are concurrent at H, the circum-
circles of the reflection flanks are also concurrent.

Proposition 5.4. The circumcircles of thereflection flanks are concurrent at X (1157),

the inverse of N* in the circumcircle of T.

Figure 5.1

Proof. The point of concurrency is necessarily the radical center of the circles.
From the equations of the circumcircles of the reflection flanks:

(S? —3Sa4)(a’yz + b?22 + ay) — 2(x +y + 2)(2(S% 4+ Sca)y + b*(S% + Sap)z)
(S* = 3Spp)(a®yz + b2z + ay) — 2(x + y + 2)(a*(S* + Sap)z + (5% + Spe)x)
(S? —3Sco)(a’yz + b2z + ay) — 2(x +y + 2)(0*(S? + Spo)r + a*(S% + Sca)y)
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we obtain the radical center as the point (z : y : z) satisfying
(8% + Sca)y +b*(S? + Sap)z  a*(S%+ Sap)z + A(S? + Spe)x

S2 —3S44 S2 —3SgaB
_ V*(S*+ Spo)x +a*(S* + Sca)y
N S2 —3Scc '
Rewriting this as
(S2+IgCA)y + (52+05;AB)Z (S2+CSQAB)Z + (52+(;92BC)$ (52+L;5;BC)$ + (SQ+£CA):U
a?(S2—3S44)  b2(S2—3Szp)  2(S2—3Sc0)
we have
(Sz+lgc,4)y + <82+CSQAB)Z (S2+CSZAB)Z + (Sz+;3c)x (52+(;92Bc>w + (52+Z§CA)"
aQ(SQ—BSAA) b2(52—3533) 02(52—3SC0)
From these,
(524-5;50)93
a
—a2(S2 — 3SAA) + b2(S2 — 3SBB) + 02(52 — 3500)
(5%4+Sca)y
_ b2
— a?(S% —3S44) — b2(S? — 3SpR) + 2(S% — 3Scc)
(SQ+SQAB)Z
J— C

B a?(S% —3S44) + b2(S% — 3Spp) — 2(S? —3Scc)’

and
a2(—a2(52 —3S544) + b2(52 —3SBB) + 62(52 —3Scc))
TiYy:z=
S2 + Sge
This gives the triangle center X (1157) in ETC, the inverse of N* in the circumcircle
of T. O

5.2. Threecoaxial circles. Let H,HyH, be the orthic triangle, and H},, H], H/ the
pedals of Aon B’C’, Bon C’A’, and C on A’ B’ respectively.

Proposition 5.5. Thelines H,H|,, H,H;, H.H, are concurrent at
(a*Spc((584 + Sp + Sc)S* + Sapc(S? —2S44)) 1 -+ ++).

Remark. This has ETC (6-9-13)-search number 3.00505308538 - - -
Theorem 5.6. Thethreecircles AH,H,, BH,H;, CH.H] are coaxial with radi-
cal axis HK.
Proof. The centers of the circles AX X are the point

O, = (Sa(Sp —5c) : (5% + Sca) : S* + San),

Oy = (S*+ Spc : S(Sc — Sa) : — (5% + Sap),

O, = (=(5*+ Spc) : 8% + Sca: Sc(Sa — Sp)).
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Figure 5.2

These centers lie on the line
a’Sax + b2 Spy + 2Scz = 0.
The circles have equations

Sa(Sp — Sc)(a’yz + b2z + Pay) — (x +y + 2)(Sp(S* + Sap)y — Sc(S* + Sca)z)
Sp(Sc — Sa)(a*yz + bz + Fay) — (x +y + 2)(Sc(S* + Spc)z — Sa(S* + Sap)r)
Sc(Sa — Sp)(a*yz + b* 2z + Ewy) — (v +y + 2)(Sa(S% + Sca)r — Sp(S? + Spc)y)

0
0,
0

The radical axis is
(Sp — Sc)SAAJJ + (Sc — SA)SBBy + (SA — SB)SCCz =0,
which clearly contains H and K (see Figure 5.2). O

Remark. The radical axes of the circumcircle with these three circles are concurrent
at

2 2 2
X(53):(S -I-SBC:S +SCA: S -|-SAB).

Sa S Sc

5.3. TT and the tangential triangle. Let cev™!(K) := KKK be the tangential
triangle. The centers of the circles K*B'C’, K*C'A’, KA’ B’ are the points
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0" = (Sapc + (354 — Sp — S¢)S? : b¥?2Sc : b¥?c2Sp),
Oy = (*a®Sc = Sapc +(3Sp — Sc — Sa)S% ¢ Pa®Sa),
Ol = (a®v*Sp : a’*Sa: Sapc + (3Sc — Sa — Sp)S?).

The triangle O;,O;/ O is perspective with T at H. Therefore, the two triangles
are orthologic. The perpendiculars from O/, O}/, O/ to BC, C'A, AB respectively

are concurrent at
_ SA . SB . Sc
X(265) = (3SAA—S2 " 38— S?° 3500—52) '

Proposition 5.7 ([5, §5.1.2]). thecircles K*B'C’, K°C'A’, K¢A' B’ are concur-
rent at the Parry reflection point X (399).

Figure 5.3

Proof. The equations of the circles are
254(a%yz + bz + Pry) + (x4 y + 2)(b2Px + 23S0y + 20%Sp2) = 0,
2S5 (a®yz + b*zx + Pay) + (v +y + 2)(2¢*Scx + 2a’y + 2a*Saz) = 0,
2Sc(a®yz + V2 zx + Aay) + (x4 y + 2)(202°Spx + 2a?Say + a*b?2) = 0.
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The radical center of the three circles is the point (x : y : z) satisfying
b2c?x +2c2Scy + 20%2Sp2 B 2c2Scx + c2a’y + 2a2S 4z B 262Spx +2a2S 4y + a?bz

Sa Sp Sc
This is

(x:y:2)= (a2(—854 + 3b202(52 +3SBc)): i),
the triangle center X (399), the Parry reflection point, which is the reflection of O
in the Euler reflection point E (see Figure 5.3). O

The circles A/K*K*¢, B'K°K®, C'K*K?" are also concurrent (see [11]). The
point of concurrency is a triangle center with coordinates

((l2f(SA,SB,SC) : b2f(SBa SCvSA) : C2f(SCaSAa SB)):

with ETC (6-9-13)-search number 1.86365616601 - - - . The polynomial f(S4, Sg, Sc)
has degree 10.

5.4. T and the excentral triangle.

Proposition 5.8 ([5, §5.1.3]). Thecircles A'1°I¢, I*B'I¢, I*I°C’ have the Parry
reflection point as a common point.

Figure 5.4

The centers of these circles are perspective with the excentral triangle at a point
with ETC (6-9-13)-search number —27.4208873972 - - - .
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On the other hand, the circles 1°B’C’, A'I*C" and A’ B'I¢ have a common point
with ETC (6-9-13)-search number 7.08747856659 - - -. Their centers are perspec-
tive with ABC' at the point X (3336) which divides OI in the ratio O X (3336) :
X (3336) = 2R+ 3r : —4r.

6. Pedals of vertices of TT on the sidelines of T

6.1. The triad of triangles AB,C,, BCyA;, CA.B.. Consider the pedals of A’,
B’, C'" on the sidelines of T. These are the points

| [BC CA AB |
A B. = (Scc —57:0:258%), C,=(Sgs—S?:257:0);
B | Ay, = (0: Scc — 5% :257) Cy = (257 : Saa — 57:0);
C" | A.=(0:25%:Spp —S5%), B.=(257:0: 544 — 5%).

Proposition 6.1. The Euler lines of the triangles AB,C,, BCyAy, CA.B. are
concurrent at the Hatzipolakis reflection point X (1986).

Proof. The circumcenter of AB,C,, is H, = (0 : S : Sg). The centroid is the
point

25%(Sp + Sc, Sc + Sa, 84+ Sp) — (3Sapc + S*(Sa + Sp + S¢))(1,0,0).

From these we find the equation of its Euler line; similarly for the other two trian-
gles. The Euler lines of the triangles are the lines

252 . Sa(Sp — Sc)x + (3Sapc — 52(—5,4 + Sp+ S¢))(Spy — Scz) = 0,
262 . Sp(Sc — Sa)y + (3Sapc — 52(SA —Sp+S5¢))(Scz — Sax) = 0,
262 Sc(Sa—Sp)z+ (3Sapc — SZ(SA + S —Sc))(Saz — Spy) = 0.

Sg

These three lines are concurrent at a point with coordinates given above. It is the
triangle center X (1986) (see Figure 6.1). O

Remark. Here is a definition of the Hatzipolakis reflection point X (1986) equiva-
lent to the one given in ETC. Let H,H,H, be the orthic triangle. X (1986) is the
common point of the reflections of the circles AByH. in H,H., BH.H, in H.H,,,
and CH,Hy in H, H,,.

Proposition 6.2. The circumcircles of thetriangles AB,C,, BCy Ay, C A B, have
radical center X (68).

Proof. These are the circles with centers H,, H,, H., passing through A, B, C
respectively.

a®(a*yz + b2z + Poy) — (x+y + 2) (S — SHy + (Scc — S%)z) = 0,
b*(ayz + bz + ay) — (¢ +y + 2)((Soc — 5%)z + (Saa — 5%)z) = 0,
c2(a2yz +b%2r + chy) —(x4+y+2)((Saa — SQ)QU + (Spp — SQ)y) = 0.
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Figure 6.1

The radical center is the point defined by
(SpB — S*)y+ (Scc — 5%z (Scc — 5%)z+ (San — %)z

a? b2
(Saa — SQ)m + (Spp — SQ)y
= z .
From these,
(Saa — S?)x _ (Sps — S?)y _ (Scc — S?)z
+c2—a?  E+a?-0  a?+b02 -2
and
Ty — Sa__._Ss . Sc
T S - S -8 Soo - 57
This is the triangle center X (68). O

6.2. Thetriad of triangles A’ B,C,,, B'Cy Ay, C' A.B..

Theorem 6.3. The Euler lines of the triangles A'B,C,, B'CyA;,, C'A.B,. are
concurrent at

Q = (Spc(Sp + Sc)(Saa — 352)(SABC +S2(3SA+SB +S¢)) ).

Proof. The circumcenter of A'B,C, is H, = (0 : Sc : Sp), the same as AB,C,.
The centroid is the point

(—(SaBc+S2(3SA+SB+5c)) : 2(Sc+54)(252—S4B) : 2(Sa+SB)(25*—~Sc4)).

From these we find the equation of its Euler line; similarly for the other two trian-
gles. The Euler lines of the triangles are the lines
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B, Cy

B’

Ac Ay C

Figure 6.2

282 . S4(Sp — Sc)x + (Sapc + S%(3Sa + Sp + Sc))(Spy — Scz) = 0,

25% . Sp(Sc — Sa)y + (Sapc + S*(Sa +3Sp + Sc))(Scz — Sax) = 0,

252 Sc(Sa — Sp)z + (Sapc + S*(Sa + Sp +3S¢))(Sax — Spy) = 0.
These three lines are concurrent at a point with coordinates given above. O

Remark. This is the same as the orthology center cev(H )+ (TT) in Theorem 4.3.

6.3. ATaylor-likecircle. Itis well known that the six pedals of H,, H, H. on the
sidelines of T are concyclic. The circle containing them is the Taylor circle (see,
for example, [6, §9.6]). The center of the circle, called the Taylor center, is the
triangle center

X (389) = (8* — Sq4Spc: S*—SppSca: S*—SccSap).

Analogous to the Taylor circle, the pedals of A’, B/, C’ on the sidelines of T
are also concyclic (see [1]). In fact, the circle containing them is a Tucker circle
(Figure 6.3), since
(i) the segments B.Cy, C, A., Ay B, are parallel to BC, C'A, AB respectively, and
(i) the segments B,C,, Cy A, A.B, are antiparallel to BC, C'A, AB respectively,
i.e., they are parallel to the corresponding sides of the orthic triangle H, H, H..

The equation of the circle containing these six pedals is

a?b’c*(a’yz + b*zx + Pay)
—25%(x +y+2) ((Saa — S*)x + (Sps — S?)y + (Scc — $%)z) = 0.
The center of the circle is the point
(a?(Saa—5S?)(S?+Spc) : b*(Spp—S*)(S*+Sca) : (Sco—S*)(S*+S4B)).
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Figure 6.3

This is the triangle center X (52). It is the reflection of O in the center of the Taylor
circle. It is also the orthocenter of the orthic triangle (see Figure 6.3).

7. Some locus praoblems leading to conics

The website [4] CATALOGUE OF TRIANGLE CuBics of B. Gibert contains a
vast number of cubic and higher degree curves arising from locus problems in tri-
angle geometry. In this chapter we consider a few loci related to perspectivity and
orthology with T which are conics. To avoid presenting excessively complicated
algebraic manipulations, we present two problems in which the conic loci can be
easily identified as rectangular hyperbolas. For this we recall a basic fact in tri-
angle geometry: A (circum-)conic passing through the vertices of a triangle is a
rectangular hyperbola if and only if it also passes through the orthocenter of the
triangle.

7.1. Reflection of T in a point. Let P be a point with homogeneous barycentric
coordinates (x : y : z). The reflections of T in P is the triangle TL with vertices

ATP: (x—y—2z:2y:22),
BL: 2x:y—z—x:22),
C’;rg: 2z :2y:z—x—y).
7.1.1. Perspectivity of TT with reflection of T in a point.

Theorem 7.1. The locus of P for which T} is perspective with T is the rectan-
gular circum-hyperbola of the orthic triangle containing the orthocenter H.
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Proof. The equation of the line A’ A, is

—(Sp+ Sc) 2S¢ 2Sp
xT—y—2z 2y 2z | =0
X Y Z

or
2(Spy — Scz)X — (Spx — Spy + Scz)Y + (Scx — Spy + Scz)Z = 0.

Similarly, we have the equations of the lines B’Bjp and C’C’IE. These three lines
are concurrent if and only if

Q(SBy — Scz) —(SBx — Spy + Scz) Scx — Spy + Scz
Sax + Say — Scz 2(Scz — Sazx) —(Sax + Scy — Scz)| = 0.
—(=Sax + Spy+ Saz) —Sax+ Spy+ Spz 2(Sax — Spy)

Expanding this determinant, we obtain

(x+y+2) (Z (Sp — Sc)(SAA:E2 + SBCyZ)) =0.

cyclic

Since P is a finite point, z + y + z # 0. Therefore (x : y : z) must satisfy

Z (SB — Sc)(SAsz + SBCyz) =0.

cyclic

The clearly defines a conic. By setting x = 0, we obtain
(Spy — Scz)(Sp(Sc — Sa)y — Sc(Sa — Sp)z) = 0.

Itis clear that the conic contains H, = (0 : S¢ : Sp). Similarly, it also contains H,
and H.. Therefore, it is a circumconic of the orthic triangle cev(H) = H,HyH..
We also verify that the conic contains the following two points:

(i) the orthocenter H = (ﬁ L %) (easy),
(ii) the triangle center

X(52) = ((Sp + Sc)(S% — S44)(5% — S44)(S% 4+ Spc) :---:--+)

(with the help of Mathematica). This latter, according to ETC, is the orthocenter
H of the orthic triangle (see Figure 7.1).

It follows that the locus of P is the rectangular circum-hyperbola of the orthic
triangle containing H. O

Remarks. (1) For P = H' = X (52), the perspector of TT and T} is the orthology
center Q = (TT)*(cev(H)) in Proposition 4.3.

(2) Since the conic intersects the sidelines of T at the traces of H, the second
intersections with the sidelines are the traces of another point. This is X (847).

(3) The center of the conic is the point X (1112).
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Figure 7.1

7.1.2. Locus of perspector.

Theorem 7.2. For P on the rectangular circum-hyperbola of the orthic triangle
containing H, the locus of the perspector of TT and T} isthe rectangular circum-
hyperbola of T containing the orthocenter H.
Proof. Rearranging the equation of A’A} in the form

(SpY — ScZ)x — 2X+Y + Z)(Spy — Scz) =0,
and likewise those of B’ B}, and C’C,, we obtain the condition for concurrency:

SpY — ScZ —Sp(2X+Y+Z) Sc(2X+Y+17)
SA(X+2Y +7) ScZ — SaX —Sc(X+2Y +Z)| =0.
—SAX+Y+2Z) Sp(X+Y +27) SaX — SpY

Expanding the determinant, we obtain

X+Y+7) (Z (Sp — Sc)(2544X2% — (Sa(Sp + S¢) — QSBC)YZ)) =0.

cyclic
Since this perspector cannot be an infinite point, it must lie on the conic
> (SB— Sc)(254aX? — (Sa(Sp + Sc) — 28¢)YZ) = 0. (7.1)
cyclic

Construct the parallels to A’C” and A’B’ through H,. and H, respectively to
intersect at a point X. The reflections of B and C in X lie respectively on A’C’
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Figure 7.2

and A’B’ (Figure 7.2). Therefore, T& is perspective to TT at A’. This shows that
the conic (7.1) contains A’. The same reasoning shows that it also contains B’ and
C’. Itis a circumconic of T,

Now we claim that this conic contains the following two points:
(i) the orthocenter H (easy, take P = H),
(ii) the orthocenter H’ of T,

In Proposition 4.3, we have constructed the orthology center Q = (cev(H))T(TT).

We claim that the reflection TZ? is perspective with T at the orthocenter of T,
Note that in triangle AA’ATQ, Q and H, are the midpoints of AAZ2 and AA’. There-
fore, A’AZ2 is parallel to H,Q. Since H,Q is perpendicular to B'C’, A’AZ2 is the
altitude of T (through A’). Similarly, B’Bz2 and C’C’z2 are also altitudes of the

same triangle (see Figure 7.3). The three lines are concurrent at H’, the orthocenter
of T, which therefore lies on the conic defined by (7.1).

It follows that (7.1) defines the rectangular circum-hyperbola of T containing
H. O

7.2. Orthology of T with reflection triangle of P. For a given point P, the reflec-
tion triangle TT(P) has vertices the reflections of P in the sidelines:

Pl = (=(SB+ Sc)x : 2Scx + (Sp + Sc)y : 2Spx + (S + S¢)2),
PJ = (2Scy + (Sc+ Sa)x: —(Sc + Sa)y : 254y + (Sc + Sa)z),
Pl = (2Spz+4 (54 + Sp)z : 2542 + (Sa+ SB)y : —(Sa4 + Sp)z).

It is well known that the reflection triangle TT(P) is degenerate if and only if
P lies on the circumcircle. It is clear that the perpendiculars from A, B, C to the
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Figure 7.3

line containing Pj , PbT , PCJr are parallel. However, the perpendiculars from these
points to the sidelines of T are concurrent if and only if P is an intersection of
the Euler line with the circumcircle. Henceforth, we shall consider P not on the
circumcircle, so that its reflection triangle is nondegenerate. We study the locus of
P for which TT(P) is orthologic to TT.

7.2.1. Locus of P whose reflection triangleis orthologic to T.

Theorem 7.3. Thereflection triangle of P isorthologic to T if and only if P lies
on the Euler line.

Proof. Let P be a point outside the circumcircle, and with homogeneous barycen-
tric coordinates (x : y : z). The perpendiculars from the vertices of TT to the
sidelines of T (P) are the lines

2(—c*Scy 4+ b°Sp2)X + (*(Sp — Sc)y + 20°Sp2)Y + (—2¢°Scy + b*(Sp — Sc)2)Z = 0,
(—2a°Saz + *(Sc — Sa)x)X + 2(—a’Saz + *Scx)Y + (a*(Sc — Sa)z + 2¢*Scx)Z = 0,
(b*(Sa — SB)x + 2a*Sayx)X 4 (—20°Spx + a*(Sa — Sp)y)Y + 2(=b*Spz + a®Say)Z = 0.

These are concurrent if and only if
2(—c*Scy +b*Spz) (2(Sp — Sc)y +2b°Spz)  (—2c2Scy +b*(Sp — Sc)z)

(—2a%Saz + *(Sc — Sa)z) 2(—a*Saz + *Scx) (a*(Sc — Sa)z +2c*Scx) | = 0.

(b*(Sa — Sp)x + 2a*Sayzx) (—2b°Spx + a*(Sa — SB)y) 2(—b?Spx + a*Say)
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Expanding this determinant, we obtain
—a®b* A (a*yz+b? za+-cPay) (Sa(Sp—Sc)x+Sp(Sc—Sa)y+Sc(Sa—Sg)z) = 0.
Apart from the circumcircle, this defines the Euler line. O

7.2.2. Loci of orthology centers.

Theorem 7.4. Let P bea point on the Euler line.

(a) The locus of the orthology center T (T (P)) is the rectangular circum-
hyperbola of T containing the orthocenter H of T.

(b) The locus of the orthology center T1(P)+(TT) isthe line joining the ortho-
center I of T to the nine-point center of T,

Proof. Let P = (Spc +t,Sca +t,Sap + t) be a point on the Euler line.
(@) The perpendiculars from A’ to the line Pg Plis

QSA(SB — Sc)(52 + t);r
+ (Sa(Sa(2SBB + SBc — Sce) + Sec(3SB — Sc)) + (Sa(3Ss — Sc) + Se(Se + Sc)t)y
+ (Sa(Sa(SeB — SBc — 2Scc) + Spc(Se — 3Sc)) + (Sa(Ss — 35Sc) — Sc (S + So))t)z
=0.

The coefficients are linear in ¢; similarly for the equations of the perpendiculars
from B/, C' to P! P} and PJPJ. The point of concurrency of the three perpen-
diculars therefore has coordinates given by quadratic functions in ¢. Therefore, the

locus of the orthology center T*L(TT(P)) is a conic. Note that for P = O, this
orthology center is H. Also, for P = N, this is the orthocenter of T*. (Proof:
Since the reflection triangle of N is homothetic to T (Proposition 2.2), they are
orthologic, and (T1)*(TT(NV)) = H’, the orthocenter of TT).

We claim that A’, B’, C" are also three such orthology centers. Consider the Jer-
abek hyperbola (the rectangular circum-hyperbola of T through O and H. This is
the isogonal conjugate of the Euler line. It also contains the symmedian point K. If
the lines A’K, B'K, C'K intersect the hyperbola again at X*, Y*, Z* respectively,
then their isogonal conjugates X, Y, Z are on the Euler line. If X! X X[ is the
reflection triangle of X, then the lines X X, and X{ X! are perpendicular to A’C"
and A’ B’ respectively. This shows that A’ is the orthology center (TT)1(Tt(X)),
and it lies on the conic locus. The same reasoning shows that B’ = (TT)*(TT(Y))
and C' = (TT)1(T7(Z)) are also on the same conic. This shows that the conic is
a circumconic of T, containing its orthocenter H’ and H.

(b) On the other hand, we compute the equations of the lines from Plto B'C',
PbT to C'A’, and PcT to A’B’. These three lines are concurrent at a point whose
coordinates are linear functions of t. Therefore, the locus of the orthology center
is a line. This line has equation

> a’Sa(Ss — 5¢)(35% — Saa)X =0.

cyclic
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Figure 7.4

It is routine to check that this line contains the orthocenter H. It also contains the
nine-point center N’ of T (with coordinates given in Proposition 2.4). O

Remarks. (1) This is the same line joining the orthology centers of T* and the
orthic triangle in Theorem 4.3.

(2) The orthology center TT(P)+(TT) is
(i) the orthocenter H for P = X (3520) = (a?Spc(5S44+S%) -+ :---), which
can be constructed as the reflection of A in X (1594), which is the intersection of
the Euler line with the line joining the Jerabek and Taylor centers,
(i) the nine-point center of T for

P = (-S5*%S4+Sp+Sc)+Spc((16S4+7Sp+7Sc)S*+Sapc) )
with ETC (6-9-13)-search number 7.47436627857 - - - .

8. Epilogue

In two appendices we list the triangle centers encountered in this paper. Appen-
dix A lists those catalogued in ETC that feature in this paper with properties related
to TT. Appendix B lists new triangle centers in order of their search numbers in
ETC. Here we present two atlases showing the positions of some of the centers in
Appendix A in two groups.

Figure 8.1 shows a number of centers related to /V and its isogonal conjugate
N*. Onthe line ON* there are X (195) (the circumcenter of TT) and X (1157) (the
common point of the circumcircles of the reflection flanks (Proposition 5.4)). The
line N N* intersects the circumcircle at X (1141), which also lies on the rectangular
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Figure 8.1

circum-hyperbola of T containing N. The center of the hyperbola is X (137) on
the nine-point circle.

The line joining X (1141) to X (1157) is parallel to the Euler line of T. This line
intersects the hyperbola at the antipode of IV, which is the triangle center X (1263).

Figure 8.2 shows the Euler line and its isogonal conjugate, the Jerabek hyperbola
with center X (125). The four triangle centers O, X (125), X (52) (center of the
Taylor-like circle in §6.3), and X (1986) (the Hatzipolakis reflection point) form a
parallelogram, with center X (389), the center of the Taylor circle. The line joining
O to X (125) intersects the hyperbola at X265) (the reflection conjugate of O),
which appears several times in this paper.

It is a well known fact that the line the hyperbola intersects the circumcircle at
X (74), the antipode of H. The antipode of X (74) on the circumcircle is the Euler
reflection point E. The Parry reflection point X (399) is the reflection of O in E.

Figure 8.2 also shows the construction given in §7.2.2 of X (3520) on the Euler
line.

Appendix A: Triangle centersin ETC associated with T,
(1) X(5) = N: nine-point center.
e Reflection triangle homothetic to T (Proposition 2.2).
e Perspector of the medial triangles of T and T (Proposition 2.3).
e Perspector of the circumcenters of AB’C’, A’BC’, A’B’C (Proposition
5.3(a)).
(2) X (15): isodynamic point.
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e Perspector of negative Fermat triangle with TT (§3.1.2).
(3) X(16): isodynamic point.
e Perspector of positive Fermat triangle with T (§3.1.2).
(4) X (52): orthocenter of orthic triangle.
e Center of the circle through the 6 pedals of A’ on C' A, AB etc. (§6.3).
(5) X(53): symmedian point of orthic triangle.
e Point of concurrency of the radical axes of the circumcircle with the circles
AH,H), BHyH;, CH.H], where H, HyH, is the orthic triangle, and H/,
Hj, H! are the pedals of A on B’C” etc (Theorem 5.6).
(6) X(54) = N™.
orthology center from ABC to T (Proposition 4.2).
Perspector of the orthocenters of AB'C’, A’BC’, A’ B'C (Proposition 5.3(b)).
perspector of the orthocenters of the reflection flanks (Proposition 5.3(b)).
radical center of the nine-point circles of A’BC, AB’C and ABC".
Perspector of the triangle bounded by the radical axes of the circumcircle
with the circles each through one vertex and the reflections of the other two
in their opposite sides. (The triangle in question is indeed the anticevian
triangle of N*.)
(7) X (68):
o radical center of the circles AB,C,A’, BCy,A,B', CA.B.C" (Proposition
6.2).
(8) X(195): reflection of O in N*.
e The circumcenter of T (§2.3).
e Orthology center from tangential triangle to T (Proposition 4.4).
(9) X (265): reflection conjugate of O.
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e Orthology center from circumcenters of K*B'C’, K’C'A’', K¢A'B’' to T
(85.3).
o Point of concurrency of parallels through A to Euler line of A’ BC etc.
(10) X (399): Parry reflection point (reflection of O in Euler reflection point):
e Common point of circles K*B'C’, A’K*C’, A’ B' K¢ (Proposition 5.7).
e Common point of circles A’1°I¢, B'I¢I*, C"I*I® (Proposition 5.8).
(11) X (484) Evans perspector
e Perspector of TT and the excentral triangle (§3.1.1).
(12) X (1141): intersection of circumcircle with the rectangular circum-hyperbola through
N.
o Perspector of the reflection triangle of X (1157).
e Cevian triangle perspective with T at X (1157).
(13) X (1157): inverse of N* in circumcircle.
e Common point of the circles AB'C’, A’BC" and A’ B’C (Proposition 5.4).
e Perspector of T'T with the anticevian triangle of N*.
e Perspector of T'T with the cevian triangle of X (1141).
(14) X (1986): Hatzipolakis reflection point.
o Reflection of Jerabek point in Taylor center.
e Common point of the Euler lines of AB,C, etc., where B, and C,, are the
pedals of A’ on AC and AB respectively (Theorem 6.1).
(15) X (3060)
e Centroid T (§2.3).
(16) X(3336)
e Perspector of centers of circles I*B'C’, I'C"A’, I° A’ B’ (§5.4).
(17) X (3520)
e Point on the Euler line with orthology center (TT)*(TT(X(3520)) =
(§7.2.2, Remark 2(i)).

Appendix B: Triangle centersnot in ETC.

(1) —27.4208873972 - - - : perspector of excentral triangle with centers of circles A’1°I¢,
B'I¢1¢, C'141° (§5 4)

(2) —9.04876879620 - - - : perspector of TT and triangle bounded by reflections of a’
in a etc (§3.2).

(3) —8.27009636449 - - - : orthology center from T to orthic triangle (§4.3).

(4) —7.90053389552 - - - : perspector of TT and triangle bounded by reflections of a
in a’ etc ((§3.2)).

(5) —5.94879118842 - - - : symmedian point of T,

(6) —1.94515015138 - - - : Euler reflection point of TT (§2.4).

(7) —0.873191727540 - - - : perspector of the triangles bounded by the reflections of
a’inaetcand those of aina’ etc (§3.2).

(8) 1.86365616601 - - - : common point of circles A’ K* K¢, B'K°K*, C' K*K" (§5.4).

(9) 2.99369649092 - - - : radical center of pedal circles of A’, B’, C".

(10) 3.00505308538 - - - : point of concurrency of H,H, HyH}, H.H, where H],
Hj, H! are the pedals of A on B’C’, B on C"A’, and C on A’ B’ respectively
(Proposition 5.5).

(11) 3.99180618013 - - - : perspector of T and triangle bounded by reflections of a’ in
aetc (§3.2).

(12) 4.22924780831 - - - : perspector of T and the reflection triangle of X (1263) (§4.1).

(13) 5.99676405896 - - - : nine-point center of TT (2.3).
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(14) 7.08747856659 - - - : common point of circles 1°B’C’, A'I?C" and A’ B'I¢ (§5.4).
(15) 7.47436627857 - - - P for which the orthology center TT(P)*(TT) = NT (§7.2.2,
Remark 2(ii)).
(16) 8.27975385194 - - - : perspector of T and triangle bounded by reflections of a in
a’ etc (§3.2).
(17) 12.48182503 - - -: Q := orthology center from orthic triangle to T (§4.3).
o orthology center from reflection triangle of X (1594) to T,
e point of concurrency of the Euler lines of triangles A’B,C,, B'Cy Ay, C' A B,
(Proposition 6.3).
o reflection of T in this point is perspective with T (at the orthocenter of T)
(Proof of Theorem 7.3).
(18) 31.1514091170---:
e orthocenter of TT (§2.3).
o perspector of TT and reflection of T in Q (§7.1.2).
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A Gallery of Conics by Five Elements

Paris Pamfilos

Abstract. This paper is a review on conics defined by five elements, i.e., either
lines to which the conic is tangent or points through which the conic passes.
The gallery contains all cases combining a number (n) of points and a number
(5 — n) of lines and also allowing coincidences of some points with some lines.
Points and/or lines at infinity are handled as particular cases.

1. Introduction

In the following we review the construction of conics by five elements: points
and lines, briefly denoted by (aPST), with o + 8 = 5. In these it is required to
construct a conic passing through « given points and tangent to 8 given lines. The
six constructions, resulting by giving «, 8 the values 0 to 5 and considering the
data to be in general position, are considered the most important ([18, p. 387]),
and are to be found almost on every book about conics. It seems that constructions
for which some coincidences are allowed have attracted less attention, though they
are related to many interesting theorems of the geometry of conics. Adding to the
six main cases those with the projectively different possible coincidences we land
to 12 main constructions figuring on the first column of the classifying table below.
The six added cases can be considered as limiting cases of the others, in which
a point tends to coincide with another or with a line. The twelve main cases are
the projectively inequivalent to which every other case can be reduced by means
of a projectivity of the plane. There are, though, interesting classical theorems
for particular euclidean inequivalent cases worth studying, as, for example, the
much studied case of parabolas tangent to four lines (case (0P577) in §7.2). In
this review the frame is that of euclidean geometry and consequently a further
distinction of ordinary from points and lines at infinity is taken into account. All
of the (50) constructions classified below are known and can be found in the one
or the other book on conics (e.g. [7, pp. 136]), but nowhere come to discussion
all together, so far | know. In a few cases (e.g. §11.1, §3.2) | have added a proof,
which seems to me interesting and have not found elsewhere.

Publication Date: October 28, 2014. Communicating Editor: Paul Yiu.
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[ 1 2 3 4 5 6
2 [[ (5P0T) (5P0T)  (5P,07)
3 (4PIT)  (4P1Ty)  (4P1T)  (4R1T)
4] BP2T)  (3P2Tv)  (3P2T)  (3P27)
5[ (2P3T)  (2P3Ty)  (2P3T)  (2P37)
6 [ (APAT) (1P4Ty) (1P47)
7 || (0P5T)  (0P5Ty)
8 [[(4P1T), (4P 1Ty) (4P1T), (APT); (4P1T); (4P1T);
9 [[(3P2T), (3P2Th), (3P2Ty) (3P2T); (3P2T): (3P2T);
10 (3P2T)2 (3P1 2T1)1 (3P12T)1l (3P22T)21
11| (2P3T); (2P3T1); (2P3Ty) (2P3T); (2P,3T);
12 (2P3T)2 (2P3T1)2 (2P13T1)1 (2P13T)1Z (QPQST)QZ
13| (1PAT), (1P4Ty); (1P 4Ty) (LPAT);

The above table serves as the table of contents of this paper, the row labels are the
section numbers and the column labels the subsection numbers. The column with
label 1 lists the symbols of the twelve projectively inequivalent cases. Each row
of the table comprises the cases, which are projectively equivalent to the one of
the first column. The notation used is a slight modification of the one introduced
by Chasles ([3, p. 304]). The symbol P, means that n of the given points are
at infinity and 77 means that one of the tangent lines is the line at infinity, later
meaning that the conic, to be constructed, is a parabola. The indices, which adhere
to the right parenthesis are optional. When absent, it means that the configuration is
in general position, i.e. none of the ordinary points is coincident with an ordinary
line. When present it means that one or two of the points are correspondingly
coincident with one or two tangents. The indices 4, 2i mean that one/two ordinary
lines are correspondingly coincident with one/two points at infinity. The index
14 means that an ordinary point coincides with a line and also a point at infinity
coincides with the point at infinity of an ordinary line.

Except for the coincidence suggested by the corresponding symbol, the other
data are assumed to be in general positions in the projective sense. For example,
the symbol (3P, 2T"); stands for the construction of a hyperbola given two points,
an asymptote and a tangent. These four elements are assumed in general posi-
tion, implying that no further coincidences are present, that the intersection of the
asymptote and the tangent are not collinear to the two points, that the line of the
two points is not parallel to the tangent or the asymptote, etc. The statements on the
number of solutions or non existence in each case, presuppose such a restriction.
Throughout the text, existence is meant in the real plane.

The following notation is also used: ¢x denotes the tangentat X, Y = X (A, B)
denotes the harmonic conjugate of X with respect to (A, B), X = (a,b) denotes
the intersection of lines a, b. Points at infinity are occasionally denoted by [A],
the same symbol indicating also the direction determined by that point at infinity.
For a line e the symbol [e] denotes its point at infinity. For a point at infinity A
the symbol X A denotes the parallel from X to the direction determined by A.
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Degenerate conics, consisting of a product of two lines a, b, are represented by
a - b. Regarding hyperbolas, asymptotics are distinguished from asymptotes. The
first term gives the direction only, the second denotes the precise line.

Regarding the organization of the material, there follow three preliminary sec-
tions on the background, which comprise: (a) Involutions (5§1.1), (b) Pencils and
Families of conics (§1.2), (c) The great theorems (§1.3). Then follow fifty sec-
tions handling the inequivalent euclidean constructions. The sections are divided
in twelve groups, each group headed by the problem to which all other of the group
are projectively equivalent.

1.1. Involutions. Involutions are homographies of projective lines with the prop-
erty f2=1 < f~! = f. Using proper coordinates, involutions are described by
functions of the form

ar +b ay+b
< )
cr —a cy—a
whose graphs are rectangular hyperbolas symmetric with respect to the diagonal
line y = x. Such functions are completely determined by prescribing their values

Figure 1. Graph of an involution with existing fixed points

on two elements (X, f(X)), (Y, f(Y)) and they have either two fixed points or
none. Figure 1 shows a case in which there are two fixed points. When the
hyperbola has the two branches totally contained in the two sides of the line y =
x, the corresponding function has no fixed points. An important property of a
pair (X, (X)), of related points of an involution, frequently used below, is that it
consists of harmonic conjugates with respect to the fixed points of f, when these
exist ([7, p. 100], [22, I, p.102], [17, p. 167], [9, p. 35], [2, I, p. 137]).

o

F

Figure 2. Common harmonics (E, F') of (A, B) and (C, D)

The practical issue of finding the fixed points of involutions is related to the
idea of common harmonics of two pairs (A, B), (C, D) of collinear points. This
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is another pair (E, F') of points, which are, as the name suggests, simultaneously
harmonic conjugate with respect to (A, B) and with respect to (C, D) (see Figure
2). If such a pair (E, F) exists, then it is easily seen that every circle d passing

Figure 3. Construction of the common harmonics (E, F') of (A, B) and (C, D)

through E, F' is orthogonal to the circles ¢y, co with corresponding diameters AB
and C'D (see Figure 3). Thus, in order to find the common harmonics geomet-
rically, set two circles ¢, co on diameters, respectively, AB and C D and draw a
circle d simultaneously orthogonal to ¢; and c» (see Figure 4). In case one of the

/D]

_\Q
Q

Figure 4. Common harmonics (E, F') of (A, B) and (C, [D])

points, D say, is a point at infinity then ¢, is the line orthogonal to AB at C' and we
can take the circle d to be the one centered at C' and orthogonal to ¢, points E, F'
lying then symmetric with respect to C' (see Figure 4).

The common harmonics are precisely the limiting points of the coaxal system
(pencil) of circles determined by ¢; and co ([16, p. 118]). They exist, precisely
when the circles ¢, ¢ are non-intersecting.

1.2. Pencilsof conics. Pencils of conics are linesin the five-dimensional projective
space of conics. This is reflected in the generation of a pencil as the set D of linear
combinations ¢ = a:- ¢; + 8- co, Where ¢; = 0, co = 0 are the equations of any two
particular members of the pencil. Then ¢ = 0 represents the equation of the general
member of the pencil for arbitrary real values of «, 5 with || + || # 0. The basic
pencil, called of type-1, is that of all conics passing through four points (see Figure
5). There are five projectively inequivalent pencils, characterized by the fact that
all their members intersect by two at the same points, real or imaginary, with the
same multiplicities. These are referred to as types I to V' pencils ([22, I, p. 128])
and can be considered as limiting cases of the type I pencil. Type I1, for instance,
results by fixing line e = AD and letting D coincide with A. The resulting pencil
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Figure 5. The pencil of conics through A, B, C, D

(seen in §9.1) consists of all conics passing through A, B, C and tangent to e at A.
Another type of pencil is obtained from a type I pencil by fixing lines a = AB
and ¢ = C'D and letting point B converge along a to A and D converge along c to
C. The resulting pencil, referred to as type IV pencil (seen in §10.1), consists of
all conics tangent to lines a, ¢ correspondingly at their points A and C.

Pencils of conics contain degenerate members, at most three ([2, Il, p. 124]).
In Figure 5 the degenerate members are visible, consisting of the pairs of lines
AB -CD, AD - BC and AC - BD. In the analytic description of pencils ¢ =
a - c1 + B - co, the conics ¢, ¢y can be degenerate members, and this is often
convenient and extensively used below.

To every type of pencil corresponds an analogous range of conics or tangential
pencil of conics ([2, I, p. 199], with a notation slightly different from that of
Veblen). For example to type I pencils corresponds the range of type I* of conics,
which are tangent to four lines in general positions (see §7.1). Ranges are pencils
of conics in the dual projective plane P* consisting of all lines of the projective
plane P. To each pencil of type X corresponds its dual range X* with properties
resulting from those of X by duality.

A particular property of pencils, together with its dual for ranges, is of interest
for our subject. For instance, in the case of a pencil D of conics through points A,
B, C, D, itis known ([2, Il, p. 197]) that the polars of a fixed point X with respect
to all members of the pencil pass through a point Y. This defines a quadratic
transformation Y = f(X), which in the coordinates with respect to the projective
base {E, F,G, A}, with E = (AB,CD), F = (AD,BC), G = (AC,BD), is
represented by
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Figure 6. The eleven points conic k. of A, B, C, D and line e

The image of a line e under this transformation is a conic k. circumscribing trian-
gle EFG and passing through eight additional points, therefore called an eleven
point conic ([1, p. 97], [9, p. 66]). Six of the points are the harmonic conjugates
W =V (X,Y) of the intersection point V' = (XY, e), where X, Y are taken from
{A, B,C, D}. The two remaining points, if real, are the intersection points of k.
with line e and simultaneously the contact points of two members of the pencil D,
which are tangent to e (a case handled in §8.1).

The dual to the previous property relates to the range D* of conics k tangent to
four lines a, b, ¢, d (see Figure 7). According to this, the poles of a line h with
respect to the members of D* lie on a line 4’ and the transformation »’ = F*(h) is
a quadratic one of the same nature as the previous one, differing only in that it op-
erates on the dual projective plane P*. Line i’ can be found by a simple criterion,
resulting by considering the triangle of diagonals (efg in Figure 7). Lines h, A’
intersect each side s of this triangle at points X, Y’, which are harmonic conjugate
with respect to (U, V'), where U, V' are the vertices of the quadrilateral lying on
s. The images i’ under F™* of all lines h passing through a fixed point @ are the
tangents of a conic k¢ inscribed in the triangle e f g and tangent to eight additional
lines, therefore called an eleven tangents conic. Six of these lines are the harmonic
conjugates Q(s, s') of @ with respect to all pairs (s, s") taken from {a, b, ¢, d}. The
two remaining tangents, if real, are the tangents through @Q of the members of D*
passing through @ (a case handled in §6.1).

Roughly described, a standard method of constructing a conic by five elements
is to find a pencil or range satisfying four of the given conditions, and then use the
fifth condition to locate the particular member(s) of the pencil satisfying it. In the
case of type I pencils, any fifth point E, different from A, B, C, D, determines
exactly one conic of the pencil containing it (a case handled in §2.1).

Pencils of conics, passing through two different points 2, R can be transformed
to pencils of circles by a complex projective map, which sends @, R to the circular
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Figure 7. The eleven tangents conic kg of a, b, ¢, d and point Q

pointsat infinity 7, J ([9, p. 71]). By such a map a type I pencil can be transformed
to a pencil of intersecting circles and all related conic construction problems reduce
to corresponding Apollonius circle construction problems ([6]). This method is
concisely expounded in [10].

1.3. The great theorems. The basic tool in the context of the present subject is
Desargues’ theorem, for various types of pencils and ranges, as neatly described in
[22, p. 128]. The theorem asserts that a pencil intersects on a fixed line e, through
its members, pairs of points (X,Y") in involution, later meaning, that there is an
involution f one, suchthatY = f(X) & X = f(Y). The interesting fact is that
f is completely determined by the intersections of e with the degenerate members
of the pencil, which are products of lines. Line e is assumed to be different from
the lines contained in degenerate members of the pencil.

In its dual form, Desargues’ theorem, referred to also as Pliicker’s theorem ([4,
p. 25], [2, I, p. 202]) states, that the pairs of tangents (x, ) from a fixed point Q) to
the members of a range, are in involution, later meaning, that there is an involution
f* on the pencil Q* of lines through @, such that y = f*(z) < = = f*(y). This
involution is determined again by the degenerate members of the range, which are
pairs of points. In the case of ranges of conics tangent to four lines, for instance,
the degenerate members are pairs of intersection points of the four lines and the
involution on Q™ is determined by two pairs of lines joining @ to two such pairs of
points ([22, 1, p. 129], [9, p. 50], [2, II, p. 197]). Point @) is assumed to be different
from the points of degenerate members.

The somewhat difficult to visualize involution on @Q* can be represented by in-
tersecting the rays through @ with a fixed line e # @. In this way the involution
f* on Q* defines an involution f on e and the fixed points (rays) of f* trace on
e the fixed points of f. Quite typically for our subject, the requested conics are
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intimately related to the fixed elements of such involutions ([20, p. 69], [19, p.
365], [2, p. 198, I1]).

Pascal’s theorem, that the opposite sides of a hexagon, inscribed in a conic,
intersect on a line, is used in the present context in order to find additional points on
the requested conics. The theorem is used also in its various versions for inscribed
pentagons, quadrangles and triangles ([22, I, p. 111], [17, p. 156], [2, II, p. 176]).

Brianchon’s theorem, which is dual to Pascal’s, asserts that the lines through
opposite vertices of a circumscribed to a conic hexagon pass through a fixed point.
Again the theorem and its versions for pentagons, quadrangles and triangles is used
in order to find additional points on the requested conics.

2. Five paints

2.1. Conic through five points (5P07"). Construct a conic passing through five
points A, B, C, D, E. This is the basic construction, to which, all other construc-
tions may be reduced. Analytically this can be done easily by considering the
equations of two line-pairs defined by the five points ([18, p. 232]). Let, for exam-
ple, the line-pairs (AB,CD), (AC, BD) be given correspondingly by equations
(f=0,9=0),(h=0,5=0). Then the equation

kau=A(f-9)+p-(h-j)=0,
for variable X\ and p, represents the pencil D of all conics passing through A, B,
C, D. The requirement, for such a conic, to pass through E, leads to an equation
for A\,
kxu(E) =0,

from which A, i are determined up to a multiplicative constant, and through this a
unique conic is defined as required.

Geometrically, one can use Pascal’s theorem to produce, from the given five,
arbitrary many other points P lying on the conic. Figure 8 illustrates the way this

Figure 8. Pascal’s theorem producing more points on the conic

is done. Start with an arbitrary point X on line DE and define the intersection
point Y = (CD, AX). Join this point to the intersection point /' = (AB, DE)
and extend the line to find the intersection point Z = (Y F, BC'). By Pascal’s
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theorem, the intersection point P = (ZE, AX) is on the conic passing through A,
B, C, D and E. The books of Russell [17, p. 229] and, for more cases Yiu [24, p.
144], contain many useful constructions, which determine various elements of the
conic, such as the intersections with a line, the center, the axes, the foci etc. out of
the five given points.

2.2. Conic through five points, one at infinity (5P;07"). Construct a conic pass-
ing through five points A, B, C, D, [E] in general position. The conic is a hyper-
bola and in some cases a parabola. Additional points can be constructed as in the

e X _L

Figure 9. Finding additional points on the conic through A, B, C, D, [E]

previous section. Start with a point X on line e = DF, find the intersections
Y = (AX,CD), and Z = (FY,BC), where F' = (AB, DE) (see Figure 9).
Point P = (ZE, X A) is on the requested conic, which can be constructed to pass
through the five points A, B, C, D, P. There is always a unique solution.

Remark. In general the conic is a hyperbola, and [E] represents the direction of
one of its asymptotes. Fixing points A, B, C', D, there are either none or two
directions [E], determined by the four points, for which the conic passing through
A, B,C, D, [E] is aparabola. This is the case (4P1T7) of §3.2.

2.3. Hyperbola from asymptotics and three points (5P,07"). Construct a conic
passing through five points A, B, C,[D], [E], thus a hyperbola with asymptotic
directions given by [D], [E]. The pentagon ABC DE is infinite with DE the line

[F]

Figure 10. Pascal’s theorem with D, E at infinity



304 P. Pamfilos

at infinity and its intersection F' with AB is also at infinity. An arbitrary ray of
the pencil A* of lines through A, and its intersection Y with C'D defines the point
Z =(YF,BC)and P = (ZE, AY). Last is a point on the requested conic (see
Figure 10). There is always one solution. Figure 11 shows a related pencil consist-

Figure 11. The pencil of conics passing through A, B, [D], [E]

ing of all conics passing through A, B, [D], [E], i.e. all hyperbolas with asymptotic
directions [D], [E] and passing through the points A, B.

3. Four pointsand one tangent

Figure 12. The two conics through A, B, C, D tangent to line e

3.1. Conic by four points and one tangent (4P17"). Construct a conic passing
through four points A, B, C', D and tangent to one line e. By Desargues’ theo-
rem (see §1.3), each member of the pencil D of conics through A, B, C, D (seen
in §1.1) intersects line e to a pair of points in involution. The contact points K, L
of the requested conic with e are the fixed points of this involution. Two pairs
of points, defining the involution, are the intersections of e with two degenerate
members ¢y, co of the pencil D, consisting of the pairs of lines c; = AB - CD and
co = AD - BC, intersecting the line respectively in (E, F') and (I, J) (see Figure
12). The fixed points of the involution are the common harmonics (K, L) of the
pairs (E, F), (I, J).

An alternative construction for this case relates to the eleven points conic of
four points and a line (see §1.2), consisting of the poles of line e with respect to all
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conics of the pencil D. This conic intersects line e precisely at its contact points

Figure 13. Eleven point conic of ABC'D and line e

K, L with the requested conics.
Next two figures display the domains of existence of solutions for variable D,
assuming given the positions of A, B, C and line e.

@ JEV N3 F

Figure 14. Domains of existence for variable D, e non-intersecting ABC'

Figure 15. Domains of existence for variable D, e intersecting ABC

3.2. Parabola through four points (4P177). Construct a conic tangent to the line
at infinity, i.e. a parabola, passing through four points A, B, C, D. The only
difference from the previous case is that line e is now at infinity. The involution
on e can be represented on the pencil O* of lines through the arbitrary but fixed
point O ([4, p. 40], [20, p. 69], [17, p. 180]). In fact, draw from O parallels to the
lines joining all possible pairs of the four points A, B, C, D. They result in three



306 P. Pamfilos

W BC
g
ch DA
K
o]
I
o orr AB
o1
|G c4
BD

Figure 16. Common harmonic directions

pairs of lines (BD,CA),(AB,CD),(DA, BC), which are in involution. This,
by intersecting the pencil with an arbitrary line g defines an involution in ¢ (see
Figure 16). The corresponding pairs of points (G, H), (I, J), (K, L) of g are in

oJ
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Figure 17. Parabola through A, B, C', D with axis-direction O M

involution. The common harmonics M, N of these pairs, if they exist, define two
directions OM and ON, i.e. two points at infinity, which represent the directions
of the axis of the requested parabolas, passing through A, B, C, D. Thus, there
are either two or none parabola passing through four points A, B, C, D in general
position. Figure 17 shows how the construction of one of these two parabolas can
be done. Use is made of one of the chords BD of the requested parabola. From the
middle B’ of BD we draw a parallel & to the direction OM. Then we project C on
(' and extend C'C" to its double CC”. The projection is by parallels to BD. By a
well known property of parabolas, point C” will also belong to the parabola under
construction. Thus, taking C” as the fifth point we define the parabola as the conic
passing through A, B, C, D and C”. An analogous construction can be carried out
for the second parabola, whose axis is parallel to the direction ON. The parabolas
exist if none of the four given points is contained in the triangle of the other three.

Besides this construction of the two parabolas, which is considered the standard
one, there is another approaching the problem from a different point of view. For
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Figure 18. The two parabolas through A, B, C, D

this, consider the line e parallel to the diagonal EF' of the quadrangle ACBD at
half the distance of G = (AB,CD) from EF (see Figure 18). This line is the
common tangent to the two requested parabolas. This follows, for example, by
considering the conic passing through the eight contact points of the common tan-
gents of two conics ([18, p. 345]) or the properties of the so-called harmonic locus
of two conics, specialized for two parabolas ([14, Il, p. 121]). The contact points
V, W of the two parabolas with e are the common harmonics of the point-pairs
(El,EQ), (Fl,FQ), where B, = (AD,G),EQ = (BC, 6),F1 = (AC, 6),F2 =
(BD,e). Once V, W are constructed, the parabolas can be defined to pass through
the corresponding fivetuples of points.

Notice that every conic of the pencil D has a pair of conjugate diameters parallel
to the axes of the two parabolas ([19, p. 292]).

3.3. Conic by 3 points, 1 at infinity, 1 tangent (4P, 17"). Construct a conic passing
through four points A, B, C, [D], and tangent to line e. The conic is either a hy-
perbola with one asymptotic direction [D] or a parabola with axis parallel to [D].
Using the method of §3.1 we construct the fixed points D1, D, of the involution,

Figure 19. The two conics through A, B, C, [D] tangent to e

defined on line e by its intersections with the line pairs (AB,CD), (AC, BD),
(AD, BC). The common harmonics D1, D, of the point-pairs (£, F'), (G, H) are
the contact points with line e (see Figure 19). Adding one of the D, to the three
points A, B, C' we can, as in §8.1, construct a fifth point and pass a conic through
the five points. Fixing A, B, C and the position of line e, there are some directions
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Figure 20. Angular domains of existence

[D] for which no solutions exist. Figure 20 shows a case, in which e does not
intersect the interior of ABC and the two angular domains for the direction AD
for which there are solutions of the problem.

In general, the conics are two hyperbolas with one asymptotic direction deter-
mined by the point at infinity D, or a pair of a hyperbola, as before, and a parabola
with axis direction [D]. If the line e does not intersect the interior of the triangle
ABC, then, for four particular directions [D], there are corresponding parabolas
passing through A, B, C, axis direction [D] and tangent to e. The directions [D],
for which this happens, can be determined from the triangle ABC' and the line e.
This is the case (3P2T}), handled in §4.2. The problem is related to the pencil of
conics through A, B, C,[D]. This is a specialization of the one in §1.1, resulting
from it by sending D at infinity (see Figure 21). In this pencil, all members ex-

Figure 21. The pencil of conics through A, B, C, [D]

cept one are hyperbolas with one asymptotic direction [D]. The one exceptional
member is the parabola constructed in §8.2.

3.4. Hyperbola by 2 points, 2 asymptotics, 1 tangent (4P,17"). Construct a conic
passing through four points A, B, [C], [D] and tangent to a line e. This is a hy-
perbola passing through the points A, B, having directions of asymptotes [C], [D]
and being tangent to line e. This can be reduced to the case (5207") of §2.3 by
locating the contact point S of e with the conic. This is done asin §3.1: Find the in-
tersections (H, G), (E, F') with e of line-pairs (BD, AC), (BC, AD) respectively
(see Figure 22). The contact points of the conics with e are the common harmonics
S, S’ of these two pairs of points.

An alternative solution results by using the eleven points conic of A, B, [C], [D]
and e as in §3.1, defined as the locus & of poles P of line e with respect to the
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Figure 23. The eleven points conic of a, b, [C], [D] and line e

conics ¢ passing through A, B, [C], [D] (their pencil shown in §2.3). This conic
intersects e precisely at the points S, S’ (see Figure 23).

Fixing A, B, [C], [D] the lines e for which there are solutions are those defining
non-separating segments EF,GH, where E = (BC,e), FF = (AD,e), G =

Figure 24. Directions for which exist solutions to (4P>1T")

(AC,e), H = (BD,e) (see Figure 24). These are all lines except those, which
separate points A, B and their parallels from O = (AG, BH) fall outside the
angular domain AOB.

4. Three points and two tangents

4.1. Conic by three points and two tangents (3P27"). Construct a conic passing
through three points A, B, C' and tangent to two lines d, e. The construction can
be reduced to that of a conic passing through five points (§2.1) by locating the
points of tangency G, H of the two tangents. This can be done by finding the two
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Figure 25. Conic through A, B, C, tangentto d, e

intersection points A’, C’ of line GH respectively with the known lines BC' and
AB. The key fact here is, that in all cases of existence of solutions, there is a cevian
triangle A’ B'C” with respect to ABC', with corresponding tripolar A” B”C", such
that the contact points of each one of the requested conics are the intersections of
lines e, d with some side of this triangle or its tripolar ([11], [23], [15]). In Figure
25, for example, appears one of the requested conics, tangent to d, e, respectively,

Figure 26. The four conics through A, B, C, tangent to d, e

at the points GG, H, which are on the side A’C” of a certain cevian triangle of ABC.
The conic is led to pass through the five points A, B, C, G and H. Analogously are
constructed three other conics. The determination of the cevian triangle A’B’'C’
is done again through the construct of common harmonics. For example, points
B’, B" are the common harmonics of the point pairs (AC, B; Bs). These represent
the fixed points of an involution, defined, by Desargues’ theorem ([17, p. 204]), on
line AC, by the intersections with members of the pencil D of all conics, which
are tangent to d, e respectively at G, H (seen in §10.1). Regarding the existence,
there are four solutions in the case none of the lines d, e passes through the interior
of the triangle ABC (see Figure 26), or both of them intersect the interior of the
same couple of sides of this triangle. In all other cases there are no solutions.

An intuitive way to answer, why four, offers Figure 27, displaying a cone and a
plane £ on which the cone is projected. Plane ¢ is the one containing the lines e, d
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Figure 27. Spacial interpretation of the four solutions

intersecting at O. Plane &’ is parallel to £ from an arbitrary point O’ projecting or-
thogonally to O. The circular cone is constructed so that the parallels d’, ¢’ from O’
are generators and its axis is contained in £’. The lines orthogonal to ¢ at the three
points A, B, C intersect the cone respectively at pairs of points (A, A”), (B’, B”),
(C',C"). The plane through (A", B’, C") intersects the cone along a conic, which
projects to one of the conics solving the construction problem. The same is true
with the triples of points on the conic (4", B’,C"), (A’,B",C"), (A, B’,C").
They define respectively, a plane, a conic on the cone, and its projection on ¢,
representing a solution of the construction problem. The other possible triples of
points (e.g such as the triple (4", B”, ")), because of the reflective symmetry of
the cone with respect to the plane ¢/, deliver conics on the cone, which are reflec-
tions of the previous four (e.g. (A”, B”,C") is symmetric to (A’, B’,C")), hence
by the projection falling onto the same four solutions of the construction problem.

Remark. To handle this, most interesting case and rich in structure of our construc-
tions, one could consider the set of conics passing through three points A, B, C

Figure 28. The set of conics through A, B, C' tangent to line d

and tangent to one line d, as seen in Figure 28, and attempt to find the members
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of this set satisfying the fifth condition of tangency with line e. Unfortunately
this set of conics is not a pencil, and Desargues’ theorem does not apply to it
to produce the solutions as usual. The same is true for the set of conics passing

Figure 29. The set of conics through A, B tangent to lines d, e

through two points A, B and tangent to two lines d, e seen in Figure 29. This set
of conics admits also a spacial interpretation, as the set of projections of intersec-
tions of a cone with all planes passing through points X, Y on the cone, where
X e {A,A"}Y € {B’, B"}, the points of the two sets projecting respectively on
Aand B.

4.2. Parabola by three points and a tangent (3P273). Construct a conic passing
through three points A, B, C and tangent to line d and the line at infinity, thus a
parabola. For this, projectively equivalent to the previous, case, the process of de-

Figure 30. Parabola through A, B, C, tangent to d

termination of the cevian triangle and the tripolar, used there, is even simpler, since
line e is now at infinity. The segments A’A”, B’B”, C'C"” of common harmonics,
determined on each side of ABC, are now bisected by the tangent d and the chords
of contact points with lines d, e are parallel to the axes of the parabolas (see Figure
30). Figure 31 displays all four parabolas passing through A, B, C' and tangent to
line d. There are four solutions if line d does not intersect the interior of triangle
ABC and no solution if it does.
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Figure 31. The four parabolas through A, B, C, tangent to d

4.3. Conic by 2 points, 1 infinity, 2 tangents (3P;27"). Construct a conic passing
through points A, B, [C] and tangent to lines d,e. Triangle ABC'is infinite with
two sides parallel to the direction [C]. Points (C’, C") are the common harmonics
of (A, B) and of the pair of intersections of AB with lines d, e. Analogously are
defined the pairs of points (B’, B”) on AC and (A’, A”) on BC. A'B'C" is a
cevian triangle of ABC' and points A”, B”,C" are on the corresponding tripolar.

Figure 32. Two (of the four) hyperbolas through A, B, [C] and tangent to lines a, b

Each one of the requested conics passes through A, B, C and is tangent to d, e
at their intersection points with one side of the cevian triangle or the tripolar. In
Figure 32 only two, out of the four, conics are shown. Additional points on the
conics can be found by taking harmonic conjugates with respect to the polar of
P = (d, e). The construction of conics can be also completed by using the remark
in (3P2T")9 of §10.1. In general the conics are hyperbolas with one asymptotic
direction parallel to [C]. Fixing A, B and d, e , there are four directions [C] for
which the corresponding conic is a parabola. These are determined in (2P317) of
§5.2. There are four solutions if the lines d, e either do not intersect the interior of
ABC or they intersect the interior of the same pair of sides of this triangle.
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4.4. Hyperbola 1 point 2 asymptotics 2 tangents (3 P,27"). Construct a conic, pass-
ing through three points A, [B], [C] and tangent to two lines d, e. This is a hyper-
bola with asymptotic directions [B], [C]. There are again four solutions determined

Figure 33. Hyperbola through A, [B], [C] and tangent to lines d, e

by the sides and corresponding tripolar of a cevian triangle A’B’C’ of ABC'. The
triangle ABC has one side-line at infinity. The corresponding cevian triangle is
determined as in §4.1, but now one of its vertices is at infinity. The four chords
joining contact points of the same conic with lines d, e shown in Figure 33 are
denoted by (1), (2), (3), (4). The conic touching d, e at the endpoints of chord (1)
is drawn. There are four solutions if the lines d, e do not intersect the interior of
ABC or both intersect the interior of the same couple of sides of the triangle. In
all other cases there are no solutions.

5. Two pointsand three tangents

5.1. Conic by two points and three tangents (2P37"). Construct a conic passing
through two points D, E and tangent to three lines a, b, ¢. The structure of the
solution rests upon the dual theorem of Desargues ([17, p. 215], [9, p. 51], [19, p.
229]) and can be described as follows ([4, p. 58], [11], [23]). The three lines in
general positions define a triangle ABC (A opposite to a etc.) and the two given
points D, E determine a third point F, with the following properties. A, B,C, F’
define a projective base ([2, p. 95, I]) and in the coordinates with respect to this
base the quadratic transformation ([21, p. 127])

F (@) o (;“) . maps /(D) = F.

There are four conics with the prescribed properties (see Figure 34). Each one
of them is tangent to the three sides of the triangle ABC and to two additional
lines. The pairs of additional lines corresponding to the four conics are (F D, FE),
(F1D,F\E), (F2D, FoF), (F3D, F5E), where Fy, Fy, F5 the harmonic associates
([24, p. 100]) of F. Figure 35 shows the domains for which there are solutions for
the (2P3T") problem. The two points D, E must lie, both, in the domain with the
same label. Otherwise there are no solutions.
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Figure 34. The four conics tangent to a, b, ¢ and passing through D, E

e (1D a)

Figure 35. Domains of existence of 2P3T conics

This case is the dual of the previous one and is reducible to that by taking poles
and polars with respect to a fixed conic. For example, taking poles and polars with
respect to the conic k with perspector F' ([24, p. 115]), for each conic ¢ tangent to
the sides of ABC' and passing through D, E, we obtain a conic ¢ passing through
the vertices of the cevian A’B’C’ of F and tangent to d, e, which are the polars
of D, E with respect to k£ (see Figure 36). By this polarity ([22, p. 263, I]) the
tangents tp, tg to c at D, E map to the contact points D1, E; of ¢/ with lines d, e

and the intersection point £’ = (tp,tg) mapsto line f = D, E;.

Using a polarity, as before, we could reduce the cases to the half; but it is not

the purpose of the present review to produce a least number of pictures.
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Figure 36. Reduction to the dual by the polarity with respect to &

Remark. In this case, as noticed also in the previous one, some difficulty in han-
dling the construction lies on the fact that the set of conics tangent to a, b, ¢ and
passing through D is not a proper pencil of conics (see Figure 37). This set of con-

Figure 37. Conics tangent to a, b, ¢, passing through D

ics admits a spacial interpretation, as in §4.1, representing the conics as projections
of intersections of a cone with planes. The cone is constructed as in that section,
and the planes intersecting the cone are defined by pairs (X, ) of points and lines.
Point X € {D’, D"}, the two points of the cone being those which project on D.
Line « is a tangent to the conic defined on the cone by the plane orthogonal to the
plane ¢ of b, ¢ and intersecting it along line a.

5.2. Parabola by 2 points, 2 tangents (2P377). Construct a conic passing through
two points A, B and tangent to two lines ¢, d and the line at infinity, thus, a
parabola. Figure 38 shows the process of determination of the point F' and its
harmonic associates F1, F5, F3 stepping on the previous section. Points By, Bs are
the common harmonics of the point-pairs (A4’, B’) and (G, [d]), where A", B” are
the parallel to ¢ projections of A, B on d and G = (¢, d). Analogously are defined
on ¢ the common harmonics C1, C5 of two similar point-pairs on ¢. Point F'is the
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Figure 38. Searching for parabolas through A, B and tangent to ¢, d

intersection of the parallels from By, C; respectively to ¢, d. Figure 39 shows the

Figure 39. The four parabolas through A, B and tangent to ¢, d

four parabolas solving the problem. Each of them is tangent to the two given lines
¢, d and the pair of lines F; A, F; B, where F; are either F' or one of its harmonic
conjugates (with respect to the triangle with infinite sides G|c][d]). There are four
solutions if points A, B are in the same or opposite angular domains of lines ¢, d.
Otherwise there are no solutions.

Remark. When line F'F3 passes through the middle M of AB, the two correspond-
ing parabolas, tangent respectively to the line-pairs (F'A, F'B), (F3A, F3B), are
homothetic with respect to G and solve problem (3P;277) of §9.3, line F'F being
then parallel to the axis of the two parabolas and also being harmonic conjugate of
AB with respect to lines (c, d).

5.3. Conic by 1 point, 1 infinity, 3 tangents (2P;37"). Construct a conic passing
through two points A, [B] and tangent to three lines ¢, d, e. The construction can
be done by adapting the one of §5.1. By that method, we first find the cevians of
A, B with respect to the triangle A’ B'C’, whose sides are c, d, e. Then we find the
common harmonics Ag, A; on line ¢ of the point-pair consisting of the traces of
the cevians from A, B and (B’, C") . Analogously are defined points By, B; on d
and Cy, C1 on e (see Figure 40). The six points thus determined define a cevian
triangle with perspector F' and the corresponding tripolar. Then we define the three
harmonic associates I, F5, ;3 of F. Each one of the requested conics is tangent
to the three lines ¢, d, e and also tangent to the two lines F; A, F; B, joining some
of the points F; with A and B. There are four solutions if A is on the exterior of
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Figure 40. The four conics tangent to ¢, d, e passing through A, [B]

the triangle A’ B’C” and in the angular domain containing the parallel to [B] from
a vertex. Otherwise there are no solutions. The conics are in general hyperbolas.
Fixing the lines ¢, d, e and point A, there are two directions [ B] for which the conics
are parabolas. This is handled in (1P47T7) of §6.2.

5.4. Hyperbola by 2 asymptotics and 3 tangents (2P2,37"). Construct a conic pass-
ing through two points [A], [B] and tangent to three lines a, b, c. This is a hyper-
bola with asymptotic directions [A], [ B] and tangent to three lines. Proceeding as in

Figure 41. Cevian triangle and perspector in the case (2P»3T)

5.1, we draw parallels to those directions from each vertex of the triangle Ay ByCy
with side-lines a, b, c¢. These parallels define on each side two points Ay, By on
a, Ay, By on b etc. The common harmonics (A’, A”) of point pairs (A;, By) and
(Co, Bo) and the corresponding common harmonics for the other sides, define the
cevian triangle A’B’C’, its perspector D and the corresponding harmonic asso-
ciates D1, Do, D3 (see Figure 41). Each of the requested hyperbolas is constructed
as a conic tangent to the three lines a, b, ¢ plus the two lines joining D; to the points
at infinity A, B, i.e. the parallels from D; to [A] and [B] (see Figure 42). Given
the directions of lines a, b, ¢, there are four solutions if drawing parallels to these
directions and to [A], [B], later are not separated by the first. Otherwise there are
no solutions.
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Figure 42. The four hyperbolas tangent to a, b, ¢ with two given asymptotic directions

6. One point and four tangents

6.1. Conic by 1 point and 4 tangents (1P47"). Construct a conic tangent to four
given lines a, b, ¢, d and passing through a given point A. One way to the con-
struction is to reduce the problem to its dual (4P17") of §3.1. In fact, if IJK is

Figure 43. The two conics tangent to a, b, ¢, d, passing through A

the diagonal triangle of the complete quadrilateral whose sides are a, b, ¢, d (see
Figure 43), then the harmonic associates A, Ao, A3 of A with respectto I JK are
also points of the conic. Thus, one can apply the recipe of §3.1 by taking these four
points and one of the four given lines.

Another way to define the conics is by using Desargues’ theorem in its dual form
([4, p. 57]) in order to locate a fifth tangent to the conic, namely the one passing
through A. In fact, according to that theorem, the tangents from an arbitrary point
A to the conics of the one-parameter pencil of conics D, which are tangent to
four lines a, b, ¢, d, define an involution on the pencil A* of all lines passing
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through that point. The tangents to the members of that pencil, which pass through
A are the fixed elements of this involution. By considering the intersection of
each line through A with line a, we represent this involution by a corresponding
involution of points of a. The fixed elements of the involution in A* correspond

Figure 44. The two conics tangent to a, b, ¢, d, passing through A

to the fixed points of the corresponding involution on a. It is easy to see that two
particular pairs of points in involution on « are the pairs (B, B’) and (E, E'), where
B = (b,a),E = (d,a),B" = (AD,a),E" = (AC,a). The common harmonics
Iy, F5 of these two pairs define the two requested tangents, which in turn define
the two conics (see Figure 44).

Figure 45. The five domains of existence of solutions

There are two solutions if point A is in one of the five domains (1) — (5) shown
in Figure 45. Otherwise there are no solutions. The reason for this is, as is visible in
the figure, that the pencil D of conics tangent to four given lines a, b, ¢, d does not
cover all connected domains defined by the four lines ([2, p. 200, 11]). Noticable
in the figure is also the fact that for every point in these five domains there are two
conics of the pencil passing through the point.
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A third method to construct the requested conics is to use the dual of the eleven
points conic of §3.1, which is the eleven tangents conic, defined by four lines a, b,
¢, d and a point A ([1, p. 97]). This conic is the envelope k of the polars of A with

Figure 46. The two conics tangent to a, b, ¢, d, passing through A

respect to all conics tangent to the four given lines. This conic is tangent to the 3
sides of the diagonal triangle RST of the quadrilateral of the four lines. It is also
tangent to the 6 polars of A with respect to all line-pairs of the quadrilateral, and is
also tangent to the two tangents ¢;, 5 to the requested conics at A (see Figure 46).
Conic k can be constructed by the methods of §7.1 and then ¢, ¢, can be found
by drawing the tangents to k& from A. The two requested conics can be defined by
applying again the methods of the next section and determining the conic tangent
to five lines a, b, ¢, d, t;, (i = 1,2).

6.2. Parabola by 1 point, 3 tangents (1P47}). Construct a conic tangent to the
line at infinity, i.e. a parabola, and also tangent to three lines a, b, ¢ and passing
through a point £. Any of the methods of the previous section can be modified

Figure 47. Parabolas tangent to a, b, ¢, passing through

to produce the requested parabolas. For example, applying the second method,
we draw first parallels to b, ¢ through E intersecting a at E’, E” (see Figure 47).
The pairs of lines (EE’, EB) and (EE"”, EC') through E are related with respect
to the involuetion defined by Desargues’ theorem. They are tangents from E to
degenerate members of the pencil of parabolas tangent to four lines three of which



322 P. Pamfilos

are a, b, c. The common harmonics F}, Iy of these pairs define the tangents at £
of the requested parabolas passing through E. There are two solutions if point £
lies in one angular domain containing the triangle A BC' but outside of the triangle.
Otherwise there are no solutions.

Figure 48. The pencil of parabolas tangent to a, b, ¢

An alternative solution is obtained by using the nine tangents conic of the three
lines a, b, ¢, the line at infinity e and the point E. This is the conic &, de-
fined as envelope of all polars of E with respect to the members of the pencil
of parabolas tangent to the three lines a, b, ¢ (see Figure 48). Conic k is tan-
gentto a’,a”,b',b",c, ", where a’,a” are parallel to a, respectively, from point
A = (b, c) and the symmetric E, of E with respect to a, and the other lines are
defined analogously. The tangents to the requested parabolas at E are the two
tangents from E to k.

6.3. Conic, 1 infinity, 4 tangents (1P,47"). Construct a conic tangent to four lines
a, b, ¢, d and passing through a point at infinity [E]. Again a solution results
by adapting any of the methods of section §6.1. For example, to adapt the sec-

Figure 49. The two conics tangent to a, b, ¢, d, passing through [E]

ond method to the present configuration, define the points B’, C’ on b, to be the
projections of D, A parallel to [E] (see Figure 49). Points Fy, F, are the com-
mon harmonics of pairs (B, B’), (C’,C), and the parallels EF, EF, define the
tangents at £ of the requested conics, which are constructed from five tangents.
Fixing lines a, b, ¢, d, there are two solutions when the parallel to [E] from B
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falls inside the angle C'AB or the parallel from D falls inside the complement of
ADC. Otherwise there are no solutions. The above construction assumes that the
lines through £, F5 are ordinary and as a consequence the conics are hyperbolas.
If the conic is tangent to the line at infinity, thus a parabola, then [E] is uniquely
determined from the lines a, b, ¢, d. This is handled in (0P577) of §7.2.

7. Fivetangents

7.1. Conic by five tangents (0P57"). Construct a conic tangent to five lines a, b,
¢, d, e. A first solution is to reduce the construction to its dual of a conic through
five points, as in §2.1. For this, use Brianchon’s theorem to find the contact points
with the sides ([19, p. 225]). In fact, the diagonals BD, C'E of the pentagon of the

Figure 50. Conic through five tangents, find the contact points

given lines intersect at a point O (see Figure 50), which lies also on the line joining
the remaining vertex of the pentagon A to the contact point F' of the opposite side.
Thus F' is constructible from the data. Analogously are found the other contact
points with the sides of the pentagon. Using again the theorem of Brianchon in
its general form for hexagons circumscribed to a conic, one can construct arbitrary
many other tangents to the conic. In fact, take a point F' on side AB and define

Figure 51. Conic through five tangents, draw arbitrary many tangents F'G

the intersection point O of F'D and AC (see Figure 51). By Brianchon’s theorem
the diagonal GFE will pass also through O. Hence the position of G can be found
by intersecting BC with OFE. Thus, moving F' on line AB and determining G on
BC by the above procedure, we can find arbitrary many tangents £'G to the conic.
There is always a unique solution.

An image of the pencil of conics tangent to four lines, related to this problem, is
contained in §6.1.
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7.2. Parabola by four tangents (0P577). Construct a conic tangent to the line at
infinity, i.e. a parabola, tangent to four given lines a, b, ¢, d. The case is projectively
equivalent to the previous one and the method used there can be adapted to solve
the problem. For this, apply Brianchon’s theorem to the pentagon ABC D E, which

o, C) ‘[BL
- 4l CoaBEAD) T e e AL
*(AC.BE) (EC.BD)
«(BD,AC) ~LG

Figure 52. The contact points of the tangent parabola

now has points C, D at infinity (see Figure 52). The contact points of the sides op-
posite to the vertices are denoted correspondingly A’, B’, C’, D', E’. Point A’ is at
infinity, and determines the axis of the parabola. By Brianchon’s theorem, line A A’
passes through the intersection (EC, BD), which is constructible from the data.
Analogously are constructible the intersections (AD, EC, (BE, AD), (CA, BE),
(DB, CA). Join these points correspondingly with the vertices B, C, D, E to find
B',C’, D', E' through their intersections with the opposite sides of the pentagon.
To the four points on the parabola a fifth one G can be defined by taking the middle
F of D'E’ and the middle G of F'B. Thus the parabola can be constructed as a
conic passing through the five points B, C’, D', E’, G ([2, I, p. 212]).

Another way to solve the problem, is through the properties of the created
parabola related to the Miquel circles of the quadrilateral of the four given lines
([12, p. 83]). These are the circumcircles of the four triangles formed by the four
given lines. A theorem of Miquel asserts that all four circles pass through the same
point F' (see Figure 53). A theorem of Steiner ([17, p. 161]) completes then the
construction, by showing that this point £ is the focus of the parabola, while the
directrix carries all four orthocenters of the aforementioned triangles ([19, p. 70]).
Thus, in order to construct the parabola, it suffices to take the circumcircles and
the orthocenters of two such triangles and define F' and their orthocenters Hy, Ho
([12, p.45], [14, p. 100, I1]). The parabola then is constructed from its focus and
the directrix Hy H,. There is always a unigue solution.

8. Four points onetangent one coincidence

8.1. Conic by three pointsand onetangent-at (4P17");. Construct a conic passing
through four points A, B, C', D and tangent to a line e at D. In this case it is easy
to find a fifth point on the conic and reduce the construction to that of (5°07) in



A gallery of conics by five elements 325

Figure 54. A fifth point A’ of the conic through A, B, C tangent to e at D

§2.1. In fact, take I = (BC,e),I' = I(B,C). Then line I' D is the polar of I (see
Figure 54). If J = (I'D, AI), then A’ = A(I, J) is a point on the conic. There is
always a unique solution.

Noticeable in the figure is point K = (DA’, AI'). Itis a fixed point on line AI’,
since the cross ratio (A, K, I', I") = (A, A’, J, I) = —1. Hence points D, A’, and
through them, the various conics passing through A, B, C and tangent to e, are de-
fined by turning a line about K and considering its intersections with the fixed lines
e and T A. Figure 55 shows the structure resulting by making the same construc-
tion with respect to the other sides of ABC. In this point E is the tripolar of line
e and K4, Kg, K¢ are its harmonic associates with respect to ABC'. Each point
D € e defines three other points of the conic passing through A, B, C and tangent
to e at D. These points are A’ = (DK 4, KpK¢),B' = (DKp, KcKy),C' =
(DKe, KaKp). Itis easily seen that points K4, K, K¢ are the harmonic asso-
ciates of D with respect to A’B’C".

8.2. Parabola by three points and axis-direction (4P, 177). Construct a conic tan-
gent to the line at infinity, hence a parabola, passing through four points A, B, C, [D].
The last point, at infinity, defines the direction of the axis of the parabola. The con-
struction is carried out by locating two more points B”, C" on the parabola and
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Figure 56. Parabola through A, B, C and given axis-direction [D]

passing a conic through A, B, C, B”,C" (see Figure 56). The construction of the
additional points is the same with that of the previous section.

Figure 57. The pencil of conics through A, B, C, [D]

The pencil of conics involved is a specialization of the one in §1.1, resulting
from it by sending D at infinity (see Figure 57). The construction shows that in
this pencil, all members except one are hyperbolas with one asymptotic direction
[D]. The one exceptional member is the requested parabola.

8.3. Conic by 2 points, 1 at infinity, 1 tangent-at (4P;17");. Construct a conic
passing through four points A, B, C, [D] and tangent to a line e at C. Additional
points on the conic can be found as in §8.1. In Figure 58 points L, K are two such
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Figure 58. Conic through A, B, [D] tangent to e at C'

additional points. They are constructed as conjugates of B and D after construct-
ing the polars CF of G = (e, AB) and CH of I = (e, AL). There is always one
solution, which, in general, is a hyperbola. The pencil involved is the one of conics
through A, B, C, [D], seen in §8.2. Line e can be considered to turn about point C,
defining in each of the obtained locations a corresponding member of that pencil.
There is a single line through C, for which the corresponding conic is a parabola
with axis [D]. In all other cases the conic is a hyperbola with an asymptotic direc-
tion [D].

Fixing A, B, C, e, and varying [D] we obtain, in general, hyperbolas. There are,
though, two special directions [D], determined in terms of A, B, C, e, for which
the resulting conic is a parabola. This is handled in (3P277), of §9.2.

8.4. Hyperbola by 3 points, 1 asymptote (4P;17");. Construct a conic passing
through four points A, B, C, [D] and tangent to a line e at [D] € e. This is equiv-
alent with the construction of a hyperbola passing through the points A, B, C and

Figure 59. Hyperbola through A, B, C and given asymptote d

having the asymptote line e. Adapting the method of §8.1, we can find two ad-
ditional points B’, C’ and construct the requested conic as a (5P70) conic. For
example, to define B’, take successively C; = (AC,e),Cy = C1(A, C). The par-
allel to e from (5 is the polar of C. Take then the intersection B of that line with
BC4 and B’ = B(C4, Bs), which is a point on the conic. Analogously is defined
point C’. There is always one solution. The pencil of conics involved is the one
shown in (4P,177) of 8.2. A line parallel to [D] determines a unique member of
the pencil having this line as an asymptote.
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8.5. Hyperbola by 1 point 2 asymptotics 1 tangent at (4P,17");. Construct a conic
passing through four points A, B, [C], [D] and tangent to a line e at B € e. The
conic is a hyperbola with given asymptotic directions [C], [D], passing through a
point A and tangent at a point B to a given line e. In this case, as we did in §8.1,

Figure 60. Hyperbola through A, B, [C], [D] tangentto e > B

we can find additional points on the conic. For this let Ay be the intersection point
with e of the parallel to [D] through A. The symmetric A; of Ay with respect to A
defines line BA; which is the polar of Ay. The parallel to [C] from A intersects
A1 B at A, and the middle A3 of AgAs is on the conic. Repeating the construction
with Az in place of A and continuing this way, we can construct arbitrary many
points on the conic. There is always one solution.

8.6. Hyperbola by 2 points 1 asymptote 1 asymptotic (4P, 17");. Construct a conic
passing through four points A, B, [C],[D] and tangent to a line e at [D]. The
requested conic is a hyperbola passing through two points A, B having one as-
ymptotic direction [C'] and an asymptote e > [D]. By a well known property of
the hyperbola ([4, p. 42]), the segments AA’, BB’ intercepted by the asymptotes
on the secant AB are equal, hence, knowing AA’, we locate B’ on AB and given
the direction of the other asymptote [C] we determine it completely and find its

Figure 61. Hyperbola through A, B, [C], [D] and asymptote e > [D]

intersection point O with the given asymptote e, which is the center of the hyper-
bola (see Figure 61). Two additional points A”, B” are immediately constructed,
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by taking the symmetrics of A, B with respect to O. Arbitrarily many points on
the conic can be then constructed by the method of the previous section. There is
always a unique solution.

9. Three points two tangents one coincidence

9.1. Conic by 2 points, 1 tangent, 1 tangent-at (3P27");. Construct a conic pass-
ing through three points A, B, C' and tangent to two lines d > A, e. Using again
the power of Desargues’ theorem, we find first the contact points of the requested

F = E G A H

Figure 62. The two conics through A, B, C, tangent to e and also to d at A

conics with line e. These are the common harmonics A’, A” of the point-pairs
(E,F),(G,H), where F' = (d,e),E = (e,BC),G = (e,AB),H = (e, AC)
(see Figure 62). Note that these pairs are defined as intersections of e with two de-
generate members of the pencil D of conics tangent to d at A and passing through
B, C. The first pair is the intersection with the degenerate conic of two lines d- BC
and the second with the degenerate conic of the two lines AB - AC. After locating
the contact point, a fifth point on the conic can be obtained by using the polar of F,
which is AA" or AA” and taking the conjugate of B or C. There are no solutions if
only one of the lines d, e separates points B, C'. Otherwise there are two solutions.
Figure 63 displays a pencil D of conics tangent to line d at a fixed point A and

==

B
D

Figure 63. The pencil of conics tangent to d at A, passing through B, C

passing through two points B, C. It is visible there that from every point of the
plane passes a unique member of the pencil and that for every line of the plane not
separating B, C there are two members tangent to that line ([2, 11, p. 193]).
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Figure 64. The two conics through A, B, C, tangent to e and also to d at A

For an alternative method, as in §3.1, we consider the poles P of line e with respect
to all members c of D. Their locus is the eleven points conic & intersecting the line
e at the contact points A’, A” of the requested conics (see Figure 64).

9.2. Parabolaby 2 points, 1 tangent-at (3P277);. Constructa conic passing through
three points A, B, C, tangent to line d at A and tangent to the line at infinity e, thus
a parabola. The involution on e, induced by its intersections with the members of

Figure 65. The two parabolas through B, C, tangentto d at A

the pencil D of conics tangent to d at A and passing through B, C, induces an in-
volution on the pencil A* of lines through A and, through the intersections of these
lines with d, induces also an involution on d. Two, related by this involution point-
pairs on d are (B, C) and (F,[BC]), where ' = (BC,d) and [BC] the point at
infinity of BC. The common harmonics A’, A” of these two pairs define, by join-
ing them with A, the directions of the axes of the parabolas (they pass from the
contact point at infinity) (see Figure 65). Two additional points on each parabola
can be defined by projecting B, C' parallel to d on the parallel to the corresponding
axis through A and doubling the resulting segments. There are two solutions if the
line d does not intersect the interior of segment BC' and no solution if it does.

A different way to think about this problem is the following (see Figure 66). All
conics c tangent to line d at A and passing through B, C have their centers on
a conic k, passing through A and D = (d, BC) and also through the middles
P, Q, R of segments AB, AC, BC ([19, p. 299]). This is the eleven points conic
of D with respect to the line at infinity. If this conic is a hyperbola, then its points
at infinity are the centers of the two requested parabolas. To find the parabolas in
this case draw from the middle Q of AC parallels C'Q, C”(Q to the asymptotes
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Figure 66. The two parabolas through B, C, tangentto d at A

intersecting d ad C’, C" respectively. One of the requested parabolas is tangent to
lines C'A,C'C at A, C correspondingly and passes through B. This is the case
(3P2T), of §10.1. Analogously can be constructed the other parabola, starting
with C” instead of C’. Figure 67 shows the pencil of all conics passing through

Figure 67. The pencil of conics tangent to d at A and passing through B, C

B, C and tangent to d at A, but having B, C' on both sides of d. All conics are
hyperbolas and the conic k& of their centers is an ellipse. This is the reason of
non-existence of solutions in this case.

9.3. Parabola by 2 points, 1 tangent, axis-direction (3P;277). Construct a conic
passing through two points A, B, [C], tangent to line d and also tangent to the line
at infinity e, hence a parabola. The point at infinity [C] determines the direction of

c]

Figure 68. The two parabolas through A, B, tangent to d and axis parallel to [C]
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the parabola’s axis. By Desargues’ theorem, the pencil D of all parabolas passing
through A, B, [C], i.e. passing through A, B and having axis direction [C], define
through their intersection points X, X’ with line d an involution. The fixed points
D, D’ of this involution are contact points of the requested parabolas. There are
two obvious, degenerate, parabolas passing through A, B, [C] defining two pairs
of points in involution. One pair consists of the intersections (X, X’) with d of
the two parallels to [C] from A and B (see Figure 68). The other pair consists of
(E,[d]), defined by line AB and the line at infinity, where E = (AB,d). The
fixed points D, D’ of the involution are the common harmonics of these point-
pairs. Once the contact points D, D’ are known, the requested parabolas are easily
constructible by the method of §10.2. If A, B are on the same side of a then there
are two solutions, otherwise there is no solution.

Figure 69. Parabolas through A, B, tangent to d and axis parallel to [C)]

Another computational solution of the problem results by using the homothety
relating the two parabolas. In fact, the intersection point O of d with the parallel
c to [C] from the middle of AB is the center of a homothety, mapping one of the
parabolas to the other. The other common tangent d’ to the two parabolas from
O, can be constructed from the given data, since it is the harmonic conjugate of
d with respect to the line pair (c,e), where e is the parallel to AB from O. The
computations are straightforward and | omit them. See the remark in (2P377) of
5.2, which relates that problem to the present one.

Figure 70. Hyperbola through A, B, asymptote d and tangent to e
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9.4. Hyperbola by 2 points, 1 tangent, 1 asymptote (3/;27");. Construct a conic
passing through points A, B, [C] and tangent to line d at [C] and to line e. Thus,
d is an asymptote and the conic is a hyperbola. The hyperbolas touch line e at
D, D', which are the common harmonics of pairs of points (E, F), (G, H), with
E =(e,AB),F = (d,e),G = (AC,e), H = (BC,e) (see Figure 70). Additional
points can be found by considering conjugate points with respect to the polar of F.
There are two hyperbolas, if A, B are in one and the same angular domain out of
the four defined by lines d, e, or they lie on opposite angular domains. Otherwise
there are no solutions. Figure 71 shows the pencil D of hyperbolas through A, B

Figure 71. The pencil of hyperbolas through A, B with asymptote d

with one asymptote line d. It shows also a line e, for which there are no tangent
members of the pencil. Conic k is the locus of poles of the line d with respect to
the members of the pencil (the eleven points conic of D with respect to e). Itis a
hyperbola with one asymptote parallel to d, passing through F' = (d, AB).

9.5. Hyperbola by 2 asymptotics, 1 tangent-at (3P»27");. Construct a conic pass-
ing through three points A, [B], [C], tangent to d > A and tangent also to line e.
The conic is a hyperbola with asymptotic directions [B], [C]. In analogy to the

Figure 72. The two hyperbolas through A, [B], [C], tangent to d at A and to line e

method of §9.1, project first A on e parallel to [B], [C] to find respectively points
G, H. The contact points A’, A” of the conics with line e are the common har-
monics A’; A” of the point-pairs (G, H) and (F, [¢]), where F' = (d, ¢). Once the
two contact points of lines d, e are known, the methods of (4P»17"); in §8.5 can
be used to complete the construction. There are two solutions if the parallels to
[B], [C] from F fall in the same angular domain of lines (d,e). Otherwise there
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[B]

Figure 73. The pencil of hyperbolas with asyptotics [B], [C] tangent to d at A

are no solutions. Figure 73 shows the pencil D of conics tangent to d at A and as-
ymptotic directions [B], [C]. Shown is also the hyperbola &, defined as the locus of
poles of a fixed line e with respect to the members of the pencil (the eleven points
conic of D and e). The intersection points A’, A” of k with e are the contact points
of requested conics with line e.

9.6. Conic by 1 asymptote 1 asymptotic 1 point 1 tangent (3227");. Construct a
conic passing through three points A, [B], [C], tangent to d > [B] and tangent to
e. This is a hyperbola with an asymptote d, an asymptotic direction [C], passing
through point A and tangent to line e. The following construction method is a
variation of the one given in §9.1. The pencil of conics D, used in the theorem of
Desargues, consists now of all conics tangent to d at [ B] and passing through A and
[C]. This is the pencil of hyperbolas having their centers on line d, one asymptote

Figure 74. The pencil of hyperbolas through A, asymptote d, asymptotic [C]

d, the other parallel to [C'] and passing through A (see Figure 74). Two degenerate
members of this pencil consist of (a) the product of line AB and the line at infinity,
(b) the product of lines d - AC'. These two members define on e respectively the
point-pairs (G, [e]), (E, F), where G = (e, AB),E = (e, AC) and F' = (d, e).
The contact points D, D’ of the requested hyperbolas with line e are the common
harmonics of these two point-pairs. They lie on d symmetrically with respect to
G (see Figure 75). Once the contact points with line e are known, the methods of
(3P2T), in §10.1 can be applied to complete the construction of the conics. Fixing
the positions of A, d, e, there are two solutions if [C] defines E = (AC,e), such
that E'F is not separated by G. Otherwise there are no solutions. The points D, D’
can be found also as intersections of line e with the conic k& which is the locus of
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Figure 75. The two hyperbolas through A, asymptote d, asymptotic [C], tangent e

poles of e with respect to the members of the pencil (the eleven points conic). In
this case k is a hyperbola with one asymptote parallel to d.

10. Three pointstwo tangents two coincidences

10.1. Conic by two tangents-at and a point (3P27"),. Construct a conic passing
through three points A, B, C' and tangent to two lines d,eat A € dand B € e.
In this case it is easy to find additional points and pass the conic through five
points. Line AB is the polar of F' = (d, e) and the conjugate D = C(F, J), where
J = (FC, AB) is on the conic. The conjugate I = J(A, B) is the pole of F'C and
more points can be constructed as shown in Figure 75. The problem has always
one solution.

Figure 76. Conic through C, tangentto d,e at A, B

Remark. In this case the simplicity of the analytic solution is worth noticing. Rep-
resenting lines d, e with two equations respectively f = 0,9 = 0, and line AB
with h = 0, the general equation of the conic passing through A, B and tangent
there to lines d, e is given by a quadratic equation ([18, p. 234])

J=X(f-9)+p =0,
where A and p are arbitrary constants. The requirement for the conic to pass
through C, namely, j(C') = 0, determines, the constants A, . up to a multiplica-

tive factor, and through these determines a unigue conic. The conics resulting for
variable A, 1 build the bitangent pencil ([2, II, p. 187]), used also in §4.1.
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Figure 77. A bitangent pencil of conics x(d - €) + A(g?)

Figure 77 presents such a kind of (type IV') pencil. All conics of the pencil are
tangent to the lines d, e at their intersections with line g. The two conicsc; =d-e
and ¢ = g are degenerate members of the pencil.

10.2. Parabola by 1 point, 1 tangent-at, axis-direction (3/;277);. Construct a
conic passing through three points A, B, [C], tangent to line d at A and also tan-
gent to the line at infinity e. Thus, the conic is a parabola with axis parallel to the
direction [C]. Project B parallel to d on AC' to M and extend B/ to the double
to find B’, which is on the parabola (this map B — B’ is the affine reflection with
axis AC' and conjugate direction d ([5, p. 203])). Define N to be the symmetric

Figure 78. Parabola through A, B, tangent to d and axis parallel to [C]

of M with respect to A (see Figure 78). Since BN is tangent at B to the parabola,
we can construct arbitrary many points of the parabola by repeating this procedure.
There is always one solution.

10.3. Hyperbola 1 point 1 tangent-at 1 asymptote (3P,27")1;. Construct a conic
passing through points A, B, [C] and tangent to lines d > [C],e > B. Thisis a
hyperbola with asymptote d. A slight variation of the solution in §10.1, leading
to the determination of the other asymptote and the center of the hyperbola, is as
follows. Let F' = (d,e). Then the symmetric F} of F' with respect to B is on
the other asymptote d’ of the hyperbola (see Figure 79). Draw also the parallel to
d from A intersecting e at D. The symmetric D’ of D with respect to A defines
the polar BD' of D. The intersection point E = (BD’,d) is the pol of line AD.
Hence AF is the tangent at A and the symmetric £; of E with respect to A defines
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Figure 79. Hyperbola through A, asymptote d and tangent to e at B

a point on the other asymptote d’ of the hyperbola. Thus, the other asymptote d’
can be constructed to pass from the two points F7, E4. The intersection point O of
the two asymptotes defines the center of the hyperbola and by the symmetry with
respect to O we can find more points on the conic. An additional point on the conic
is also A’, constructed by first drawing the parallel from B to d. This parallel is the
polar of F and if F” is its intersection point with AF’, then the harmonic conjugate
of A with respect to F, F” is on the conic. There is always one solution.

10.4. Hyperbola fromtwo asymptotes and a point (3 P>27")2;. Construct of a conic
passing through three points A, [B], [C] and tangent to two linesd > B,e > C.
This is a hyperbola with asymptotes the lines d, e passing through a point A. This

Figure 80. Hyperbola with given asymptotes d, e and passing through A

can be done by determining the successive symmetrics D, D', A’ of A with re-
spect to the axes and a fifth additional point D" easily constructible from the data
(see Figure 80). In fact, draw a parallel to the asymptote d intersecting the other
asymptote in Ag. The polar of Ay is the line parallel to e, such that its intersection
Aq with AAg is the symmetric of A with respect to A. Consider the intersection
D of that polar with line AqD’. The harmonic conjugate D" of D’ with respect
to (Ag, D7) is on the conic and coincides with the middle of D;D’. Note the Ag
divides D’D" inratio (2 : 1). There is always a unique solution.

11. Two pointsthree tangents one coincidence

11.1. Conic by 1 point, 1 tangent-at, 2 tangents (2P37");. Construct a conic pass-
ing through two points D, E and tangent to three lines ¢ > D, b, c. The solution
can be given by applying a special case of the dual of Desargues’ theorem, referred
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to also as Plucker’s theorem ([4, p. 25], [2, p. 202, II]). This case concerns the
one-parameter pencil D of all conics, which are tangent to line a at D and also
tangent to two lines b, ¢ (see Figure 84 below in this section). If E is another, arbi-

Figure 81. Conics tangent a, b, ¢, passing through D € a, E

trary, but fixed point, not lying on any of a, b, ¢, Desargues’ theorem asserts, that
the pairs of tangents to these conics from E define an involution on the pencil E*
of lines through E. By intersecting the rays of this pencil with a line, such as a, we
can represent this involution through one which permutes the points of that line.
Thus, the tangents from F to an arbitrary conic of that pencil intersect line a at a
pair of points (E1, E»), related by this involution (see Figure 81). The requested
conics are those, which pass through E and their tangents at £ pass through the
fixed points X, X’ of this involution. In order to construct these points it suffices
to find two easily constructible pairs of points in involution on a. One such pair
consists of the points C' = (a,b), B = (a,c). Another pair is found by drawing

Figure 82. A particular conic tangent to a, b, ¢, passing through D € a

the parallel o’ to a through FE, intersecting ¢ at F' (see Figure 82). The second
tangent from E to the conic inscribed in the quadrilateral with sides a’, b, a, ¢ and
passing through D, can be found by applying Brianchon’s theorem to the pentagon
CBFEG. This theorem guarantees that lines DE, CF, BG pass through a com-
mon point P. Thus, P is constructed by intersecting D E with C'F and G is found
as the intersection G = (PB, b). In this case the two tangents from E are EG, EF
and consequently H corresponds by the involution to the point at infinity of line
a. It follows that the fixed points X, X’ of the involution are common harmonics
of pairs (H, [a]) and (B, C). Once the tangents at E are found, each one of the
two conics can be constructed by locating one more point on it and applying the
recipe of §10.1 using Brianchon’s theorem. There are two solutions if points D, £
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X

C D /X B
Figure 83. The two conics tangent to a, b, ¢, passing through D € a, E

are in the same angular domain defined by lines b, ¢ or they are in opposite angular
domains. In all other cases there are no solutions. This is visible also in Figure 84 ,

Figure 84. A pencil of conics tangent to a, b, ¢ and passing through D € a

which displays a pencil of conics tangent to a, b, ¢ and passing through D € a.
When D is on the exterior of segment BC, then the conics are all located in the
angular domain of b, ¢ containing D and its opposite ([2, II, p. 201]).

An alternative solution of the problem is the following. Consider the trian-
gle with sides a, b, ¢ and the conic k passing through its vertices and tangent to
EB,EC at B, C respectively, which is a construction of the type (3P2T), of

Figure 85. The locus of F' = (B'C, C’'B) for B'C’ passing through £

§10.1 (see Figure 85). It is easy to see, using Maclaurin’s theorem ([1, p. 77], [18,
p. 230]), that this conic is the geometric locus of points £, which are intersections
of diagonals of quadrilaterals B’ BC'C' with B'C" passing through E. From Brian-
chon’s theorem follows that if B’C” were the tangent at £ to our requested conic,
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then the diagonals B’C, C’' B would intersect on line DE. Thus, their intersection
point ' must coincide with the intersection points £, F5 of line D E with the conic
k. Having these two points, the construction of the two tangents at £ is immediate
and the rest, of the construction of conics, goes as before.

11.2. Parabola by 1 point, 1 tangent, 1 tangent-at (2P377);. Construct a conic
passing through two points A, B, tangent to two lines ¢ 5 A, d and tangent also to
the line at infinity, thus a parabola. By Desargues’ theorem, applied as in §11.1,

Figure 86. Parabolas through A, B and tangentto cat A

the tangents at B to the members of the pencil D (see Figure 86) of all conics
tangent to c at A, passing through B and also tangent to d and the line at infinity
(thus parabolas), define an involution on the pencil B* of all lines through B. The

Figure 87. Parabolas through A, B and tangenttoc > A, d

tangents at B to the requested parabolas are the fixed elements of this involution.
We can represent this involution through points on the line d, by corresponding
to each ray through B its intersection point with d. There are two particular de-
generate parabolas of this pencil, coinciding with the lines parallel to ¢, d through
B. The parallel to d defines the pair of corresponding points (Bz, [d]), where
By = (AB, d). The parallel to ¢ defines the pair of corresponding points (B, D),
where By = (B]c],d) and D = (¢, d). The rays through B representing the fixed
elements of the involution in B* are BCy, BCsy, where C7, Cy are the common
harmonics of the pairs (By, D), (B2, [d]). Once the tangents through B are lo-
cated, the parabolas are constructed as in the next section. There are two solutions
if points A, B are not separated by line d and no solution if they are.
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11.3. Parabola by 1 point, 2 tangents, axis-direction (2, 377). Construct a conic
passing through two points A, [B], tangent to two lines ¢, d and also tangent to the
line at infinity, thus a parabola. Point [B] determines the direction of the axis of

[B]

Figure 88. A pencil of parabolas tangent to ¢, d and axis direction [B]

the parabola. The pencil of parabolas tangent to ¢, d with axis direction [B] can be
easily constructed by taking the harmonic conjugate e of C'B with respect to ¢, d.
This is namely the direction of chords bisected by C' B, where C' = (¢, d). Having
that direction, we can define a second point A’ on the requested parabola. This is
the result of the affine reflexion on C'B parallel to e (see Figure 88). The rest of
the construction is thus reducible to that of §9.3, which gives either two solutions
or none, if point A is outside of the angular domains determined by ¢, d, which
contain the parallel C'B to the given direction [B].

Another, computational, method to locate the two parabolas could be the one
using the equation of the parabola with respect to the axes e, C'B (see Figure 89).

Figure 89. The two parabolas through A, tangent to ¢, d and axis direction [B]

In these axes the equation of the parabola has the form
y = az’ + B,

and constants «, Sare easily determined by the data. In fact, the given point A has
known coordinates (z1, y1) with respect to these axes and the coordinates (z2, y2)
of the contact point K with ¢ satisfy y, = 23 and :% = )\, later being a constant
determined by the data. It turns out that «, Ssatisfy the two equations

2
Zv
which determine the same solutions under the same conditions as before.

y1=ax?+ B3, and aff =
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11.4. Hyperbola by 1 point, 1 asymptote, 2 tangents (2P;37");. Construct a conic
passing through two points A, [B], tangent to three lines ¢,d,e > B. This is a

Figure 90. The two hyperbolas through A with asymptote e and tangent to ¢, d

hyperbola with an asymptote e. By the method of §11.1, the tangents at A of the
requested conics are determined by the common harmonics By, B» of the two pairs
of points (C, E) and (F,[B]), where C' = (e,d),E = (e,c),D = (¢,d),F =
(AD; e) (see Figure 90). If O is a diagonal point of the quadrilateral formed by the
three tangents c, d, e, ABy, then, by Brianchon’s theorem, the intersection point A’
of d with the parallel to e through O will be the contact point of d with the conic.
The problem reduces then to the construction of the conic tangentat A’ € d, A €
AB; and passing through A, which is (3P2T"), of §10.1. Analogous properties
hold for the other conic with tangent at A the line ABs. Fixing the lines ¢, d, there
are two solutions if A, [B] are in the same or opposite angular domains defined by
¢, d. Otherwise there are no solutions.

11.5. Hyperbola 1 asymptote 1 asymptotic 2 tangents (2P,37");. Construct a conic
passing through two points [A], [B] and tangent to three lines: a at [A], b, ¢. This s
a hyperbola with one asymptote a, the other asymptotic direction [B] and two other
tangents b, c. The problem is projectively equivalent to (2P37"); of §11.1. Here

[17 K

Figure 91. The two hyperbolas with asymptote a, asymptotic [B] and tangents b, ¢
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again the recipe is essentially the one of §11.1, with some simplifications allowing
for a faster determination of the conics. In Figure 91, displaying the conics, Ay =
(a, EB) and points A, Az are the common harmonics of pairs (C, D), (Ao, [4]).
Parallels to [B] define the two quadrilaterals DA>CyE, DA;C1 E. Each quadri-
lateral determines a conic tangent to its sides. In this case the contact points of
the conics with the sides of the quadrilateral are easily determined. In fact, by the
well known property of segments intercepted between asymptotes follows, that the
contact points X, X5 are respectively the middles of DF,, CC and the contact
points Y7, Ys are the middles of DFy, C'Cs. There are two solutions if, drawing
parallels from a point to b, ¢ and to [B], later does not fall between the two first.
Otherwise there are no solutions.

12. Two pointsthree tangents two coincidences

12.1. Conic by two tangents-at and a tangent (2P37"),. Construct a conic tangent
to three lines a, b, ¢, passing through two points A, B with A € a and B € b.
In this case the contact point C of the requested conic with the third line is easily

Figure 92. Conic tangenttoa,b,cat A€ a,B € b

constructed, since all lines joininig the vertices of the triangle formed by the three
lines to the opposite contact point pass through the same point P, the perspector
of the conic with respect to that triangle A’B’C" (see Figure 92). There is always
a unique solution.

12.2. Parabola by 2 tangents-at (2P317),. Construct a conic passing through two
points A, B, tangent to two lines ¢ > A,d > B and also tangent to the line at
infinity, thus a parabola. If point C' = (a,b), taking the middle D of AB and

Figure 93. Parabola through A, B and tangenttoa > A,b > B

the middle M of C'D we construct a new point on the parabola. Analogously
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are obtained new points K, L from the middles of M A, M B respectively. The
parabola is led as a conic through the five points A, B, M, K, L. There is always
one solution identified with one first-kind Artzt parabola of triangle ABC' ([13, p.
518]). Triangle ABC' is referred by times as an Archimedestriangle ([8, p. 239]).

12.3. Parabola 1 tangent 1 tangent-at, axis-direction (2P, 377 );. Constructa conic
passing through two points A, [B], tangent to two lines ¢ > A, d and tangent also
to the line at infinity, thus, a parabola with axis parallel to [B]. One solution is to

Figure 94. The parabola tangent to d and c at A and axis direction [B]

construct, as in the previous section, the direction GH of chords of the parabola,
which are bisected by C'B. Then, find the point A’ on the parabola, such that A A’
is parallel to G H and bisected by C' B. Point A’ is the contact point of the parabola
with d and the construction reduces to that of (2P37T} ), of §12.2. There is always
a unique solution.

Figure 95. Hyperbola with asymptote ¢ tangentto d > B and tangent to e

12.4. Hyperbola 1 asymptote 1 tangent 1 tangent-at (2;37")1;. Construct a conic
passing through two points [A], B and tangent to three linesc¢ > A,d > B, e. This
is a hyperbola with one asymptote ¢, tangent to d at B and also tangent to e. The
triangle C'D E with sides the tangents ¢, d, e is known and the perspector P of the
conic, tangent to the sides of this triangle, can be found (see Figure 95). In fact,
draw from C' = (d, e) parallel to the asymptote ¢ and find its intersection P with
BD, where D = (c,e). If E = (c,d), then line PE passes through the contact
point £ of e with the conic. The case, as the one of §12.1, has always a unique
solution.
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=

Figure 96. Hyperbola with asymptotes a, b and tangent ¢

12.5. Hyperbola 2 asymptotes 1 tangent (2/37")2;. Construct a conic passing
through two points [A], [B] and tangent to three linesa > A,b > B, c. Thisisahy-
perbola with given asymptotes a, b and a tangent ¢. This is an easy case, since the
contact point of the tangent c is the middle F' of DE, where D = (a,c¢), E = (b, ¢).
The parallel to a from F' is the polar of D and the parallel to the other asymptote
b from D intersects the first parallel at G. The middle H of DG is a point of the
hyperbola. An analogous point can be constructed starting with E. Taking the
symmetrics with respect to the center O = (a, b) of the hyperbola we have enough
points to define the conic through five points. There is always a unique solution.

13. Onepoint four tangents one coincidence

13.1. Conic by onetangent-at and three tangents (1 47");. Construct a conic tan-
gent to a given line ¢ at a given point D and also tangent to three other lines b, ¢, e.
The basic underlying structure results from Brianchon’s theorem. In fact, consider
the intersection point O of the diagonals of the quadrilateral BC'GF' defined by the

Figure 97. Conic tangent to a, b, ¢, e, passing through D € a

four lines (see Figure 97). According to Brianchon’s theorem, the lines joining op-
posite contact points DE, M N intersect also at O. Thus, point E is constructible
from the given data. Further, if K = (b,¢), M = (a,e),I = (AM,DEFE), the
line M N of the other two contact points defines point J = (M N, AM), such
that (K LIJ) = —1. This allows the determination of .J and from this the points
M, N, by intersecting line JO with the sides b, c. The problem is thus reducible
to (4P17T), of §8.1 and has one solution. The pencil involved here is the one of
conics tangent to a at D and also tangent to b, ¢, appearing also in (2P37'); of
§11.1.
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Remark. Besides quadrangle BCGF, the complete quadrilateral, defined by lines
a,b, c,e, contains also the quadrangles AGM B, whose diagonals intersect at L
and CM F A, whose diagonals intersect at K. It is also easily seen, that the con-
tact points V, £/, M are the harmonic associates of D with respect to the diagonal
triangle OL K of the complete quadrilateral. Thus the definition of N, E, M from
D, does not depend on which one of the three quadrangles (and corresponding
intersection of diagonals O, K or L) we select to work with.

13.2. Parabola by 1 tangent-at, 2 tangents (147} );. Construct a conic tangent
to the line at infinity, i.e. a parabola, tangent to line a at F € a and tangent to two
lines b, c. Here the construction is somewhat simpler than that of the previous case,

Figure 98. Parabola tangent to a at £ and tangent to b, ¢

because of the nice properties of parabolas. In fact, let O be the intersection of the
parallels from B to b and from C'to ¢ (see Figure 98). Then the line EO is parallel
to the axis of the parabola. Having the direction of the axis, we can construct more
points on the parabola using the method of (2P;37}) of §11.3. Using this we can
find the direction of the chords bisected by the parallel to the axis from B and
determine the contact point F' with line ¢. Analogously we can find the contact
point GG of b, and from these points by similar methods find other arbitrary many
points on the parabola. Alternatively, we can use the fact that points {F, G, O}
are collinear and the line d, carrying them, intersects line BC at the harmonic
conjugate ' = E(B, C). There is always a unique solution.

13.3. Parabola by axis-direction, 3 tangents (1P;471). Construct a conic tangent
to the line at infinity, i.e. a parabola, tangent to three lines a, b, ¢ and passing
through [D], i.e. with given axis-direction. This is a case similar to the previous
one. Again we construct the intersection point O of the parallels to b, ¢ from the

Figure 99. Parabola tangent to a, b, ¢ with given axis-direction
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opposite vertices. The line through O, parallel to the given axis-direction, deter-
mines now on a the contact point £ with the parabola. From there the construction
of the other contact points F, G with sides ¢, b and the completion of the parabola
construction is the one described in the previous section. There is always a unique
solution.

13.4. Hyperbola, 1 asymptote, 3 tangents (1P;47");. Construct a conic tangent to
line e at its point at infinity [E], i.e. a hyperbola with an asymptote e, and tangent
to three lines a, b, c. In analogy to §13.1 we can find the contact points of the

Figure 100. Hyperbola tangent to a, b, ¢ with asymptote e

three tangents with the hyperbola. In fact, consider the intersection point P of the
diagonals of quadrilateral FGG H I, whose all sides are given and are tangents to the
hyperbola. By Brianchon’s theorem, the line ¢’ parallel to the asymptote e from
point P will intersect the side a of the quadrilateral at its contact point A with the
hyperbola (see Figure 100). Consider now an arbitrary line h and its intersection
points A" = (¢/,h),I'’ = (IG,h),F’ = (FH,h). The other chord of contact-
points BC' will intersect line i at the harmonic conjugate B’ of A’ with respect
to (I, F’). Thus, B’ is constructible from the given data, and drawing PB’ we
determine the positions B, C' of the contact points on the tangents b, c respectively.
Having one asymptote and the contact points on the tangents, we can determine the
other asymptote, the center, and, by symmetry to that center, three more points on
the conic. The method is described already in (3 27")1; of §10.3. There is always
one solution.
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On Two Triads of Triangles Associated With the
Perpendicular Bisectorsof the Sides of a Triangle

Shao-Cheng Liu

Abstract. We discover some properties of the triangle centers related to the two
triads of triangles associated with the perpendicular bisectors of the sides of a
triangle.

1. Introduction

Given a triangle T := ABC, let the perpendicular bisector of the side BC
intersect the sidelines AC and AB at B, and C, respectively. Define C,, A., Ay,
B, similarly. In this paper we study the two triads of triangles
() T, := AAA., Ty := B,BB., T. := C,C,C (see Figure 1a) and
(i) T, := AB,C,, T} := ApyBCy, T, := A.B.C (see Figure 1b).

Cy
B.
’ - B’
\1
AcA’ Ap
B,
Ca
Figure 1a. T, and orthic triangle Figure 1b. The triangles T, T}, T,

Homogeneous barycentric coordinates are used throughout this work. With the
usual notations in triangle geometry, a, b, ¢ for the lengths of the sides BC, C A,
AB, and

b2 + c? — a? 4 a?® - v? a’® +b? — 2
= , Sp = 5 Sc = )

2 2 2
the points on the perpendicular bisectors are

Ab:(O:—SA—I-SB:SA—I-SB), AC:(OZSC+SA:50—SA);
BC:(SB+50:O:—SB+50), BQZ(SA—SB:OZSA—FSB);
Ca:(—SC—I—SA:SC—i-SA:O), Cb:(53+50:53—5020).

Sa
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Denote by T’ the orthic triangle of ABC. Its vertices are
A'=(0:8¢:8B), B' = (Sc:0:54), C'=(Sp:54:0).
The sidelengths o/, v/, ¢/ of B'C’, C' A’, A’ B’ of the orthic triangle are given by

2 2 2
SO Saa n _ b°Spp n _ c“Scc
b2c2 c2a? ’ a?b? -

From these,
a? v % = a4SAA : b4SBB : C4SCC.

Corresponding to S4, Sg, Sc, we have

1 2
514 = i(b/2+cl2_al2) o SABC ) S SAA

a2h2e? Sa

1 2 92 2 SABC’ 52 - SBB

Spi= Gl 4= = e Sp
X 1 2 2 2 SABC 52 - SCC
Soi= Q@+ =)= e g,

and
Sy S Sh = Spc(S% — Saa): Sca(S* — Spp) : Sap(S? — Sce).

Lemmal. (a) Thetriangles AA,A., B,BB., and C,C,C areall similar to T".
(b) Thetriangles AB,C,, Ay BCy, and A.B.C areall similar to T.

2. A common point of circumcircles

Theorem 2. The circumcircles of triangles in the two triads (T,, T, T.) and
(T,, T}, T,) all contain the Euler reflection point

Ez( o’ : b : ¢ >
B2_2" 2 _ a2 q2_p2

of the circumcircle of T.

Proof. We compute the coordinates of E with respect to these triangles, and show
from these coordinates that E lies on the circumcircle of each. With respect to T,

E = ((SB-I—Sc)(Sc—SA)(SA—SB) : (SB—Sc)(Sc+SA)(SA—SB) : (SB—Sc)(Sc—SA)(SA+SB))

with coordinate sum o = a?Sa4 + b>Spp + 2Scc — 6SaBC.
The coordinates of E in triangle T, = AA, A, are
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Figure 2

Area(EA,A.) : area(AEA,) : area(AALE)

1 (S + Sc)(Sc —Sa)(Sa—SB) (SB—Sc)(Sc+Sa)(Sa—SB) (S —Sc)(Sc —Sa)(Sa+ SB)
0

_ —(54 — SB) Sa+SB
40Spc 0 Sc + Sa Sc — Sa
1 0 0
¢ == |(SB +Sc)(Sc —Sa)(Sa — Sg) (S — Sc)(Sc +S54)(Sa —Sg) (S — Sc)(Sc —Sa)(Sa+ SB)
20Sc 0 Sc +Sa Sc — Sa
1 1 0 0
f Sogn 0 —(Sa — SB) Sa+SB
9B |(Sp + Sc)(Sc —Sa)(Sa—SB) (S —Sc)(Sc+5a)(Sa—5SB) (S —Sc)(Sc —Sa)(Sa+ Ss)

_ Sa(Sc —S4)(Sa — SB)(Se + Sc)? : Sp(Sp — Sc)(Sc — Sa)(Sc + Sa) : Sc(Sa—SB)(Sp —Sc)(Sa+ SB)

20SBc oS¢ oSp
_ 54(Sp+Sc)®  Spp(Sc +Sa) Scc(Sa+ Ss)
2(Sg — S¢) Sa—SB ’ Sc —Sa
_ Saa(Sp+ Sc)®  Spp(Sc +54)>  Scc(Sa+Sp)?
254(Sp —Sc) ~ (Sc +Sa)(Sa—Sp)  (Sa+Sp)(Sc — Sa)
o2 b2 o2

= QSA(SB —Sc) : (Sc-l—SA)(SA —SB) : (SA+SB)(SC_SA)

This is the isogonal conjugate (in triangle T, = AA,A.) of the point
(254(Sp — S¢) : (S + Sa)(Sa—SB) : (Sa+ SB)(Sc — S4)),
which is an infinite point since the coordinate sum

254(Sp — Sc) + (Sc + Sa)(Sa — S) + (Sa + SB)(Sc — Sa) = 0.
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This shows that E is on the circumcircle of triangle T,. Similarly, £ is also on the
circumcircles of the triangles T, and T, with coordinates

a/2 b/2 c/2
((SB+Sc)(SA—SB) ' QSB(Sc—SA) ’ (SA+SB)(SB—80))
and

a/2 b/2 C/2
((SB + SC)(SC - SA) ' (SC + SA)(SB — Sc) ’ QSc(SA — SB))

respectively. A similar calculation shows that E is also on the circumcircles of
triangles T, T}, T, with coordinates

a? b?

((SB ¥ S0)(Sa—Sg) 2S5(Sc — 84)  (Sa+ Sp)(Sp — SC)> ’

a? b2 2
<2SA(SB “S0) " (Sc +84)(Sa—Sp) " (Sa+S5)(Sc — SA)) ’
)

a® b2 c?
((SB+Sc)(Sc—SA) " (Sc+S4)(Sp—Sc) 250(5,4—53))
respectively in these triangles. O

3. Counterpartsof apoint in thetriad T,, T}, T,

Let P be a point with homogeneous barycentric coordinates (z : y : z) with
respect to triangle T = ABC. The counterparts of P in the triangles T,, T}, T,
are the points Ap, Bp, C'p Which have the same coordinates (z : y : z) in these
triangles. In homogeneous barycentric coordinates,

Ap = (2Spcx: Sc(—Sa+SB)y+ Sp(Sc + Sa)z: Sc(Sa+ Sp)y+ Sp(Sc — Sa)z),
Bp (SA(SB —I—Sc)z-i-SC(SA — SB),T: 2S’CAy: SA(—SB +Sc)Z+Sc(SA +SB).”L'),
Cp (Sp(=Sc + Sa)x+ Sa(Sg+ Sc)y: Sp(Sc + Sa)r+ Sa(Sp— Sc)y: 2Sap2)

Denote by T'(P) the triangle Ap BpCp. Basic properties of T'(P) can be found
in [1].

Theorem 3 (Bui). Thetriangle T(P) is

(a) oppositely similar to T,

(b) orthologicto T,

(c) perspective with T if and only if P lies on the Jerabek hyperbola. In this case,
the perspector traversesthe Euler line.

If P = (x :y: z), the perpendiculars from A to BpCp, B to CpAp, C to
ApBp concur at

1
Q N (—b262SBc$ + C2SASCCy + b2SASBBZ I > ’
which lies on the circumcircle of T (see Figure 3).
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Figure 3.

On the other hand, the perpendiculars from Ap to BC, Bp to CA, Cp to AB
concur at
Q' = (Spc(a*(Saa — Spc) — Sa(Spp + Scc)x + 2a?SaSccy + a*v*SaSppz

Co).

According to [1], the coordinates of Q" with respect to T(P) are the same as
those of @ with respect to T. It follows that Q" is a point on the circumcircle of
T(P).

Proposition 4. Thetriangle T'(P) has orthocenter O.

Proof. The sum of the coordinates of Ap given at the beginning of the present
section is Spo(x +y + z); similarly for Bp and C'p. The orthocenter of T(P) has
coordinates

(2Spcz, Sc(—Sa+ Sp)y + Sp(Sc + Sa)z, Sc(Sa+ Sp)y + Sp(Sc — Sa)z),
+ (Sa(Sp+ Sc)z + Sc(Sa — Sp)x, 2Scay, Sa(=Sp + Sc)z + Sc(Sa + Sp)x),
+ (Sp(—=Sc + Sa)x + Sa(Sp + Sc)y, Sp(Sc + Sa)x+ Sa(Sp — Sc)y, 2S5aB2)
= (x+y+2)(Sa(Sp + Sc), Sp(Sc + Sa), Sc(Sa+ Sg)).

This is the circumcenter O of T. O

Theorem 5. Thepoints Ap, Bp, Cp and P are concyclic.
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Proof. The coordinates of P with respectto T(P) = ApBpCp are
Area(PBpCp) : area(ApPCp): area(ApBpP)
_ (0®Spz — a’Say)(a®Saz — *Scx) (*Scy — b°Sp2)(b>Spr — a®Say)
B 4SapcSa(z +y+ 2)? ' 4SaBcSp(z 4y + 2)?
) (a2SAz — cQScx)(c2Scy — bQSBz)
’ 4SapcSc(z +y+ 2)?

a? b2 c?
"~ a28a(c2Scy — b2Spz) T b2Sp(a2Saz — c2Scx) T 2Sc(b2Spx — a2Say)
a? b2 c?
= Y _ z : z _ x : x _ Y
b2Sp 2S¢ 2S¢ a?Sy a2Sy b2Sp
This shows that P is the isogonal conjugate (in triangle T'(P)) of an infinite point.
It is a point on the circumcircle of T'(P). O

Since T'(P) is similar to T, its circumcenter is the point

a25’A -Ap + bQSB -Bp + CQSC -Cp

252
in absolute barycentric coordinates. In homogeneous barycentric coordinates with
respect to T,

Op = (530(452 - Sy — a’b? 2)37 +c CLQSCCAy + aszSABBz
: b202SBcca: + SCA(452 -Sp — a2b202)y + a2b2SAABZ
: b2c2Sppor + 2a’Scoaay + SAB(4S2 -So — a2b202)z).

Op :=

4. Counterpartsof apoint in thetriad T/, T}, T,
For P = (x : y : z) with respect to T, we also consider its counterparts A’,
B, Cp in the triangles T, T}, T".. These are the points
b= (25az — (a® =)y — (a® — )z : VP2 Py),
Bb = (a®z: 2Spy — (b* — ¢?)z — (b* a2)ac 1),
Cp= (a®y: b’z : 2S¢z — (¢ —a®)z — (* - )y)
Denote by T'(P) the triangle A, BpC'p.
Proposition 6. For P = (x : y : z), thetriangle T’(P) is

(a) oppositely similar to the orthic triangle T”,
(b) perspective with T at the isogonal conjugate of P in T, namely,

T Yy z

(c) orthologicto T if and only if P lieson the Euler line. In this case,
(i) the perpendicularsfrom A, B, C'to B,C, Cp A, A'p B}, are concurrent at
Sa Sp Sc
X(2 = : :
(265) <52 — 3544 S?2-3Spp  S?-— 3800)
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Figure 4.

(i) if OP : PH =t : 1 —t, the perpendiculars from A’,, B}, C» to BC, CA,
AB areconcurrentat Q whereOQ : QH =1 —t: t.

Remark. X (265) is the reflection conjugate of O. Equivalently, it is the reflection
of O in the Jerabek center X (125).

Proposition 7. Thepoints A, B}, C, P areconcyclicif and only if P lieson the
circumconic which is the isogonal conjugate (in T) of the perpendicular bisector
of the segment O H.

Proof. With respect to T'(P), the point P has coordinates
/ / /
Ty oz
= Area(PBpC?p) : area(ApPCp) : area(ArBpP)
_ 2a%S42% + a4yz - (52 +2SBc — Sce)zx — (5'2 +2SBc — SeB)xy
o —4Spe(x +y+ 2)?
) 2b253y2 + brax — (SQ +2Sca — SAA)xy — (52 +2Sca — Scc)yz
’ —4Sca(z +y+ 2)2
- 2¢°Scz? + ctay — (S® + 254 — Sp)yz — (5% + 254 — Saa)zx
' —4SaB(x +y + 2)?
= Sa(2a°Saz® + a*yz — (S* + 2Spc — Scc)zx — (S + 2Spc — Spr)Ty)
. Sp(26°Spy® + b 2z — (S* +2Sca — Saa)ry — (S +2Sca — Scc)yz)
0 So(2¢°Sc2” + ¢ty — (S* + 2548 — Sep)yz — (S% +2Sap — Saa)zz)
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The point P lies on the circumcircle of T/(P) (which is similar to T') if and only
if

0: a/2y/z/+b/22/$/+612x/yl

= a4SAAy'z' +b*Sppad + C4Sccx'y’

= 2Sapc - S*(x +y + 2)?|HP)? Z at(S% = 3S44)yz

cyclic

There are two possibilities.

(i) |[HP|=0 = P = H. Inthiscase, A}, = Bl; =Cp; = O.

(i) P lies on the circumconic Y. ;. a*(S? — 3Sa4)yz = 0, which is the
isogonal conjugate (in T) of the perpendicular bisector of the segment OH. O

5. Triangle centersof T,, Ty, T. and T, T}, T,

Consider the circumcenter O = (a?Sy4 : b2Sp : ¢2S¢). Note that Ao, Bo, Co
are not the circumcenters of the triangles T,, T, T, respectively. Indeed, these
three points coincide with O: Ap = Bp = Co = O. Instead, the circumcenters
of triangles T, T}, T, are the points

Oy = (a*(S? — Saa): b*(25%-Sp — Sc(S? — Spg)) : 2(25%- Sc — Sp(S% — Sce))),
Ob = (a2(252 . SA — 50(52 — SAA)) N 54(52 — SBB) : 02(252 . SC — SA(SQ — Scc))),
O. = (a*(28% -S4 — Sp(58% — Saa)): b*(25%-Sp — Sa(S? — Spg)) : *(S? — Scc)).

These form the vertices of T'(P) for
P = X (1147) = (a*S4(S? — San) : b*Sp(S? — Spp) : ¢'Sc(S% - Scc)),

which, according to the ENCYCLOPEDIA OF TRIANGLE CENTERS [2], is the mid-
point of O and X (155), the orthocenter of the tangential triangle (see Figure 5).
The three circumcenters are concyclic with X (1147) (see Theorem 5). The cen-
ter of the circle containing them is X (156), the nine-point center of the tangential
triangle

More generally, let P be a triangle center of ABC, with coordinates expressed
in terms of a, b, c. The same triangle center P, of T, = AA, A, is the point with
coordinates in which a, b, c are replaced by d’, t/, ¢’ respectively (likewise S 4, Spg,
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Figure 5.

Sc by S'y, S, S, respectively). For example, for orthocenters,

1 1 1
H=|(-—: —=—: —
(5 5 %)
o SA . SB . SC
- \S2 -84 S2-Spp  S?2—Scc

> with respect to T,

Sa SB (0,—SA+SB,SA+SB)
Fgy, L0t e 255
+ % :%:5'00 (0, 5c + ggfc — S4) in absolute barycentric coordinates

= ((S% = SpB)(S? — Scc) : a?Sc(S? — Saa): a®Sp(S? — Saa))

with respect to T.
The orthocenters H,, Hy,, H. are the vertices of T(Q) for

SA_SB'SC>

S2 —Sua S%2-Spp  S2-Sce

The triangle center X (68) is the superior of X (1147). It lies on the circle contain-
ing the three orthocenters (see Figure 5 and Theorem 5). The circle H, Hy H,. also
contains the orthocenter H.

Q= X(68) = (
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The centroids G, Gy, G, are the points
Go = (28Bc : 2Spc + Sa(Sp —Sc) : 2Spc — Sa(Sp — Sc)),
Gy = (2Sca — Sp(Sc —S4) : 25ca: 2Sca + Sp(Sc — Sa)),
G.= (2Sap+ Sc(Sa—SB): 254 — Sc(Sa — Sp) : 254B).

In this case, G,G,G. = T(G).
On the other hand, since the triangles T, = AB,C,, T, = A,BCy, T, =
C,CpC are similar to ABC, we have

P.=Ap  Pl=Bp, P.=C.
For example, the circumcenters are
O, = Al = (3a*Ssa — Sa(Sp — Sc)? — a*Spc : V?c2Sc : b?c2Sp),
O, = B, = (?a®Sc : 3b*Spp — Sp(Sc — S4)? —b2Sca = 2a?Sy),
O, =Ch = (a®b®Sp : a**Sy: 3¢*Scc — Sc(Sa — Sp)? — ?Sap).

G, = (2b2+20273a2: b2 02),

G = (a®: 2¢* +2a® = 3b* . %),

Gl = (a®: b*: 2d® +2b* — 3c%).
H)=H,=H,=0.

6. Orthology with T and pedal triangles
6.1. Thetriangle O,0;0..

Proposition 8. Thetriangle O,0,0. isorthologicto ABC.
(a) The perpendiculars from O, to BC, O, to C A, and O, to AB concur at the
triangle center *

Yoy == (a%(Saa(Sps + Spe + Soc) — SpScc) -+ i+ ).

(b) The perpendicularsfrom A to 0,0, B to O.0,, and C to O,0,, concur at the
triangle center X (74) on the circumcircle of T.

Remark. The orthology center Yo lies on the circle O,0,0...

Proposition 9. Thetriangle O,0;,0.. is orthologic with the pedal triangle of P if
and only if P lieson the Euler line. If P lieson thisline,

(@) the perpendiculars from O,, Oy, O, to the corresponding sides of the pedal
triangle of P are concurrent at a point on the conic

165 - Sapc | a>Sa(Sp — Sc)yz — (z +y + 2)(far + foy + fo2) = 0,

cyclic

The triangle center Y{;y does not appear in the current edition of [2]. It has (6-9-13)-search
number —5.64011769173 - - -.
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Figure 6

where
fo= b262(SB—Sc)(a45i+a2SAA(SBB—35304—500)—(SSA-l-SB-l-Sc)SBBSCc),

and f;, f. are defined cyclically,
(b) the perpendiculars from the vertices of the pedal triangle of P to the corre-
sponding sides of O, 0,0, are concurrent at a point on the line

Z SA(SB - SC)

a?Saa — Sa(Sp — Sc)? — a2Spc 0

cyclic
6.2. Thetriangle G,GyG..

Proposition 10. Thetriangle G,G,G. isorthologicto ABC.
(a) The perpendiculars from G, to BC, G, to C A, and G to AB concur at the
triangle center 2

Y9y == (a*(SBB + Spc + Scc)Saa+ SpScc(254 — Sp— S¢) -1+,

2The triangle center Y{,) does not appear in the current edition of [2]. It has (6-9-13)-search
number —5.65228493146 - - - .
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(b) The perpendicularsfrom A to GG, B to G.G,, and C to G,G}, concur at the
triangle center

X(1294):< L >

Saa(Sps — Spc + Scc) — SppScc

on the circumcircle.

Figure 7

Remark. The circle G,G,G.. contains the centroid G and the orthology center Y(2)-

Proposition 11. The triangle GGG, is orthologic with the pedal triangle of P
if and only if P liesontheline

> 0P (Sp — Se)(a®Sa — Spo)r =0,

cyclic

which passes through O and X (64) = <a2 SA“f o B sti i Sccf S )

If P liesonthisline,
(@) the perpendiculars from G, Gy, G, to the corresponding sides of the pedal
triangle of P are concurrent at a point on the conic

6Sapc Y (SB— Sc)(a®Sa — Spo)yz

cyclic

—(z+y+2) (Z Sa(Sp — Sc)(Saa(Spp — 3Spc + Sce) — SBBSCC)x) =0.

cyclic
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(b) the perpendiculars from the vertices of the pedal triangle of P to the corre-
sponding sides of G,GG . are concurrent at a point on the line

Z Sa(Sg — Sc)(a?Sa — Spe)

= 0.
a?Ss — 2SBCo o

cyclic
6.3. Thetriangle H, Hy H..

Proposition 12. Thetriangle H, H, H. isorthologic to ABC.

() The perpendiculars from H, to BC, H, to CA, and H,. to AB concur at the
orthocenter H of T.

(b) The perpendicularsfrom A to H,H., B to H.H,, and C to H, H, concur at

1
X (1300) =
(1300) <5A(a2(SAA — SBc) — Sa(Se — Sc)?) )
on the circumcircle of T.

Figure 8

Remark. X (1300) is the second intersection of the circumcircle with the line EH.
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Proposition 13. The triangle H,HyH. is orthologic with the pedal triangle of P
if and only if P liesontheline
Sp — Sc Sc— Sa Sa—Sp_
25, " es, Yt as, 7Y
joining the circumcenter O to X (394) = (a?Sax : b*Sgp : Scc).
If P liesonthisline,
(@) the perpendiculars from H,, Hy, H, to the corresponding sides of the pedal
triangle of P are concurrent at a point on the conic

45% 3" Spe(S — So)yz + (z +y + 2) (Z a’Sa(Sp — Sc)(S? - SAA)x> =0,

cyclic cyclic

with center at the nine-point center V;
(b) the perpendiculars from the vertices of the pedal triangle of P to the corre-
sponding sides of H, Hy,H. are concurrent at a point on the line

Z SB - SC T
e Sa(a*Saa —a?Sa(Sep + Scc) — Spe(Sp — Sc)?)

6.4. Thetriangle O, 0; ...

Proposition 14. Thetriangle O, 0,0, isorthologic to ABC.

(a) The perpendiculars from O}, to BC, O; to C'A, and O,, to AB concur at the
orthocenter H of T.

(b) The perpendiculars from A to O; O, B to O.,0,,, and C to O;,0, concur at the
triangle center

=0.

Sa SB Sc
X (2 = : :
(265) <52—3S,4A S2 —-3SpR 52—35'00)

(see Proposition 6).

Proposition 15. Thetriangle O, 0; 0., is orthologic with the pedal triangle of P if
and only if P lieson the Euler line. If P lieson thisline,

(a) the perpendiculars from O, O;, O., to the corresponding sides of the pedal
triangle of P are concurrent at a point on the conic

482 Y " a®Sa(Sp — Sc)yz

cyclic
+a?b*cE(x +y+2)(Sa(Sp — Sc)x + Sp(Sc — Sa)y + Sc(Sa — Sp)z) =0,

with center N,
(b) the perpendiculars from the vertices of the pedal triangle of P to the corre-
sponding sides of O/,0; 0., are concurrent at a point on the line

3 _Sp=5¢ . _,
CLQSA—QSBC '

cyclic
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Figure 9

6.5. Thetriangle G/,G}G...

Proposition 16. Thetriangle G,G}G.. isorthologic to ABC'.
(a) The perpendiculars from G, to BC, G} to C'A, and G/, to AB concur at the
triangle center

X(381) = (a®Sa +4Spc : b*Sp +4Sca: Sc +454B)

on the Euler line.
(b) The perpendiculars from A to G}, G",, B to G.G",, and C' to G, G}, concur at the
triangle center

Sa Sp Sc
X(2 = : :
(265) <52 —3S44  S?2-3Spp  S?-— 3SCC>
(see Proposition 6).

Proposition 17. The triangle G|,G},G", is orthologic with the pedal triangle of P
if and only if P liesonthe Euler line. If P lieson thisline,

(a) the perpendiculars from G, G}, G, to the corresponding sides of the pedal
triangle of P are concurrent at a point on the conic

6> a’Sa(Se—Sc)yz+ (z+y+2) | > 0*A(Sp—Sc)x| =0
cyclic cyclic
with center at the centroid GG,
(b) the perpendiculars from the vertices of the pedal triangle of P to the corre-
sponding sides of G, G} G, are concurrent at a point on the line
3 _Ss=5 . _,
CLQSA — QSBC '

cyclic
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Figure 10

7. Thetriangles T(P) and T(Q)

Proposition 18. Thetriangles T(P) and T(Q) are perspective if and only if the
line PQ contains the circumcenter O. In this case, the triangles are homothetic at
0.

Proof. Let P = (z: y: z)and Q = (u : v : w). The line containing Ap and Ag
has equation

a?Sa(wy —v2)X + (2Sc(ve — uy) — Sp(Sc — Sa)(uz — wz))Y
+ (b*Sp(uz — wx) + Sc(Sa — Sp)(ve — uy))Z = 0.

Similarly, we have the equations of the lines BpBg and CpCg. The three lines
are concurrent if and only if f - g = 0, where

fi= (Scv — b2 Spw)z + (a*Saw — 2Scu)y + (*Spu — a*S4v)z,

g:= (utv+w)? (Z a4SAAyz>

cyclic

—(z+y+2) Z ((2Scv + b*Spw)? — 4Sapc - Savw)z | .
cyclic

Note that
(i) the equation f = 0 represents the line OQ);
(ii) the equation g = 0O represents a conic with center ). Since the conic also
contains () and intersects the sidelines at imaginary points, its represents only the
point Q.

From these we conclude that the triangles T'(P) and T'(Q) are perspective if and
only if O, P, @ are collinear. Each of the lines Ap Ag, BpBg, CpCg contains O.
The perspector is O. (]
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Theorem 19. The triangle bounded by the lines ApAq, BpBg, CpCq has cir-
cumcenter O.

Proof. Since O is the orthocenter of the triangle T P), the circles OBpCp, OCp Ap,
and O Ap Bp have equal radii. Note that O is also the incenter of each of triangles
T., Ty, T, and these triangles are all similar to T'. Therefore, ZOApAg =
ZOBpBg = ZOCpCq. Let A”B"C" be the triangle bounded by the lines
ApAg, BpBg and CpCq. Applying the law of sines to triangles OA”Cp, OB" Ap,
OC" Bp, we conclude that OA” = OB" = OC". O

Proposition 20. The triangles T/(P) and T’(Q) are perspective if and only if Q
liesontheline H P. If the condition is satisfied, the triangles are homothetic at O.

8. Thetriangles T(P) and T'(P)

Theorem 21. Thetriangles T(P) and T’(P) are perspectiveif and only if P lies
on
(a) the Jerabek hyperbola or

(b) theline ) 0.

cyclic 55 (5p—50) —
Remarks. (1) If P lies on the Jerabek hyperbola, the perspector is the circumcenter
0.

(2) The line in (b) contains the Jerabek center X (125) and X (122) (also X (684),
X (1650), X (2972)). In this case the lines Ap A, BpB',, CpC' are parallel.

Theorem 22. Let P bea point with coordinates (xz : y : z) in T.

(a) The circumcenter of T'(P) has coordinates (z : y : z) intriangle O;, 0,0, =
T'(0) = A, B, Cp.

(b) The circumcenter of T/(P) has coordinates (z : y : z) in 0,0,0,, which is
T(Q) for

Q = X (1147) = (a*SA(5% — Sp4) : b*SE(S? — Spr) : *Sc(S% — Sce)).
Proof. (a) The point with coordinates (x : y : z) with respect to O;,0, 0., is
0= (530(452 - Sa— a2bzc2)a: +2a?Scoay + a*v Sappz

: b?Spocx + Sca(4S? - Sp — a?b*c?)y + a*b*Saapz

: b2c2Sppor + a’Scoaay + SAB(452 -So — a2b202)z).
Its square distance from Ap is

a’b*c*Q(, y, 2)
1652 . (SA30)2(£L‘ +y+ 2)2’

where
Q(z,y,z) = b*c*SppSccr® + *a*SccSaay* + a*b*SaaSpp2?
— 2SABc(a2SAAyz +V2Sppax + cZSCny).

The symmetry of @ in S4, S, Sc and z, y, z shows that this is the same if Ap
is replaced by Bp or Cp. The point O therefore is the circumcenter of Ap BpCp.
O
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Theorem 23. (a) Triangles O,0,0. and O;,0; O, are perspective at the circum-
center O of triangle ABC.

(b) The six circumcenters Oy, Oy, O, O, Oy, O;, are concyclic. The center of the
circle containing themis X (156), the nine-point center of the tangential triangle.

Figure 11
Proof. With respect to O,0,0,,
) ) ) —a? b2 2
O, = (—a”Sgc : Sc(a”Sa +2Sgc) : Sp(a®Sa +2Spc)) = (a2SA 2580 | 0285 CQSC>,
’ 2 2 2 a? —b° ¢
Oy = (Sc(b"Sp +2Sca): =b°Spc: Sa(b"Sp +2Sca)) = (aZSA : 1255 F 250 : 0230) ,
a? b2 —?
O, = (SB(CQSC +2S54B) : SA(CQSC +2S54B) : —CZSBc) = <a2SA : 1255 : 250 +25AB) .

These expressions show that
(a) triangles 0,00, and O, 0, O;, are perspective at the orthocenter of 0,00,
(b) O}, Oy, O, are on the the circumcircle of 0,00, O

The orthocenter of O, 0, O. is the circumcenter O. The circumcenter is X (156),
which is the nine-point center of the tangential triangle.

Proposition 24. The triangle O,0;0.. is perspective with the inferior triangle of
the tangential triangle at a point on its circumcircle.

Proof. With respect to O,0;,0., the midpoint of the A-side of the tangential trian-
gle has coordinates

(a®S44(2SBB — 7SBc + 25cc) + Sapc(3SBs — 2SBc + 3Scc) + a*SppScc)
: a?b?SA(2Sc — 284B) : 2a’SA (b Sp —2Sc4));
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similarly for the midpoints of the other two sides of the tangential triangle. From
these coordinates, it is clear that the medial triangle of the tangential triangle is
perspective to O,0, 0, at the point with coordinates

a® _ b2 ) c?
GQSA—2SBC . bQSB—QSCA ' CQSC—QSAB '
Since triangle O,0,0. is similar to T, this perspector is a point on the circumcircle

of 0,0,0.. It is the isogonal conjugate (with respect to O,0;,0,) of the infinite
point of the Euler line of the triangle. O

Remark. With respect to T, this perspector has coordinates
(a*(Saa(Ses + Spc + Scc) — SppScc) -1 -++).
See Proposition 8.

Proposition 25. The triangle O;,0; O.. is perspective with the tangential triangle
at

X(195) = (CLQ(—3a2S?l+(5SBB+6SBC+5SCC)SAA+9CL2SABC+4SBBSCC) Teeeees

Remark. X (195) is the circumcenter of the triangle of reflections (see [3]).

9. A family of circumcircles of T(P) containing the Euler reflection point
Proposition 26. Let P = (z : y : z). Thecircumcircle of T(P) = ApBpCp
contains the Euler reflection point £ if and only if P lies on the conic

CL4SAAyZ + 54533226 + 04500.1‘3/ =0.

Proof. The coordinates of Ap, Bp, Cp are given at the beginning of §3. Comput-
ing the coordinates of E with respect to triangle Ap BpCp, we have

/ / /

'y 2

= Spe | u Cychzc a*Saayz | +r(z+y+2) <SjB_C§C b2?§:ich) 02(252141334)
:Sca | p Cyzd:ic a*Saayz | +7(z +y+2) (a;ng_C;fB) SSC—AZ“A 02(2521iB;c)
:SaB | p Cyzd:ic a*Saayz | +7(z +y+2) <a2?5§6;0§,4) b2 (25]:(1Agc) SjiBgB
where

p= a*Spc +b*Sca + c2Sap — 6Sapc,
7= (Spe — Scc)(Scc — Saa)(Saa — SeB)-

This is a point on the circumcircle of triangle Ap BpC'p (which is similar to ABC)
if and only if

(Sg + Sc)y' 2" + (Sc + Sa)2'z" + (Sa + Sg)z'y’ = 0.

)
)
)
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This reduces to

uPo | Do a'Saayz | G =0,
cyclic
where

G = Z (b2CQSBBSCcl’2 — QSABC . aQSAAyz)

cyclic

= S? | Y Shor® —2ScaSapyz | + Shpo(z +y+ 2)
cyclic
G = 0 is the equation of a conic with center O. Since G(O) = 0, we conclude
that G = 0 defines only the point O. Therefore, the circle Ap BpCp contains E if
and only if P lies on the circumconic > ;. a*Saayz. O

Theorem 27. Let Q be a triangle center on the circumcircle. The circle Q,Q, Q.
contains the Euler reflection point E.

Proof. Let Q) = ((bQ_Cg)Q(az o (62_a§§(b2 5 (a2_b§)2(c2 +t)) be a triangle center

on the circumcircle. For

a/2 b/2 C/2
P = ((b’2 _ C/2)((1/2 + t) : (0’2 _ a/2)(b/2 + t) : (a’2 _ b/2)(cl2 + t))
we have Q, = Ap, Qp, = Bp, Q. = Cp. The circle Q,QpQ. is the same as
ApBpCp. With respect to triangle O;,0,0., the center of ApBpCp has coor-
dinates given above. Therefore the locus of the center of Q,Q,Q. is the circle
0,,0,0., which is the nine-point circle of the tangential triangle of triangle ABC'
Note that P lies on the conic >_ . ;. a*Saayz = 0. By Proposition 26, the
circle Ap BpC'p contains the Euler reflection point E. O

Theorem 28. The circumcircle of T/(P) contains the Euler reflection point if and
only if P lieson the circumcircle.
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Archimedean Circles Related to the Schoch Line

Hiroshi Okumura

Abstract. We give several Archimedean circles of the arbelos related to the
Schoch line.

Let us consider an arbelos consisting of three semicircles «, 8 and ~ with di-
ameters AO, BO and AB, respectively, where O is a point on the segment AB.
Thomas Schoch has considered the circles o’ and 3’ with centers A and B and
passing through the point O. He has found that the circle touching the two circles
externally and the semicircle ~ internally is Archimedean [1]. The perpendicular
to AB from the center of this circle is called the Schoch line (see Figure 1). In
this note we give several Archimedean circles touching this line or one of the two
circles.

ﬁl

B O A

Figure 1

Let a and b be the radii of « and 3, respectively. The radius of Archimedean
circles is aa—fl) which is denoted by r4. We use a rectangular coordinate system
with origin O such that the points A and B have coordinates (2a,0) and (—2b,0),
respectively, where we assume that all the semicircles are constructed in the region
y>0.Lets=ry- er—g The Schoch line is expressed by the equation x = s (see
[2]). If b > a, then s > 0, and the Schoch line intersects the semicircle «.

Let O, and Og be the centers of « and 3 respectively, and 1 the circle with
0,03 as diameter (see Figure 2).

Theorem 1. (1) Thetwo circles each touching the circle 1 and « (respectively ),
all externally, and the Schoch line from the side oppositeto B (respectively A) are
Archimedean.

(2) If b > a, then the circle touching the circle p internally, « externally, and
the Schoch line from the side opposite to A is Archimedean.
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B Og o Oa A

Figure 2

Proof. Let x be the radius of the circle touching the circle 1 and o externally, and
the Schoch line from side opposite to B in (1). By the Pythagorean theorem,

(a+2)?%—(s+2—a)?= (a;ber)Q— (s+x—a;b)2.

Solving the equation for z, we get x = r 4, i.e., the circle is Archimedean. The rest
of the theorem is proved similarly. O

Let £, be the perpendicular to AB from the point of intersection of ~ and «’.
The line Lz is defined similarly. Each of the two lines touches one of the twin
circles of Archimedes [1] (see Figure 3). The proof of the following theorem is
similar to that of Theorem 1, and is omitted.

Lg La

Figure 3

Theorem 2. Each of the circles touching o externally, o’ internally, and £,, from
the side opposite to O (respectively 3, 5" and L) is Archimedean.
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Optimal Packings of Two Ellipsesin a Square

Thierry Gensane and Pascal Honvault

Abstract. For each real number E in ]0, 1], we describe the densest packing
‘Pr of two non-overlapping congruent ellipses of aspect ratio £ in a square. We
find three different patterns as F belongs to ]0,1/2], [1/2, Eo] where Ey =
1/ (6+/3 — 3)/11, and [Eo, 1]. The technique of unavoidable sets — used by
Friedman for proving the optimality of square packings — allows to prove the
optimality of each packing Pg.

1. Introduction

We consider the following generalization of the classical disk packing problem
in a compact convex domain K: Letn € N and E €]0, 1], what is the densest
packing of n non-overlapping congruent ellipses of aspect ratio £ in K?

In this paper, we describe for each aspect ratio E in ]0, 1], the densest packing
P of two congruent unit ellipses of aspect ratio E in the square K = [0, 1] and
we prove the optimality of these packings. In Figure 1, we display six representa-
tive optimal packings of two congruent ellipses. For £ = 1, the optimal packing
P1 is composed of two disks lying in opposite corners, see [4] for a large list of
dense packings of congruent disks in the square. An introductory bibliography
on disk packing problems can be found in [1, 3]. When E decreases from 1 to

Eo = 1/(6v/3 —3)/11 =~ 0.8198, the ellipses of optimal packings P flatten by
keeping a constant tilted angle equals to —7 /4. For E € [1/2, Ey], the angle of the
two ellipses of Pr decreases and when E = 1/2 the ellipses reach a third side of
the square. When E decreases from 1/2 to 0, the ellipses slide along the sides and
move towards the diagonal.

In all the following we consider only unit ellipsesthat is, ellipses whose equation
is 22 — y?/E? = 1 when their major and minor axes coincide with the cartesian
axes. We can reformulate our problem: What is the side length sy (E) of the small-
est square which contains two non-overlapping unit ellipses of aspect ratio £?

In order to prove the optimality of square packings, Friedman [2] used sets of
unavoidable points. We adapt his definition to the case of ellipse packings: Let
E €]0,1] and let P be a set of n — 1 points in the square K = [0, s]? with
s > 0. We say that P is a set of unavoidable points in K if any unit ellipse of
aspect ratio F in K, contains an element of P (possibly on its boundary). If P
is a set of unavoidable points in K, then s, (E) > s. For the convenience of
the reader, we recall the proof given by Friedman: Shrinking the square K by a
factor of 1 — ¢/s gives a set P/ of n — 1 points in a square K_. so that any unit
ellipse in K_. contains an element of P’ in its interior. Therefore no more than
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\

\
RN

Figure 1. Six optimal packings P of two ellipses for £ = 1,0.85,0.69, 0.5, 0.4, 0.05.

n — 1 non-overlapping unit ellipses can be packed into a square of side s — £, and
sp(E) > s—e. Since this is true for all ¢ > 0, we must have s,,(E) > s. The upper
bound s, (E) < s is obtained by constructing a packing of n non-overlapping unit
ellipses in K.

In the case of n = 2 ellipses and in order to get so(FE) > s, it suffices to show
that the center Q2 of K, = [0, s]? belongs to each unit ellipse e C K, of aspect ratio
E. In fact, we will consider only unit ellipses e, = ey ) o,z Centered at (A, u1)
with A > 0, > 0, tilted at an angle o € [—7/2, —7/4] and which are tangent to
the axesx = 0and y = O:

Fact 1. Let K, = [0,s)? be a square of side length s and Q = (s/2,s/2) its
center. If for all o € [—7/2, —m/4], the ellipse e, contains the point €2, then all
unit ellipses e included in K contain €.

This fact is trivially obtained by contraposition (if a unit ellipse e C K, does
not contain the point 2, we apply a translation followed by a reflection or a rotation
and we get an ellipse e, with o € [—7/2, —m /4] which does not contain the point
Q). As we want to find the minimal value of s such that each ellipse e, C K
contains the center 2, we consider the intersection points I = (z;(«), z7(«)) and
J of the diagonal y = = and the ellipse e,, the abscissa of I being larger than the
one of J. In Section 2 and 3 we will prove that:

o If 0 < E < 1/2, there exists a unique o € [—m/2, —m/4] such that x; (o) =
p(oo) = po. The center = (10, po) is an unavoidable point in K5, and then
s2(E) > 2uo. The square Ko, is displayed on the right hand side of Figure 2.

o If 1/2 < E < Ey, the abscissa x;(«) has a minimum value for a unique
apg € [—7m/2,—n/4]. The center Q = (z1(),zr(cp)) is an unavoidable point
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:

A, = -
A O=(p,p) v 0=(u,1)

0 Ho) g,/ 1= o+ Ho)

a=—3 0<a<ag a = g
Figure 2. Three ellipses e C Ko, inthe case E <

1
2

in Koy, (o) @nd then so(E) > 2x7(ap). The three squares in Figure 3 represent
KQ{L‘](OLQ)'

oXl 1=0 oXI

A, Ag
(A,p) 4 ( 0 'Ho) %o A) 5

a=—-5 < a =g a=—7>a

Figure 3. For 3 < E < Ep and if o # a, the center of Ks,,(a,) belongs to
the interior of e,

o If By < FE < 1, the abscissa x(«) is decreasing for a € [—7/2, —m/4].
The center @ = (x;(—n/4),x;(—m/4)) is an unavoidable point in Ko, (_r/4)
and then so(E) > 2z7(—m/4), see Figure 4 in Section 3.

We finish the paper by remarking that among all the optimal packings Pg, the
densest optimal packings of two congruent ellipses in the square is P 5.

2. Technical lemmas.

First we precise the coordinates of the center of the ellipse e,, and the parametriza-
tion of e, used in Lemma 3.

Lemma 1. (a) The coordinates of the center of the ellipse e, are equal to

A=Vcos2a + E?sin®a and pu = Vsin? a + E2 cos? a. (1)
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The function . is decreasing for o € [—7/2, —m /4] and we have pu(—7/2) = 1

and u(—7/4) = /(1 + E?)/2.

(b) We have
(2Mp)? = 4E? + (1 — E?)*sin® 2a. (2)
(c) The élipse e, can be parameterized by
0 2 cos? HT“") @)
e.(t) = ,
24 cos? %)

where the angles ¢ € [-7,0] and ¢ € [—7, —7] are the respective arguments of
the complex numbers cos o + i E sin « and sin «c — 1 cos a.

Proof. (a) Let us consider the parametrization of the ellipse e

et = (50 )= (0 )+ Come o ) (63 )- @

Let us recall that the orthoptic curve of e, i.e the locus of all points where the
curve’s tangents meets at right angles, is the circle centered at w = (A, 1) with
radius /1 + E2. Since the axes = 0 and y = 0 are orthogonal, the origin (0, 0)
belongs to this circle and we have

N p? =1+ E2 (5)

The ellipse e,, touches tangentially the axe x = 0. Therefore for some ¢ we have
x(t) = 2'(t) = 0, which gives

A = —cosacost+ Esinasint, (6)
0 = —cosasint— Esinacost. (7)

By adding the squares of equations (6-7), we find A\> = cos? a + E?sin® a. The
value of 1 comes from (5).
(b) We have

(M)? = (cos? a+ E%sin? a)(sin® o + E? cos? )
= E?(cos*a+sin*a) + (14 E*) cos? asin?
E?(1 - 2sin? acos® ) + (1 + E*) cos® asin? a,

2

which gives the result.
(c) By definition of ¢, we have \(cos ¢ + i sin p)=cos o 4 i E sin . We get

t
z(t) = A+ cosacost —sinaEsint = A 4+ Acos(t 4 ¢) = 2\ cos? (?) .

The expression of y(t) is obtained similarly. O

In the proof of Lemma 3, we change the variable « to the variable 1" that we
now define:

Lemma 2. Let us consider the angles ¢ and ¢ associated to the ellipse e, and
defined in Lemma 1. We'set § = 32 € [T 0[and T = — cot d. Then the real
number 7' decreases monotonically froml at o« = —n/2to E at o« = —7 /4.
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Proof. The definitions of ¢ and 1 give

K iw—e) sin(a) — i F cos(w)
A ~ cosa+iEsina
1
= 2 (sinacosa(l — E?) —iE).

Hence, for o € [—7/2, —m /4] we have
sin 2a(1 — E?)

cos(vp — @) = v < 0and sin(¢ — ) = )\f < 0. (8)
By (8) and the formula tanu = (1 — cos 2u)/ sin 2u, we find
1— sin 2a(1—E?) . 9
tom (@Z)—(p) _ 2w 2Ap —sin2a(1 — E ) ©)
9 % —2F

With Lemma 1 (b) we find
L 2 W S R _ E2)2gin? _ E?)si
tan( 5 =35 \/4E + (1 — E?)?sin” 2a + (1 — E)sin 2« | .

As sin 2« decreases monotonically from 0 to —1 on the interval [—7/2, —7 /4],
we find that tan ((¢» — ¢)/2) decreases from —1 to —1/E. Thus the real number
T = —1/tan ((¢» — ¢)/2) decreases from 1 to E. O

Let us recall that I = (z7,zy) is the intersection point of the diagonal y = =
and the ellipse e, with a maximal x;.

Lemma 3. Let usconsider Ey = 1/(6v/3 — 3)/11 ~ 0.8198.

(@) If E € [Ep, 1], xy isdecreasing for o € [—7/2, —7/4].

(b) If E €]1/2, Ey|, the function x; reaches a unique minimal value for a unique
real number o € [—7/2, —7/4].

(c) If E € [0,1/2], thefunction x; isincreasing for « € [—7/2, —m /4].

Proof. First we prove that

E
{L‘[(OZ) = 5 (10)
VT <\/ET2 YA+ EOT+ B — T\/QE)
where T' = — cot ¢ has been defined in Lemma 2. We use the parametrization of
the ellipse e, given by (3) and we look for some ¢ € [0, 2] such that
VA cos <t+2§0> = ey/pcos (t;zﬁ;) , (11)

where ¢ = +1. Since the point I occurs for some ¢ € [0, 7] (and J for some
t € [m,2r]), we have (t + ¢)/2 € [—n/4,7/2], (t +¢)/2 € [-7/2,7/4] and we
get e = +1 because the two cosines in (11) are positive. In this equality we expand
cos((t +1)/2) = cos((t + ¢)/2 + 6) and we find

VA cos (t—;go) = /I (cos (t‘g@> cosd — sin <t+290> sin 5) ,
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which gives
tan t+ ¢ _\/ﬁcosé—\f)\
2 ) Jusiné
and
t+ @ 2A 2\pusin? &
= 2) cos? = = : 12
o o8 ( 2 ) 1—|—tan2(t+7‘p) A+ p— 2/ Apcosd (12)

By (8) and Lemma 1 (b) and since sin? 26 = 1 — cos?(¢) — ¢), we have

2 (1 2\2 a2 2

<in? 95 — (2Ap)* — (1 — E%)*sin” 2« _4F .
(2An)? (2An)?

The previous equality gives 2 \p = —2FE/sin 2§ and by (5) we have A + u =

(1+ E? 4 2\ p)'/2. Substituting these values in (12) we find

—FEsind
ry =
cos 0 <\/1 +B? — s — \/251165)85)
_ FE
VT (\J(+ BT + B — VTVTVRE)

It remains to use 1/sin?6 = 1 + 72 and we get (10). Let us denote by f(7T") the
denominator of the right hand side of (10). We find

Joy 9(T) — MT)
f) = 2T\ET* + (1 + E)T + E’

where h(T) = 3V2ET\/ET?+ (1+ E2)T + E and g(T) = 3ET? + 2(1 +
E?)T + E. Since the functions ¢g(7') and h(T) are positive, the sign of f/(T) is
equal to the one of the polynomial P(T') = ¢(T) — h?(T), that is

P(T) = —9E’T*—6 E(1+E*)T3+4(E*— E*+1)T* +4E(1+E*)T+E?. (13)

We get P/(T) = —36E2T3 — 18E(1+ E?)T? +8(E* — E?2+1)T +4E(1 + E?).
The discriminant of P”(T) = —4(27E*T? + 9E(1 + E*)T — 2(E* — E? + 1))
is A = 16 - 27TE?(11E* — 2E? + 11) > 0. We remark that P”(0) > 0 and
limy_, o, P"(T) = —o0, then P”(T') has a unique positive root 7. Since P'(0) >
0 and limy_,o, P'(T)) = —o0, the polynomial P’(T") has a unique root 7} > T5
and P/(T) > 0 for all T € [0,Ty]. Finally, P(0) = E? > 0 implies that the
polynomial P(T") has a unique positive root 7j.

Moreover, P(E) = —E?(11E* 4+ 6 E? — 9) vanishes at a unique positive value

Ey = \/(—3 + 6v/3)/11. We remark that T, = Ej if and only if £ = Ejy. Inthe
three following cases we conclude with Lemma 2;

(@) If E € [Ey,1], we have P(E) < 0. Then T, < E < 1 which implies
that P(T') < Oforall T € [E, 1]. So f(T) is decreasing on [E, 1] and then z; is
increasing with respectto 7'.




Optimal packings of two ellipses in a square 377

(b) If E €]1/2, Ey[, we have P(E) > 0and P(1) = 2(E + 1)?(2E — 1)(E —
2) < 0. Then E < Ty < 1 which implies that f(7") is increasing on [E, Tp] and
decreasing on [Ty, 1]. Thus = is decreasing for T € [E,Ty] and increasing for
T e [T(), 1].

(c) If E €]0,1/2], we have P(E) > 0and P(1) > 0 which implies that P(T") >
0on [E,1]. Thus x; is decreasing for T’ € [E, 1]. O

3. Calculation of s2(E)

Now we can describe the various optimal packings of two ellipses in the square
and the corresponding side lengths so(F).

Theorem 4. If E < 1/2, then

s9(E) = \/(1+E)2+\/(1+E)4—8E2. (14)

The minimum value sz (E) is obtained for two parallel ellipsese; = e,, and e
with

1 [4—s3(F)

() = — arccos 5 ﬁ,

and where e isthe reflection of e; through the center of the square.

(15)

Proof. If o = —m /2, the center Q = (u, 1) of K5, does not belong to e, (except
for E = 1/2). If « = —n/4, the center €2 is also the center of the ellipse e,.
We know by Lemma 1 (a) and Lemma 3 (c) that z; — p is increasing for o €
[—7/2,—m/4]. Then there exists a unique angle oy € [—m/2, —7/4] such that
I = Qo = (uo, o) With g = p(ap). We note that the center €2y belongs to the
boundary of the ellipse e, see Figure 2. Let us show that in the square K>, the
center € is an unavoidable point. By Fact 1, it suffices to show that any ellipses
e, included in K5, contain :

o If & < «, the ellipse e, is not contained in K, because it intersects the
upper side y = 2uq (u is decreasing for « € [—7/2, —m /4]).

o If @ > «y, the point €y belongs to the interior of the ellipse e, because x; is
increasing for « € [, —7/4].

It remains to calculate ag and pg. First, we show that

o — Mo = 2. (16)
Ho
We have by (4) that e, (t) = (u, ) if and only if
p—A = cosacost— Esinasint,
0 = sinacost+ Ecosasint.

Substituting — E cos asin ¢/ sin « for cos ¢ in the first equality, we find

—Esin(t) = (p—N)sina,

cost = (u—A)cosa,
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which implies E? = (u — \)?(sin? o + E? cos® ) = (u — A\)?p?, and then (16)
since . > A for a € [—m/2, —m/4]. By (5) we get for o = v,

E 2
14+ E? +2Xop0 = (Mo + p0)* = (Ao — po + 2p0)° = (2#0 - Mo) -

Since (16) implies 3 — E = Moo, We have

E2
2(M3—E):4,u3+?—4E—(1+E2).
0

This equation in 2 leads to
42 = (1+ E)? +ey/(1 + E)* — 8E2,

where e = +1. The case ¢ = —1 leads to 4\opp = 4pu2 — 4E = (1 — E)? —
V(1 + E)* —8E2 < 0 what is impossible.

Then so(E) > 2u0 = \/(1 + E)2+ /(1 + E)* — 8E2. We can pack in Ko,
the reflection of e,,, through €, and we get the equality (14). We finally obtain the
angle (15) by considering u2 = sin? ag + E? cos? ag and s2(E) = 2. O

Theorem 5. If 1/2 < E < Ey, then

28
VTy (VETG + 1+ BTy + E - TyV2E)

where Tj is the unique positive root of (13). The minimum value s, (E) is obtained
for two parallel ellipsese; = e,,, and ez with

1 . BT -1)
g = 75 <7T -+ arcsin m y (18)
and where the ellipse e, isthe reflection of e; through the center of the square.

so(F) = (17)

Proof. We denote by o the unique angle « such that 7, = T'(«) and by Iy the
intersection of e, with y = x. Since the continuous function z; is decreasing for
a € [—7/2, 9] and increasing for o € [ag, —7/4], the point I, belongs to the
interior of e, if & # . Then any ellipse e, in Kg% contains Iy. As Fact 1 gives
that I is an unavoidable point, we have so(E) > 2z1,. We can pack the reflection
of the ellipse e,, through I, and we get so(E) < 2x,. The value of zy, is given
by (10).
By (2), (9) and since —1/T" = tan(y) — ¢)/2, we have

2
(2Ap)? = (2;? + (1 - E?) sin2a) =4FE% 4+ (1 — E?)%sin® 20,

which gives sin 2o = E(T? —1)/((1— E*)T) and (18) for 2a € [—7, —7/2]. O
Theorem 6. If By < E < 1, then

52(B) =v2 (VI+ B2+ E). (19)
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The minimum value sy (F) is obtained for two parallel ellipsese; = e, and ey
with o = —m/4 and where e; is the reflection of e; through the center of the
square.

Proof. We consider again the intersection point I, of the ellipse e_/, and the
diagonal y = z. Since xy is decreasing for o € [—7/2, —x /4], any ellipse e,
in Koz, contains Iy. As Fact 1 gives that I is an unavoidable point, we get
s9(E) > 2z, = 2x7(—7/4) = vV2(V1 + E? + E). As in the two previous cases,
we can pack the reflection of the ellipse e_ /4 through I, and we get the equality
(19). O

o Al 1=0

A,p)

<a<—

SIE]
e
Q
I
|
e

Figure 4. For Ep < £ < land § < o < —7, the center of KQII(,%> belongs
to the interior of e,,.

It is not surprising that among all the optimal packings Pg, the densest one is
P12, see Figure 1. We denote by d(FE) the density of P and we have for all £ in
0, 1],

2B
d(E) = )
s3(E)
The formulas (14), (17), (19) for so(E) give that d(E) equals to
2k 1
di(E) = if £ €]0, =],
1(5) (1+E)2+\/(1+E)4—8E21 0.3
2
1
dy(E) = %TO <\/ET02 +(1+E>)Ty+E— TO\/2E> if £ e]i, Eyl,
ds(E) = mE S if E € [Ep,1].

(Vi+F+E)

The optimality of P for all E on each interval ]0,1/2],]1/2, Ey|, [E, 1] implies
the continuity of d(E) on ]0, 1]. It is easy to verify that d;(1/2) = da(1/2) =
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2
7 /4 and do(Eo) = d3(Eo) = wEo)/ (\/1 TEI+ EO) . We show that d(E) is
increasing on ]0, 1/2] and decreasing on [1/2, 1]. For E €]0, 3], we get
2m(1 — E?
4\ (E) = = F
V(E+1)% - 8E2 (1 +2E+ B2+ /(E+ 1) — 8E2)
and for E € [Ej, 1],

>0

w(m_w)

Vit E? (\/1+E2+E)2

In the case of Theorem 5, we have so(E) = 2E/ f(Tp) and do(E) = (7/(2E)) £2(To).
Since Ty = Ty(E) is a single root of (13), Ty (E) is differentiable at £ €]1/2, Ey|
and we get

dy(E) = <0.

HE) = 5 (2E1T TG - ).

As f'(Ty) = 0, we obtain d5(E) < 0.
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The Diagonal Point Triangle Revisited

Martin Josefsson

Abstract. We derive a formula for the area of the diagonal point triangle be-
longing to a tangential quadrilateral in terms of the four tangent lengths, and
prove a characterization for a tangential trapezoid.

1. Introduction

Consider a convex quadrilateral with no pair of opposite parallel sides. Let the
two diagonals intersect at £ and the extensions of opposite sides intersect at 7' and
G. Then the triangle EF'G is called the diagonal point triangle or sometimes just
the diagonal triangle (see Figure 1).

G

B

Figure 1. The diagonal point triangle EF'G

The significance of the diagonal point triangle is most evident in projective ge-
ometry, where it is studied in connection with the complete quadrilateral. It is for
instance a well known property that the diagonal point triangle associated with a
cyclic quadrilateral is self-conjugate.

In [5] we derived a formula for the area of the diagonal point triangle belonging
to a cyclic quadrilateral in terms of the four sides. In this note we shall derive
a formula for this triangle area in connection with a tangential quadrilateral (a
quadrilateral with an incircle), but here it will be in terms of the tangent lengths
instead. The tangent lengths e, f, g, h in a tangential quadrilateral are defined to
be the distances from the vertices to the points where the incircle is tangent to the
sides (see Figure 2).
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Figure 2. A tangential quadrilateral with its tangent lengths and a diagonal

2. Moreon the area of the diagonal point triangle

We will use Richard Guy’s version of Hugh ApSimon’s formula to derive a
formula for the area of the diagonal point triangle belonging to a tangential quadri-
lateral. According to it (see [2]), the diagonal point triangle belonging to a convex
quadrilateral ABC'D has the area

2T T5T3T,

= K(T\Ty — T5Ty) @)

where T4, Ty, T3, T} are the areas of triangles ABC, ACD, ABD, BC D respec-
tively, and K is the area of the quadrilateral.

Theorem 1. If e, f, g, h arethe tangent lengths in a tangential quadrilateral with
no pair of opposite parallel sides, then the associated diagonal point triangle has
the area

2e fghK
lef — ghlleh — fg]

where

K=\/(e+ f+g+h)(efg+ fgh+ ghe + hef)

isthe area of the quadrilateral.

Proof. In a tangential quadrilateral, triangle ABD has the area (see Figure 2)
1 A A
T5 = 5(6 + f)(e+ h)sin A= (e+ f)(e+ h)sin 5 o8 5

According to Theorem 8 in [4], we have that

sinZé _efg+ fgh+ ghe + hef

2 (e+f)letg)e+h)
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Using the trigonometric Pythagorean theorem yields

WA 3 A (et et a)eth)—(cfat foht ghe t hef)
oy Ty T CxNetg)eth

_ e*le+ f+g—+h)
(e+ flle+g)(e+h)
Thus we get the subtriangle area

T (e+ f)(e+h)ey/(efg+ fgh+ ghe+ hef)(e+ f+g+h)  eK
’ (e+Nle+g)e+h) ety
The last equality is due to formula (2) in [4] which gives the area of a tangential
quadrilateral in terms of the tangent lengths. By symmetry we also have
K hK gK
T = —— = — T. .
S S ety

Combining the last four formulas gives

fhK?  egK? 2((6 +9)%fh—eg(f + h)2>
(f+h)?  (e+g)? (e+9)*(f +h)?
Expanding the numerator, canceling the two double products and factoring it yields
(e+9)°fh—eg(f+h)? = e fh+ fg°h —ef?g— egh® = (ef — gh)(eh — fg).
Now by inserting the expressions for the triangle areas 13, 15, T3, Ty into (1), we

get the area of the diagonal point triangle belonging to a tangential quadrilateral.
Hence this is

4 =

TTy —T53Ty =

_ 2efghK* (e 4g)*(f+h)?
K(e+g)*(f+h)? K2(ef —gh)(eh— fg)
and the formula in the theorem follows by simplification and adding an absolute
value to the denominator to cover all cases. O

Except in projective geometry, where the notion of area is irrelevant, we have
only found one source where the diagonal point triangle associated with a tangen-
tial quadrilateral is treated. This is in the old extensive paper [1] on quadrilateral
geometry by Dostor. He derives a formula for this triangle area,* but that formula
is wrong. It states incorrectly (using other notations) that the area is given by

defghK
(e? = g*)(f* = h?)
where ¢, f, g, h are the tangent lengths and K is the area of the quadrilateral. In
[5] we concluded that Dostor’s formula for the area of the diagonal point trian-
gle belonging to a cyclic quadrilateral is also wrong, and then derived the correct
formula.

An interesting observation is that the correct formula in [5] for a cyclic quad-
rilateral has the exact same form as Dostor’s incorrect formula for a tangential

T —

LFormula cCXVII on page 308 in [1]. We used e, f, g, h in the citation of his formula to easily
be able to compare it to Theorem 1 in this note.
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quadrilateral (except for a factor of 2). But there is one big difference. The letters
used in Dostor’s formula stands for the tangent lengths in a tangential quadrilateral,
whereas in Theorem 1 in [5], we used a, b, ¢, d which stands for the side lengths in
a cyclic quadrilateral.

3. A characterization of tangential trapezoids

If two opposite sides in the quadrilateral are parallel, then one of the points F
or GG becomes a point at infinity. Then the area of the diagonal point triangle is
infinite. This is equivalent to having a denominator in Theorem 1 that is zero, so
we get a necessary and sufficient condition for parallel opposite sides this way.
Hence opposite sides are parallel if and only if ef = gh or eh = fg.

Now we give a second proof of these characterizations of a tangential trapezoid
(a trapezoid with an incircle; see Figure 3) where it is easier to determine which
pair of opposite sides that are parallel in each case.

Theorem 2. The oppositesides AB and C'D in atangential quadrilateral ABC' D
with tangent lengthse, f, g, h are paralld if and only if

eh = fg.
The opposite sides AD and BC are parallel if and only if
ef = gh.

Proof. According to Theorem 3 in [6], the opposite sides AB and C'D in a convex
quadrilateral are parallel if and only if

A D B
tan — tan — = tan — tan —.
2 2 2 2

Since tan 4 = £, tan § = %, tan§ = £ and tan & = 7 in a tangential quadri-

lateral with inradius r (see Figure 2), we have that AB and C'D are parallel if and
only if

| 3

& eh = fg.

o3

==
~| 3

o @

The second condition i nt

w

proved

e same way using the angle characterization

t At B—t t
an2 an2— an2 an2

for when AD and BC are parallel in a convex quadrilateral ABCD. O

In [4, p.129] we concluded that the inradius in a tangential trapezoid with tan-
gent lengths e, f, g, h is given by

r=+/efgh.

Combining this with Theorem 2 yields that the formula for the inradius in a tan-
gential trapezoid ABC D with bases AB and C' D can be simplified to

r = Veh = /Ty
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These formulas can also be derived without the use of trigonometry. We give two
other short proofs. Let the incircle be tangent to AB and C'D at W and Y respec-
tively, and I be the incenter (see Figure 3). Then triangles AW T and 1Y D are
similar (AAA), so ;- = . Whence r2 = eh and the second formula follows in a
similar way. Another derivation starts by noting that the angle AID is a right an-
gle when AB || C'D. Using the Pythagorean theorem in the three triangles AW I,
DY I and AIDyields AI? = e +72, DI? = h2 +r2and AI?+ DI? = (e+h)>.
Combining these, we have r? + e% + 72 + h? = (e + h)?, and thus r? = eh.

D h Y g C

Figure 3. A tangential trapezoid

When the bases of the tangential trapezoid instead are AD and BC, the corre-

sponding formulas are
r=+/ef =+/gh.

They can be derived in the same way by any of the three methods used above.

As a final remark, we note that the related equality eg = fh gives another nec-
essary and sufficient condition in tangential quadrilaterals. Two different proofs
(both using other notations) were given in [7] and [3, p.104] that this is a charac-
terization for when a tangential quadrilateral is also cyclic.
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A Simple Construction of an Inconic

Francisco Javier Garcia Capitan

Abstract. We give a simple construction of an inscribed inconic with given per-
spector and its traces by constructing two extra points on the conic, without
explicitly constructing the center of the conic.

Let ABC be a given triangle. Consider a point P with its cevian triangle XY Z.
It is well known that there is an inscribed conic tangent to the sidelines at X, Y,
Z. The center () of the conic is the inferior of the isotomic conjugate of P (see [1,
p.128]). The reflections of X, Y, Z in @ are three extra points on the conic. We
give below a construction of two extra points Y’ and Z’ on the conic, without first
locating the center Q.

Proposition 1. Given a triangle ABC and a point P with cevian triangle XY Z,
let X', Y’, Z' bethe second intersections of cevians AX, BY , CZ and theinconic
with perspector P. The crossratios (AX, PX'), (BY, PY’),and (CZ,PZ') are
all equal to4 : 1 (see Figure 1a).

Figure 1a Figure 1b

Proof. Itis enough to prove this for the incircle of the equilateral triangle, regarded
as the Steiner inellipse with perspector at the centroid (see Figure 1b). Then a
projective transformation that maps our triangle ABC' and P into the equilateral
triangle with its centroid preserves these cross ratios. Now, for the equilateral
triangle, clearly,

AP AX' 2
(AX, PX') = : =1

1
= . = —=4:1.
PX X'X 2
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We simply use the usual method to construct a point with a given cross ratio.
Let D be the point that divides the segment AP in the ratio 3 : 1. We construct the
intersection points M = DZNCAand N = DY N AB, draw parallels to AX
through N and M that intersect BY and C'Z at Y’ and Z’ respectively (see Figure
2). If J is the infinite point of the line AP, then
AP AJ
PD JD
Therefore, Y lies on the inconic with perspector P.

The same reasoning shows that Z’ lies on the same conic.

(BY,PY') = (AD,PJ) = —4:i—1=4:1.

Figure 2
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On a Circle Containing the Incenters of Tangential
Quadrilaterals

Albrecht Hess

Abstract. When we fix one side and draw different tangential quadrilaterals
having the same side lengths but different angles we observe that their incen-
ters lie on a circle. Based on a known formula expressing the incircle radius of
a tangential quadrilateral by its tangent lengths, some older results will be pre-
sented in a new light and the equation of the before mentioned circle will appear.
This circle encodes information about tangential and bicentric quadrilaterals that
leads to an apparently new characterization of tangential quadrilaterals. Curi-
ously enough, no trigonometric formulae are needed.

1. Introduction

Figure 1 shows a tangential quadrilateral ABC'D , its incircle with incentre I
and radius r. Let W, X, Y, Z, be the tangency points and denote the tangent
lengths AW etc. by e, f, g and h. While the tangent lengths determine the sides of
a tangential quadrilateral AB =a=e+ f,BC =b= f+g9,CD =c= g+ h,
DA = d = h + e, the tangent lengths cannot be derived unambiguously from the
sides - in contrast to the triangle, where the tangent lengthsare e = s—a, f = s—¥,
g = s — ¢ with semiperimeter s.

Figure 1

The reason is that the condition a + ¢ = b + d for the sides in a tangential
quadrilateral produces one degree of freedom in the solutions of the equations for
the tangent lengths. This dichotomy between ambiguous and unambiguous tangent
lengths in quadrilaterals and triangles continues to hold in polygons of an even and
odd number of vertices.
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2. Inradius and distances of incenter from vertices of the quadrilateral

Given the tangent lengths e, f, g, h, the radius r of the inscribed circle of the
tangential quadrilateral is determined according to the formula

22 fgh+egh+efh+efg

e+ f+g+h @
cf. [8], [9, Lemma 2], [13, (1)], [16]. In [8] this equation is derived from
Im((r + ei)(r 4+ fi)(r + gi)(r + hi)) = 017> — o3r = 0, (2

wherein oy, are the k-th degree elementary symmetric functions of ¢, f, g, h. For-
mula (2) says that the four right-angled triangles with the legs r and ¢, r and f, r
and g, and r and A can be put together to form an angle of 180°. From one pair of
each of these triangles one can form a tangential quadrilateral as shown in Figure
2.

Figure 2

The generalization of formula (2) for arbitrary polygons can be resolved unam-
biguously for » > 0 only in the case of the triangle and the tangential quadrilateral
and leads for the triangle to the formula

o efg  _(s—a)(s—b)s o)
e+f+g s ’

which expresses the radius r of its incircle by the tangent lengths or the side
lengths. This also gives a short proof of Heron’s triangle area formula [18] in
the spirit of proofs without words”. From (1) we obtain

fgh+egh+efh+efg o (et f)let+g)let+h)
= +e” = , (3)

e+ f+g+h e+ f+g+h

compare with [13, (5)]. Either multiply out the right hand side, or observe that
o1(r? + €2?) = o3 + €201 is a monic third degree polynomial in e vanishing for
e = —f,e = —gand e = —h. Similar formulae hold for the other distances
between the vertices and the incenter 1.

For later use, we note

AI? =72 4+ €2

AI-CI  e+g (@)
BI-DI  f+h
which is an immediate consequence of (3). Similar formulae are in [7, Theorem
8].
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3. Construction of the bicentric quadrilateral from its side lengths

With given side lengths AB = a, BC = b, CD = ¢, DA = d, that fulfill the
condition a+c = b+d, we can construct in general different incongruent tangential
quadrilaterals. Among them, the tangential quadrilateral with the greatest area, and
therefore with the greatest radius of its incircle, is the bicentric quadrilateral with
sides a, b, ¢, d, (cf. [3, p.135, (5)], [4, p. 238, (35)], [20]). The conditions for its
constructability a < b 4 ¢ + d etc. as a cyclic quadrilateral from its side lengths
are obviously satisfied and the construction can be carried out by use of the circle
of Apollonius as in [11, pp. 82-83], or by joining two similar cyclic quadrilaterals
such that they form a trapezoid with the same angles, but in a different order (see
Figure 3). It seems that Bretschneider must have had this gluing method of similar
geometric figures in mind when he produced this impressive series of formulas for
triangles and quadrilaterals in [3] and [4]. Recently, Varverakis used this trick in
his article [20] to have a short and visual proof of the maximum area property for
cyclic quadrilaterals.

Figure 3

The triangle inequalities for the shaded triangle in Figure 3, i.e. the constructabil-
ity conditions for the trapezoid and hence for the bicentric quadrilateral are satis-
fied. Consider, for example, this one

() (2> (%)

Itis equivalent to (¢ — a)(a + b+ ¢ — d) > 0 and is satisfied if the dilated quadri-
lateral is glued to the larger of the sides a and c. In the same way the other triangle
inequalities are proved. For ¢ = a, there is no need to paste two similar quadri-
laterals together since cyclic quadrilaterals with a pair of equal opposite sides are
trapezoids.

The area K of a bicentric quadrilateral is K = /(s —a)(s — b)(s — ¢)(s — d) =
vabed by Brahmagupta’s formula (cf. [3, p.135, (5)], [4, p. 238, (35)], [5, Th.
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3.22], [6, pp.62-63], [10], [11, Th. 109], [15]), and the radius of its incircle
K “abed +abed
Tmax = — = - (5)
s a+c b+d

is the largest among the incircle radii of all tangential quadrilaterals with sides a,
b, ¢, d.

4. Construction of a tangential quadrilateral from given tangent lengths and
conclusions

If we want to construct a tangential quadrilateral with given tangent lengths e, f,
g, h, we could determine its inradius r with some intricate segment multiplications
and divisions based on formula (1) and then assemble the right-angled triangles
with the legs » and e, 7 and f, » and g, and r and h as in Figure 2. Another way
that takes us further and leads to the main formula (7), starts from the bicentric
quadrilateral with side lengths a = e+ f,b = f+g,c =g+ h,d = h +e.
We get the same bicentric quadrilateral with sides a, b, ¢, d from different tangent
lengths, the degree of freedom being the choice of one of them, e.g. e. Then the
other tangent lengths are

BW = BX=f=a-—c¢,
CX=CY=g=b—a+e, (6)
DY = DZ=b=d—e¢;

see Figure 4.

Figure 4

The right hand sides are positive, if o is the smallest side and e < a. The
green zones indicate where the endpoints of the segments of lengths e, f, g, h are
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situated, the red zones are excluded. According to (1), the incircle radius for a
tangential quadrilateral with the tangent lengths from (6) is
2_ ([ tgeht(hte)fg
(f+9)+(h+e)
be(d —c)+d(a—e)(b—a+e)
b+d

ad \? abed
- _<€_b+d> MCEYIE )

(=)
= - 6_? +Tmax'

This formula has the following consequences.

Theorem 1. Atangential quadrilateral ABC D withsidesa, b, ¢, d, and semiperime-
ter s =a+ ¢ = b+ discyclicif and only if its tangent lengths are

ad ab be cd
€=— f:77 g=— h=—. (8)
S S S S
With these formulae, it is easy to deduce the characterization of bicentrics in
Problem 10804 in the MONTHLY [19] or in Hajja’s article [9, Lemma 1].

Corollary 2. Atangential quadrilateral isbicentric if and only if eg = fh.

One direction is obvious from (8). If, on the other hand, eg = fh, then eb =
e(f+g) = f(h +e) = fd, and together with e + f = a, we find e = 324,
f=5Y e (8).

From % = Zglifg, a companion formula of Ptolemy’s theorem, valid for all
cyclic quadrilaterals (cf. [1, p.130], [2, Lemma 2], [11, p. 85]) we get immediately
from (8) the second criterion of [9].

Corollary 3. Atangential quadrilateral ABC D isbicentric only if
AC  e+g
5= T ©)
BD  f+h
To prove the converse of Corollary 3, we invert the points A, B, C, D, with
respect to the incircle and insert (4) into the formulae
Al-CI BI-DI
20 , BD = B'D’. 5
T T
for the distances of the images A’, B/, C’, D’, and get
AC  e+g ACY
BD f+h BD’
Formula (10) says that under condition (9) the diagonals of the parallelogram
A'B'C'D’ are of equal lengths, so that A’B’C’D’ is a rectangle, hence cyclic,
and the pre-images A, B, C, D, are cyclic too.

Writing (7) as r* + (e — %d)? = r2 ., we obtain the following Theorem 4, or

AC = A'C-

(10)

max!’!

more visually, Theorem 4’ as announced in the abstract.
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Theorem 4. For different choices of the tangent lengthse, f, g, h, having the same
sumsa =¢e¢+ f,b=f+g,¢c=g+ h,d=h+ e, wemake the side AB of the
bicentric quadrilateral ABC D with sides a, b, ¢, d to the x-axis of a coordinate
system with origin A. The points with coordinates (e, ) move on a circle around
the point W of tangency of the incircle with AB, which goes through the incenter
Iof ABCD.

Figure 5

Theorem 4. When we fix one side and draw different tangential quadrilaterals
having the same side lengths by changing the angles, the incenters will move on a
circle.

This theorem allows us to construct the inradius r = \/ fgeteghtefhtelg of o

et+f+g+h
tangential quadrilateral with the tangent lengths e, f, g, h from the bicentric quadri-
lateral ABC'D with the sides e+ f, f + g, g+ h, h+e. Having once determined r,
we can easily construct the tangential quadrilateral with given tangent lengths. To
perform this construction of  draw the perpendicular at the point W with AW = e
on the side AB of the bicentric quadrilateral ABC D. It intersects the above men-
tioned circle of the incenters around T, at a point whose distance to AB is r.
This construction can be carried out without any restriction if one starts with a tan-
gency point within the green ranges of Figure 4. If, for the sake of simplicity, AB
is the shortest side of the quadrilateral, the inequalities

ad v abed

AWnax = ? < Pmax = )

Jm

ab abe
BWnax = ? < Pmax =

S
guarantee that the segment A B lies within the circle with the center W, and the
radius rpmax, See Figure 5.
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Another way to understand the formula (7) is the following characterization of
tangential quadrilaterals, complementing the investigations of [14] and [17].

Theorem 5. The points K, L, M, N are situated on the sides a, b, ¢, d, of a
quadrilateral ABC'D such that they divide the respective sides in the ratio of the
adjacent sides:

AK _d BL_a CM _b DN _c a1
KB b LC ¢ MD d NA a
Then ABC D isatangential quadrilateral if and only if K LM N iscyclic.

Proof. For a tangential quadrilateral we infer from (7) that the points K, L, M, N,

lie on a circle around 7 with radius ryax = ¥20%4.

c

Figure 6.

In order to prove the converse, let K LM N be a cyclic quadrilateral and sup-
pose thata + ¢ > b+ d. Then AK = 24 > oL — AN implies that ZAKN <
/K N A. Similar inequalities hold for the other angles between the sides of K LM N
and the sides of ABC D. Therefore the sum of the red angles at points /V and L,
ie. ZKNA+ /ZDNM + ZMLC + ZBLK is greater than the sum of the corre-
sponding blue angles at points K and M. From this we get a contradiction because
for a cyclic quadrilateral K LM N both sums must be 180°. Hence we conclude
that the quadrilateral ABC' D is tangential. O

It is noteworthy that the radii 7. = % = @ of the circles through points
K, L, M and N, for incongruent tangential quadrilaterals with equal side lengths
but different angles do not depend on the latter. This permits another construction
of the bicentric quadrilateral with side lengths a, b, ¢, d, a + ¢ = b+ d. This
construction is as follows: Draw any tangential quadrilateral ABC D with the side
lengths a, b, ¢, d. Divide its sides in the ratio of the adjacent sides to get the points
K, L, M and N (cf. (11)). Measure the distance of the incenter I from one of the
points K, L, M and NN and construct a circle with this distance as radius, tangent
to AB in K. Then complete the construction by drawing tangents from A and B
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to this circle whereon the segments AD = d and BC = b are given the prescribed
lengths.
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Congruent Contiguous Excircles

Mihaly Bencze and Ovidiu T. Pop

Abstract. In this paper we present some interesting lines in a triangle and we
give some of their properties.

1. Thee-property

For a given triangle ABC, and a point X on the side BC, consider the contigu-
ous subtriangles ABX and AX C, with their excircles on the sides BX and XC.
We shall say that X has the e-property if these two excircles are congruent (see
Figure 1).

Figure 1

Denote by a, b, ¢ the lengths of the sides BC', C' A, AB. The radii of the incircle
and excircleon BC are r = % andr, = ﬁ, where s and A are the semiperimeter
and area of triangle ABC. Itis known that BT, = s — cand T,C = s — b.

In the following, we shall denote by sy and A(T') the semiperimeter and area
of atriangle 7.

Let I1, I, and I, be the centers of the excircles of triangles ABX, AXC,
and ABC on the sides BX, XC, and BC respectively, with points of tangency
indicated in Figure 1. We denote by p, the common exradius of the congruent
contiguous excircles of ABX and ACX.
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Theorem 1. Let X bethe point on BC with the e-property.
(@) AX = /s(s —a).

_ A

(C) BYX — a(c-l— s(s—a)2> and CX — a(b—h/s(s—al) .
(Vs+vs—a) (Vs+vs—a)
Proof. (a) In triangles ABX and AX C we have
A(ABX)  A(AXC)

a =

SABX — BX - SAXC — XC
A(ABX) + A(AXC)
sapx — BX + saxc — XC

A

T AX ts—a @)
Since I 1 is parallel to BC,
Ta = Pa 11[2 . TbX+XTC
re a a
(SABX — AX) + (SAXC — AX) 85— AX
N a - a
From this, fe—fe — s=AX and
AX —(s—a) = @Pa (2)

Ta
From (1) and (2), we have AX? — (s —a)? = 22 = a(s — a). Therefore, AX? =

(s — a)? + a(s — a) = s(s — a). This proves @).
(b) follows from (1) and (a).
(c) Let BX = x. We have

A(ABX)  A(AXC) . x B a—z
sapx — BX  saxc— XC c+AX -2 b+ AX —(a—2x)

Thisreducesto x(b+ AX —a+z) = (a—x)(c+ AX —z),and z = %-

Making use of (a), we obtain the expression for BX given in (b); similarly for
CcX. O

Analogous to the congruent contiguous excircles, the problem of congruent con-
tiguous incircles has been studied by P. Yiu ([3] and [4]). It was shown [3, §9.1.5]
that for a point X on BC, the incircles of triangles ABX and AX C are congruent
if and only if their excircles on the sides BX and X C' are congruent, i.e., X has
the e-property.

Theorem 2. For the points of tangency of the excircles indicated in Figure 1, we
have

BT, _ s—c
@ e = =
b AT  Bx _ ct s(s—a)
( ) AT, = CX — s(s—a)’
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Proof. (a) From the excircle of triangle ABX on the side BX, we have, making
use of Theorem 1 (a) and (c),

BT, = SABX_C:%
alctv/s(s—a)
_ S<3_a)+(<\/§+s—a)2) —C
2
_ (s—c)s—a 3)
B Vs+s—a
after simplification. Similarly,
(s—b)vs—a
Cl, = —F—"—1——. 4
itvo—a @

From (3) and (4), Z7¢ = 2=¢. This proves (a).
(b) Note that

omowi=a _ Vi(e+ Vi)
VitVi-a Vitvi—a

AT} = AB+BT) = AB+BT, = c+

ﬁ(b—h/s(s—a))
Vst+4/s(s—a)
Theorem 3. For the points of tangency of the excircles indicated in Figure 1, we

have
@ TT. = NI, = =25

Similarly, AT, = . From these, (b) follows. O

|b If\/gﬂ/ﬁ’
O 1Ty = 9

Proof. (a) Since the excircles are congruent, 1, I,T,. Ty is a rectangle. Using (3) and
(4), we obtain

T,T. = BC — BT, — CT,
, B-oVs—a (s-bVs—a
VitvVs—a Js+s—a
_a(Vs+s—a)—a/s—a
B Vits—a
ay/'s
Vst+s—a
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(b) If the excircles of triangles ABX and AX C touch the line AX atTy and T,
respectively, then, making use of (a) above and Theorem 1(b), we have
T\T5 = LI3 = (pa + pa)?
B ay/s 2 4A?
B <ﬁ+m) (it vs—a)l(s—a)
a’s —4s(s —b)(s —c)
(Vs+vs—a)’
s(b—c)?
(Vi+vs—a)®

Theorem 4. If X hasthe e-property, the line AX bisects I I.

Proof. Let the bisectors AI; and Al of angles BAX and X AC intersect BC at
D and E respectively. In triangle ABX with bisector AD, we have, by Theorem
1(a) and (c),

BX - AX ar/s(s —a)

 AB+AX (8+m)2'

Similarly, EX = —2V*(=% _ px This shows that X is the midpoint of DE.
(v+vs=a)
Since 111, is parallel to DE, the line AX bisects I I. O

DX

2. Someidentities and inequalitiesinvolving points with the e-property

Analogous to the point X on BC with the e-property, there are also points Y
on C'A, and Z on AB with the e-property, i.e, the contiguous triangles BCY,
BY A have congruent excircles on C'Y, Y A, and the pair CAZ, C'ZB also with
congruent excircles on AZ, ZB (see Figure 2). In general, the cevians AX, BY,
and C'Z are not concurrent. If triangle ABC' is isosceles, they do, because of
obvious symmetry.

Proposition 5. The area of triangle XY 7 is

(a+/s(s = )b+ /s(s — a))(c+ /5(s = b))
+a+/s(s=0)(b+ \/s(s—c))(c++/s(s—a))

(V5 + V5 —a2(V5 + Vs — D25+ V5 — o)
We establish some identities and inequalities involving the cevian lines through

through the points with the e-property. Denote by R the circumradius of triangle
ABC.

Theorem 6. (a) AX - BY - CZ = sA.
(b) AX? 4+ BY? + CZ?% = 5.

1 1 1 _ 4R+
(C) AX?2 + BY? + czz — rsQT'
b _ 2(2R-r)
@ x=+pztorz="12 "

- AL
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Figure 2

(e) AX*+ BY?* + CZ* = s%(s*> — 2r2 — 8Rr).
(f) AXS + BY® + CZ6 = s%(s* — 12Rr).

Proof. These follow from Theorem 1(a), (c), and the basic relations
ab+bc+ca= s®>+r*+4Rr,
a? +b* 4+ c? = 2(s> —r* —4Rr),
a® + 03+ = 2s(s® — 3r2 — 6Rr);

see [1]. O

Theorem 7. Let m, and w, bethelengths of the median on BC' and angl e bisector
of angle A. If X isthe point on BC with the e-property, then w, < AX < m,,.

Proof. For the bisector of angle A,

2b A 2vb 2vb
w, = Ccos—: c. s(s—a)= C-AXSAX,
b+ec 2 b+c b+ec

since 2vbe < b + c.

On the other hand, for the median on BC, the inequality AX < m, is equivalent
to s(s —a) < W. After some rearrangement, this reduces to (b + ¢)? <
2(b? + c%), which is clearly valid. O

Theorem 8. (a) AX - BY + BY -CZ +CZ - AX < s°.
(b) 3v/sA < AX + BY + CZ < /3s.
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Proof. These follow from applying the well known inequalities (z + y + 2)? <
3(x? +y? +22) and zy + yz + 2o < 22 +y? + 22, applied tox = AX, y = BY,
and z = CZ, and making use of Theorem 6 (a), (b). O

Remarks. (1) By using Schwarz’s Inequality, we have

1 1 1
AX?+BY?* 4 CZ? > 9.
( * + ) leQ—i_BYz—i_CJZ2 -
By using the formulae in Theorem 6(b), (c), we have s? - 4542 > 9. From this the
well known Euler’s inequality R > 2r follows.
(2) Again, it is easy to establish

AX?.BY? + BY?.CZ* 4+ CZ?- AX? = (4R + r)rs>.
From the inequality
AX?.BY?4+ BY?.CZ*+CZ% AX? < AX*+ BY* 4+ CZ*,

and the formula in Theorem 6(e), we have (4R + r)rs? < s%(s% — 2r2 — 8Rr).
This leads to another known inequality

3(4R + r)r < %
see [1, 2].
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Some Circles Associated with the Feuer bach Points

Nguyen Thanh Dung

Abstract. Consider a triangle with its nine-point circle tangent to the incircle
and excircles at the Feuerbach point. We show that the four circles each through
the circumcenter, nine-point, and Feuerbach point contain the nine-point center
of the intouch triangle or the corresponding extouch triangle. Furthermore, the
lines joining these Feuerbach points to the corresponding nine-point centers are
concurrent on the nine-point circle of the given triangle.

1. Four coaxial circlesthrough the Feuerbach points

The starting point of this note is the famous Feuerbach theorem, that for a given
triangle, the nine-point circle is tangent internally to the incircle and externally to
each of the excircles. Given triangle ABC, with incenter I, excenters I, I, I,
and nine-point IV, the points of tangency of the nine-point circle with these circles
are the Feuerbach points F,, Fy, Fy, F. on the lines NI, NI,, NI,, NI. with
ratios of division

NF,: FoI =

A

NF,: F,1, =

| | =

R R
P Ta, NFb:FbIbzizrb, NFC:FCIcza:TC,
where R, r, 4, Tp, T are the circumradius, inradius, and exradii.

Proposition 1. Let O be the circumcenter of triangle ABC.

(@ OI? = R(R — 2r).

(b) OI? = R(R + 2r,).

(©) 112 =4R(r, — 7).

(d) The excentral triangle 1, I, 1. has circumcenter I’ at the reflection of 7 in O,
and circumradius 2 R.

For (a-c), see [1, Theorems 152-154]. For (d), see [4, §4.6.1].

Consider the circle through O, N, and F.. Since I is an interior point of the
segment N F, itis an interior point of the circle. Our first result relates the endpoint
of the chord through O and I with the intouch triangle, whose vertices are the
points of tangency of the incircle with the sidelines.

Theorem 2. Theline OI intersectsthecircle ON F, again at the nine-point center
of the intouch triangle.

Publication Date: December 11, 2014. Communicating Editor: Paul Yiu.
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Figure 1

Proof. Let V; be the second intersection of the line OI with the circle ON F,. By
the intersecting chords theorem, OI - IN; = NI - [ F,. Therefore,

IN; NI-IF, (§-r)r T

oI  0OI*?  R(R-2r) 2R
Note that the intouch triangle is homothetic to the excentral triangle. Since the
excentral triangle has circumcenter I’ and nine-point center O, its Euler line is the
line OI. Since the intouch triangle has circumcenter I, its Euler line is also the line
OlI. From

[Ni . INi . r

o oI 2R’
the homothetic ratio of the intouch and excentral triangles, we conclude that N; is
nine-point center of the intouch triangle. O

Figure 2.

Analogous results hold if we replace the Feuerbach point F by the other Feuer-
bach points, say, F,. if the circle through O, N, F, intersects the line OI, at
N, then I;a% = 2= Now, triangle I1,I. is homothetic to the A-extouch tri-
angle formed by the points of tangency of the A-excircle with the sidelines of
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triangle ABC, with homothetic ratio —ﬁ, since the circumradius of 11,1, is also
2R. In fact, the circumcenter of 11,1, is the reflection of I, in O. It follows that
Ll — —1afe — 15, and N, is the nine-point center of the A-extouch triangle

(see Figure 2).

Theorem 3. ThepointsO, N, F, and N, are concyclic; soare O, N, Fy, N, and
O,N, F., N..

2. Concurrency of four lines on the nine-point circle

In preparation for the proof of our next main result (Theorem 7 below), we es-
tablish an interesting relation between the centers O, N, I, I, given in Proposition
5. The reformulation as Proposition 6 in terms of directed angles ([2, §516-19])
makes the proof of Theorem 7 independent of the relative position of O and N
with respect to the bisector of angle A.

Lemma4. Let N bethe nine-point center of triangle ABC.
(@) If A > 60°, then N and O lie on the same side of the bisector of angle A.
(b) If A =60°, then IV lies on the bisector of angle A.
(c) If A < 60°, then N and O lie on opposite sides of the bisector of angle A.

H A

M M

Figure 3A Figure 3B

Proof. First consider the case when A is an obtuse angle (see Figure 3A). Construct
the perpendicular from O to BC, to intersect the circumcircle at M on the opposite
side of A. The line AM is clearly the bisector of angle A. If X is the orthogonal
projection of A on BC, then the orthocenter H and X are on opposite sides of
A. It follows that O and H, and their midpoint IV, all are on the same side of the
bisector AM.

The same conclusion holds if A = 90°, since the orthocenter H coincides with
A.

Now we assume A an acute angle (see Figure 3B). It is known that AH =
2R cos A, and that the bisector of angle A also bisects the angle OAH. It divides
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OH intheratio R : 2Rcos A =1 : 2cos A. Therefore, O and N are on the same
side of the bisector if and only if 2cos A < 1, i.e., A > 60°.

If A = 60° then AH = AO, and N lies on the bisector. This completes the
proof of the theorem. O

Proposition 5. (a) Theangle IO1, isacute, right, or obtuse according as A isless
than, equal to, or greater than 60°.
2/101,, if A <60°,

(b) ZINI, = _ .
360° — 2/101,, if A > 60°.

Proof. (a) Applying the law of cosines to triangle 7O1,, and using the expressions
for the lengths given in Proposition 2, we have

OI* +OI2 — 112

cos O, = 50101,
_ R(R—2r)+ R(R+2r,) —4R(rq — 1)
N 2.0I-01I,
_ R(R—r4+71)
- oI-01, @)

The angle 101, is acute, right, or obtuse according as r, — r is less than, equal
to or greater than R. Since " = 4sin? 4, these are the cases according as A is
less than, equal to, greater than 60°.

(b) From (1), we have

cos2-I0I, = 2cos® IOI, — 1
(OI* + OI? — I12)2 —2.0I* - OI?
2.0I%-012
(2R(R—r,+71))?2 —2R(R—2r) - R(R + 2r,)
2R(R —2r) - R(R + 2r,)
R? —6R(ry —7) +2(r2 +1?)

- (R—2r)(R+2ra) @)
On the other hand,
NI? + NI?2 —II?
cosINI, = 2]—‘\_7I-](ifla 2
B (%—T)2+(%+TQ)2—4R(ra—a)
25 -7) (F )
_ R2—6R(ra—r)—|—2(r2+r2)' 3)

(R—2r)(R+ 2ry)

Comparison of (2) and (3) shows that cos INI, = cos2 - IOI,. Therefore,
/ZINI, =2/101, or 360° — 2/101,. Taking (a) into account, we have (b). O

Remark. When A = 60°, ZIOI, = 90°,and ZINI, = 180° (see Lemma 4(b)).

In terms of directed angles, we reformulate Proposition 5 below.
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Proposition 6. (N1, N1,) = —2(0I, Ol,).

Theorem 7. Thefour lines F. N;, F,N,, F, Ny, F.N. are concurrent at a point on
the nine-paint circle.

Proof. It is enough to prove this for the lines F,V; and F, N, (see Figure 4). Let
P be the intersection of the line F,V; with the nine-point circle. We show that
it also lies on the line F,N,. For this, it is enough to verify (F,N, F,P) =
(FuN, F,N,).

1o

Figure 4.
(FyN, F,P)= (PF,, PN) triangle N F,, P isosceles
= (PF,, PF,)+ (PF., PN)
1 .
= 5(NFa, NF,)+ (PF., PN) N = center of circle PF.F,
1
= §(NIa, NI)+ (PF., PN)
= (0I, 01,) + (PF,, PN) Proposition 6
= (01, Ol,) + (NF,, N;Fy) triangle N PF, isosceles
= (01, O1,) + (NO, N;0) O, N, F,, N; concyclic
= (01, ON,) + (ON, OI)
= (ON, ON,)
= (FyN, Fy,N,) O, N, F,, N, concyclic.

The same reasoning shows that P also lies on the lines F;, N, and F.N.. O
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We summarize the main results in this note in Figure 5 below, and conclude with
an identification of the triangle centers V; and P. According to the ENCYCLOPE-
DIA OF TRIANGLE CENTERS [3], the intouch triangle has orthocenter X (65). Its
nine-point center NNV, being the midpoint of 7.X(65), is X (942). This point lies
on the line through X (11) = F; and X (113), which is on the nine-point circle,
Therefore P is X (113), which is also the midpoint of H X (110).

Figure 5.
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Generalized Archimedean Arbelos Twins

Nikolaos Dergiades

Abstract. We generalize the well known Archimedean arbelos twins by extend-
ing the notion of arbelos, and we construct an infinite number of Archimedean
circles.

1. Archimedean arbelos

On a segment AB we take an arbitrary point P and with diameters AP, PB,
AB we construct the semicircles O1(R1), O2(R2), O(R), where R = Ry + Ry. If
we cut from the large semicircle the small ones then the resulting figure is called
from antiquity (Archimedes) arbelos (the shoemaker’s knife). The perpendicular at
P to AB meets the large semicircle at () and divides the arbelos in two mixtilinear
triangles with equal incircles.

Theorem 1 (Archimedean arbelos twins). Thetwo circles K (r1) and K2 (r2) that
are inside the arbelos and are tangent to the arbelos and the line P have equal

radii ry = ry = 1% (see Figure 1). Equivalently,

1 1 1

R Ry

Figure 1.

A circle in the arbelos with radius r; is called an Archimedean circle ([6, p.61]).

We can find infinitely many such twin incircles where the above case is a limit
special case. We generalize the notion of the arbelos as a triangle whose sides are
in general circular arcs. We will investigate some special cases of these arbeloi.
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2. Generalized arbelos

2.1. Soddy type arbelos with 3 vertices tangency points of the arcs. Let Uy, Uy,
Uy (counter clockwise direction) be the vertices of the arbelos whose sides are
arcs of circles tangent to each other at the vertices, with centers X, Y, Z and
radii rx, ry, rz. If the rotation from Uy to Uy on the arc with radius rx is
clockwise relative to Ux, then rx is positive, otherwise it is negative. Similarly
we characterize the radii ry, rz relative to the movement on the appropriate arcs
from U, to Ux, and from Ux to Uy. Hence, we can have 8 different cases of
arbeloi with the same vertices and the same radii in absolute value. If we change
the sign of the radii of the arbelos, then we get the complementary arbelos. Denote
by A the area of the triangle XY Z and r the radius of a circle tangent to the
arcs-sides of the arbelos.

Theorem 2. The radius r of the circle that is tangent to the sides of the above
arbelosis given by

or

1 1 1 1 2A
+—+

r rx ry Tz rxryrz

Figure 2a Figure 2b

Proof. If K(r) is the circle tangent to the sides of the arbelos, then in Figure 2a, the
radius rx is negative, the sides of triangle XY Z area = |ry +7rz|, b = |rz +rx],
¢ = |rx + ry|, and the tripolar coordinates of K relative to XY Z and the area A
of triangle XY Z are

KX = A=|rx+r7|, KY=p=|ry+r|, KZ =v=|rz+r|,
A= \rxryrz(rx +ry +7z2).
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If we substitute these values into the equality that the tripolar coordinates satisfy
([3D):
(N2 + V2 . a2)2)\2 + (V2 + )\2 . b2)2u2 + ()\2 +N2 o 62)2V2
o (/1'2 +V2 o a2)(1/2 +)\2 . b2)()\2 —I—/J,2 . 02) — AQMQVQ,

we get
11 1 1)\ 4A?
T rx A% rz - Tg(’l“}%’l”%'
Therefore,
1 1 1 1 2A
—=—+—+—=%

r o rxy ry rz  rxryrz
O

Remarks. (1) The Arcimedean arbelos is of Soddy type with collinear vertices
where ry = Ry, 7y = Ro, 7z = —R = —(R1 + R2), A = 0. In this case, there
is a double solution. Hence, the inradius of the Archimedean arbelos is given by

1 1 1 1

PR R RiTR
(2) If the radii rx, ry, rz are positive, then the radii r refer to the inner and
outer Soddy circles ([2]).

In the sequel, we shall adopt the following notation: For a line ¢, IT, denotes the
orthogonal projection map onto Z.

Lemma 3. Let K(r) be a circle tangent externally or internally to the circles
O1(Ry) and O2(R3), where Ry, Ro may assume any real values. For a point F' on
theradical axis of the circles,

— —
_ 0103 -Tp,0,(FK)

1)

Ri — Ry

Figure 3.
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Proof. Let M be the midpoint of O10- (Figure 3). We have

RZ— R:= FO2— FO?= (FOy — FO,) - (FOy + FO,) = 20,04 - FM,
|Ri+ 7> = |Ry +r|* = KO} — KO2 = (KO1 — KOs) - (KO1 + KO3) = 20,05 - MK.
By addition, we get

2% (R1 — Ry) = 20105 - (FM + MEK) = 20,04 - T, 0,(FK),

and the result follows. O
Remark. For the Archimedean twins (1) gives
2R — 1 1 1
g GR1-m)R 111
Ri+Ro+ Ry T1 R R

Theorem 4. Let Ux Uy Uz be an arbeloswith collinear centers X, Y, Z onaline
L, and K (r) betheincircle of the arbelos.

s
HL(UyUz)

T |rx=ry _rx—Tz|"
XY XZ

Proof. Since Uz, Uy are points on the radical axes of the circle pairs X (rx),
Y (ry),and X (rx), Z(rz) respectively, by Lemma 3 we have

e T
. XY U (UzK) X7 -1y (UyR)

o rx —ry o rx —Try
Since X, Y, Z are all on the line £, 11 (UzK) = %? and I, (Uy K) =

rlrx—rz) 3 where 7 is a unit vector on £. Hence,

R e -
I (UyUy) = N (UyK) — M (UzK)

rx —Tryz Trx—Ty

Xz XY
From this the result follows. O

2.2. Arbelos of type A. On a line £ we take the consecutive points U7, Uy, Uy,
Us-, and construct on the same side of the line the semicircles (U,U), (UyUs,),
and (Uy Uy). Let Ux be the intersection of the first two semicircles (see Figure 4).
The arbelos Ux Uy U is of type A. It has arc Uy U positive, and UzUx, Ux Uy
both negative. The diameter Uy U is the base of the arbelos.

2.2.1. Theincircle. Let K (r) be the incircle of this arbelos and A, B, C' the points
of tangency. If S is the external center of similitude of the semicircles (U7, U) and
(UyUy,), then the line BC passes through S, and the inversion with pole S and
power d? = SUy - SUz = SU% = SB - SC swaps the semicircles (U, U) and
(Uy Uy, ), and leaves the circle K (r) and the semicircle (Uy Uz) invariant. Hence,
SA% = SB-SC,and the SA is tangent at A to both K (r) and (Uy Uy). If the line
S A meets the perpendiculars to £ at Uy, Uz at D and E respectively, then D is
the radical center of K (r), (UyUyz), (UyUs,), and E is the radical center of K (r),
(UyUyz), (U,Uz). Hence, DC' = DAand EB = EA.
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Figure 4.

Construction of theincircle. We construct the external center of similitude S of the
semicircles (U,,Uz) and (Uy Uy, ), and take a point A on the semicircle (UyUy)
such that SA = SUx. Let the line S A meet the perpendiculars to £ through Uy,
Uz at D, E respectively. We take on (U7, U) the point B such that EB = E A,
and on (Uy Uy, ) the point C such that DC' = DA. The circumcircle of ABC'is
the incircle of the arbelos.

The radius of the incircle. If we take U, Uy = 2y, UyUz = 2R, UzU;, = 2z,
thenry = R,ry = —R—y,rz = —R—2 XY = —y,and XZ = 2. From
Theorem 4, we have

2R

2R+y _ 2R+2
—y P

B Ryz
 R(y+2)+yz’

T =

or

11,11
r Ry =z

)
2.3. Arbelos of type B. On a line £ we take the consecutive points Us,, U7, Uy,
Uz, and construct on the same side of the line the semicircles (U, Uz), (U, Uy),
and (UyUyg). Let Ux be the intersection of the first two semicircles (see Figure 5).
The arbelos Ux Uy U is of type B. It has arc Uy Uy positive and the arcs Uz Uy,
Ux Uy of different signs. The base of the arbelos is Uy U.

Construction of theincircle. The construction is the same as in type A, but now S
is the internal point of similitude of the semicircles (U7, U) and (Us, Uy).

The radius of the incircle. We have the same formula as (2), but now since Uy, is
not on the right hand side of U, the distance z must be negative, and so we have

1 1 1 1

=4 _Z 3
T R+y z )
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Figure 5.

Remark. For the incircle K (r) of the Archimedean arbelos, since Ux = A, Uy =
P,Uy; = Bwithbase 2Ry, y = Ry, 2 = —R1 — R, (3) gives
1 1 1 1

TR R Rt Ry
3. Generalized Archimedean arbelostwins

We shall construct in the Archimedean arbelos a generalized pair of inscribed
equal circles.

Theorem 5. In the Archimedean arbelos (Figure 6) where AP = 2R,, PB =
2Ry, AB = 2Ry + 2R,, we extend AB (to left and right) with equal segments
AA" = 22 = BB'. The semicircle (A’ P) divides the arbelos in two arbeloi with
incircles K1(r1), K3(r3), and the semicircle (PB’) divides the arbelos in two
arbeloi with incircles Ko (r2), K4(r4). We have a couple of twin circles: r; = 7o
and r3 = r4, with

1—1+1+1and1—1+1 1
71 o Ry Ry T37R1 Ry R1—|—R2+l‘.

A’ 2x A 2Ry P 2Ro B 2z B’

Figure 6.

Proof. The circle K7 (r1) is the incircle of an arbelos of type A with base AP.
Hence,%:i+l+i.
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The circle Ky (rs) is the incircle of an arbelos of type A with base PB. Hence,
1 _ 1 1 1
nImta R _

The circle K3(r3) is the incircle of an arbelos of type B with base PB. Hence,
1 1 1 1
7~ Ro VRl RitRata _

The circle K4(r4) is the incircle of an arbelos of type B with base AP. Hence,
1 1
v~ Rt R T Rtz

Therefore, r1 = r9 and r3 = r4. O
Remark. If z — oo, then the semicircles (A’ P) and (P B’) tend to the perpendic-
ular semiline P(), and the four incircles tend to the Archimedean twin circles.

4, Bisectorsof the Archimedean Arbelos

We have seen that in the Archimedean arbelos, the semiline P divides the
arbelos in two arbeloi with equal incircles. This semiline as a degenerate semicir-
cle is like a bisector from P of the arbelos that produces the twins (Archimedean
circles) with radius rp such that

1 1 1

re R Ry
We find the other two bisectors of the arbelos from the vertices A and B (Figure
7).

2x O B

Figure 7.

Let the semicircle (AO2) bisector of the arbelos meet the semicircle (PB) at
Qa, and A;(ry), Aa(r2) be the incircles of the arbeloi QAAP QAAB

The arbelos ) 4 AP with base AP is of type B, so we have = R +5— RlJerz
The arbelos @ 4 AB with base AB is the complement of an 1 arbelos of type A; so
we have -1 = (ﬁ - R% — R w) In order to have 1 = ry = r4, We Set

2x = Rs. Hence the point O, is the midpoint of PB, and the bisector semicircle
(AOg)meets PQ at the point @’ such that PQ’ = /AP - POy = /2R R», and

TA R1 + RQ ]_“21+R i i .. . .
Similarly, if Oy is the midpoint of AP, then the semicircle (O, B) is the bisector

/ 1 2 1
of the arbelos from B that passes also from @', and B Em TR EIR

Hence, the three bisectors of the Archimedean Arbelos are concurrent at Q'.
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5. Infinitely many Archimedean circles

There are many exciting constructions of Archimedean circles or families of
these; see [4, 5].

Here we construct a more natural family of Archimedean circles that contains
the original Archimedean twins. In the Arcimedean arbelos with diameters AP,
PB, AB, and semicircles O;(R1), O2(R2), O(R), we take at the left of A the
point X, and at right of B the point Y such that AX = BY = 2z. We rotate
clockwise P around A by an angle 7 at A, and counterclockwise P around B by
anangle 7 at By. The line X A; meets the line PQ at D;. The line Y B; meets the
line PQ at Cy. We take at the left of A the point C such that CA = PCy = 2djs,
and at right of B the point D such that BD = PD; = 2ds. The semicircles (CP),
(AY) meet at M, and the semicircles (PD), (XB) meet at N. We show that
the incircles K (r1), Ka(r2) of the arbeloi M AP, NPB are both Archimedean
circles.

Dy

B

Ci

Figure 8.

Proof. Since in triangle X PD;, PA; is a bisector and AA; is parallel to PD;
1

(Figure 8), we know that 575~ + 5 = -7 Hence,
1 1 1
S — 4
da * r+ R R )
Similarly, from triangle PY C1, we have
1 1 1
- )

d1+m—|—R2 :Riz'
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H . 1 _ 1 1 1 _ 1 1
The arbelos M AP is of type A; so we have mcR Tt teas TR TR
from (5).
H . 1 1 1 1 1 1
The arbelos N PB is also of type A; so we have TRt TR T B TR
from (4).
Hence r; = ry is the radius of the Archimedean circle. O

For = = 0 the circles K (r1), K2(r2) coincide with the original Archimedean
twin circles since the semicircles (AY"), (X B) coincide with the semicircle (AB),
and the semicircles (C'P), (PD) coincide with the line PQ. If M;, M, are the
midpoints of C P, AY, then applying Stewart’s theorem to triangle M My Mo, we
have

O1M? - My My = My M? - O My + MoM? - Oy My — O M - O1 My - My Mo,
or
(dy+Ro+x)O1M? = (di+R1)*(Ry+x)+(Ry + Ro+x)%dy —dy (R +)(dy + Ry +-2).

Substituting d; = 2@+2) e get

O1M? = R} + 4R Ry = O1P* + PQ* = 0:Q".

Hence, the locus of M is the circular arc O;(Q) from the point @ to Q4 on the
perpendicular Q4 A to AB. Similarly, we can prove that the locus of NV is the
circular arc O2(Q) from the point @ to 5 on the perpendicular QB to AB.

6. A special generalization of arbeloswith arcsof angle 2¢

If we substitute the semicircles in Archimedean arbelos with arcs of angle 2¢,
i.e., AP = 2R;sin¢, PB = 2Ry sin ¢, AB = 2(R; + Rs)sin ¢ (Figure 9) [1],
the points A, O1, O are collinear; so are the points O, Oz, B. The tangent to the arc
(AP) at P meets the arc (AB) at @ 4, and the tangent to the arc (PB) at P meets
the arc (AB) at @Qp. Let K1(r1), K2(r2) be the incircles of the arbeloi Q p AP and
QaPB. If 2¢ = w, then we have the classical arbelos, and Q) 4, @ coincide with
the point Q. We prove that r; = 7.

Proof. The point A is on the radical axis of O1(R;), O_(R1 + R2)). From (1), we
have

—
_ 0,0 - o, 0(AK)) _ Ry -Tlo,0(AKY)

TO, —TO Ri+ R+ Ry ’
Also, 1 = Ilp,0(K71 P). Hence,

|

. 2R+ R 2(R1+ R
Ry sin 6 = Tlp,0(AK) + o, o (K1 P) = 1 - it B2 2B+ 1)
R2 R2
or ry = ful2 e gimilarly,
,,_ 00;- Noo,(BKy) Ry -Tloo,(BK)

O — TO,  —Ri—Ry— Ry’
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B
Figure 9.
and ro = Ipo, (PK>). Hence,
Ri +2R 2(R R
2Rs Sin2 ¢ = HOOQ(PKQ) + H002 (K2B) = r9+79- % = r9- %,
1 1
If 2¢ = 7, then we have the radius of the Arcimedean circle. O

Construction of the twins. The perpendicular from P to AB meets 0,04 at the
point C, and the parallel from C' to PO, meets PO, at D. Since PC'is a bisector
in triangle PO10-, we have C% = R% + R%. Hence we need the construction

of 11 = CD - sin? ¢. The perpendicular from D to AB meets AB at F and the
perpendicular from E to PO; meets this line at the point F;. The symmetric of
Fy in PC is the point £5 on the line POs. The perpendicular at F5 to PF5> meets
the circle O (F}) at the point /; and the line E'F; meets the circle Oz (F») at the
point K. These points are the centers of the twin incircles and the construction of
these circles is obvious.
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