Three circle chains arising from three lines
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Abstract. We generalize a problem in Wasan geometry involving a triangle and
its incircle and get simple relationships between the three chains arising from three
lines.
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1. INTRODUCTION

In this paper we generalize the following problem in Wasan geometry (Japanese
geometry) [5] (see Figure 1).

Problem 1. For the incircle § of a triangle PQR, let «, S and ~ be the incircles
of the curvilinear triangles made by ¢ and two sides of PQR. If a, b, ¢, d are the
radii of the circles a, £, v, §, respectively, show that the following relation holds.

d = Vab+ Vbe + veca.
4
A

Q R

Figure 1.

The problem is involving three lines which make a triangle with incircle ¢. In this
paper we show that the same relation is also true if the three lines make a triangle
with excircle § or two of the three lines are parallel, and generalize the result to
three infinite chains of circles.

2. GENERALIZATION

We generalize the problem. Let p, ¢ and r be three tangents of a circle § of radius
d. We assume that « (resp. 3, v) is the circle of radius a (resp, b, ¢) touching §
externally and the lines g and r (resp. r and p, p and ¢) from the same sides as 6.
In this case we say that a touches § in the same sense if o and the line p have no
points in common (see Figures 2, 3 and 4), otherwise in the opposite sense (see

Figures 5, 6 and 7). The notions of touching in the same sense and touching in
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the opposite sense also apply to the circles § and 7. Let P =q¢Nr, Q@ =rnNp
R=pnNg.

Figure 2.
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Figure 5. Figure 6. Figure 7.

Figure 8: ¢ is the excircle of PQ) R touching p from the side opposite to P, where
the circles «, # and v touch § in the same sense.

Theorem 1. The following statements hold.

(1) If the circles o, B and v touch the circle ¢ in the same sense, then the following
relation holds.

(1) d = Vab+ Vb + /ca.

(i) If the circles o,  and ~y touch the circle & in the opposite sense, then the

following relation holds.
1 1

(2) = + +

1 1
d~ Vab  Voe  Vea
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Proof. We assume that ¢ is the excircle of the triangle PQ R touching p from the
side opposite to P (see Figure 8). We assume that the circles «, § and v touch §
in the same sense. Then we have

P a-d Q 2Vbd R 2ved
— = ——, tan—=——, tan— = .
2 2vVad 2 d—b 2 d-c
While from ZP + ZQ + ZR = 7, we get

P R R P
(4) tanatan%+tan%tan§+tan§tan§:1.

Substituting (3) in (4) and rearranging, we have

(d — (Vab + Vbe + Vea)) (d(va+ Vb +/¢) — Vabe)
va(d—0b)(d —c)

Therefore we get (1) or (2). Meanwhile we get 2d > b+ ¢ from d > b and d > c.
Hence (2) implies

(3) tan

=0.

Va(Vb = o)’ + (Vb + o) (b + )
Va+vb+ /e

a contradiction. Therefore we get (1). The same proof is also valid in the case
the lines ¢ and r being parallel if we consider tan(P/2) = 0. The case where 0 is
the incircle of the triangle PQ R can be proved similarly. The proof of (i) is now
complete.

2d—b—c=—

< 0,

We assume again that § is the excircle of the triangle PQ R touching p from the
side opposite to P. We now assume that the circles o, 8 and v touches § in the
opposite sense. Then we have

P a—d Q 24/bd R 2V

fane = L= a2 AV o _
MY T e M2 T Td—y M2 T Ta—¢
Therefore we also get (1) or (2). Meanwhile we get bc > d? from b > d and ¢ > d.
Hence (1) implies bc — d* < 0, a contradiction. Therefore we get (2). The same
proof is also valid if the lines ¢ and r are parallel. The case in which ¢ is the
incircle of the triangle PQR can be proved in a similar way. O

Figure 9: Touching in the opposite sense. Figure 10: Touching in the same sense.
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A sangaku problem considering the part (ii) of the theorem in the case § being
the incircle of PQR can be found in [7] (see Figure 9). We consider the special
case in which the lines ¢ and r are parallel (see Figure 10).

Corollary 1. If the lines q and r are parallel, then the following statements hold.
() If the circles 8 and ~y touch the circle 6 in the same sense, then the following
relation holds.

o)

(ii) If the circles 8 and y touch the circle § in the opposite sense, then the following

relation holds.
b c
- —1 ——1) =2
Vi) (i)

Proof. 1f the circle a also touches § in the same sense, then we get a = d. Therefore
we get d = v/db + vbe + Ved = Vd(Vb + \/¢) + vbe by Theorem 1. This implies
Vd/by/d/c—+/d/b—+/d/c+1=2. Hence we get (5). The part (ii) follows from

the part (i). O

3. THREE INFINITE CHAINS OF CIRCLES

Theorem 1 and Corollary 1 are obtained if n = 1 in the next theorem (see Figure
11).

Theorem 2. Let p, q, v, a, B, v and d be as in the previous section. Let
{,a9,a1,00 = 0,01 = a,ag,---} be the chains of circles touching the
lines q and r. Similarly the chains {---,p_2,8-1,60 = 6,01 = 5,02, -} and
{ ,7-2,7-1,7% = 6,71 = ¥, 72, } are defined. Let a,, b,, ¢, be the radii of
the circles o, Bn, Yn, Tespectively for an integer n, and let r, = ai/d, r, = by /d,

re =c1/d.

(i) If the circles o, B and vy touch the circle § in the same sense, then we have
(6) \/Tarb + \/7”57’0 + \/7’07"@ = 17

(7) di = (apby) 2 + (bpcp) 2 + (o).

(i) If the lines q and r are parallel and the circles B and «y touch the circle § in
the same sense, then we have

(8) (Vre +1)(Vre +1) = 2,

() () ) -

(iii) If the circles o, 8 and «y touch the circle § in the opposite sense, then we have

[ SN S
VTaTv  /Tole  \/TeTa
1 1 1 1
— = + +

dv (apby)2  (bpcp)2  (Coln)2



HIrROsHI OKUMURA 5

(iv) If the lines q¢ and r are parallel and the circles 8 and ~ touch the circle § in
the opposite sense, then we have

() ) -

Figure 11: ¢ is the incircle of PQR and «, (3, v touch ¢ in the same sense.

Proof. Obviously we have a,, = rd, b, = rj'd, ¢, = r*d. We prove (i). We have

d = vaibi +Vbici + /a1 = d(\/TaTs + \/TeTc + \/TcTa) by Theorem 1. Hence we
get (6). Then the right side of (7) equals

(red - rpd) e + (rrd - rd) e + (rtd - rd) 2 = din ((rars)? + (ryre) 2 + (rerg)2) = don

This proves (i). If the lines ¢ and r are parallel and the circles 8 and ~ touch §
in the same sense, we also assume that the circle a touch § in the same sense.
Then we get (6) and (7) with r, = 1 and d = a, which imply (ii). The first halves
of (iii) and (iv) follow from (6) and (8), respectively. The rest of the theorem is
proved similarly. U
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4. AN OPEN PROBLEM INVOLVING MALFATTI CIRCLES

[talian mathematician G. F. Malfatti proposed the following problem in 1803 [3]
(see Figure 12):

Problem 2. Draw mutually touching three circles inside of a given triangle such
that each of which touches two sides of the triangle.

The three circles are called Malfatti circles. Those circles were popular in Wasan
geometry. We can find problems involving Malfatti circles in several Wasan books
or manuscripts as in [1], [2], [4], [5, 6], [9], [10], [11] and even in a popular book of
formulas [12], where the triangles of the problems in [9] and [11] are not general
triangles but right triangles. As far as the author knows at the present time
of writing, 1738 book [11] is the earliest one concerning with Malfatti circles in
Wasan geometry.

For problems involving Malfatti circles in a general triangle, [8] stated that the
manuscript [2] was made during 1771-1773 thereby Malfatti circles were considered
in Wasan geometry earlier than Malfatti. While [6] was made earlier than [2].
The author considers that Fujita’s work should be noted, since there seems no
expository writing referring [6] for Malfatti circles.

Figure 12.

Most problems involving Malfatti circles in Wasan geometry are concerning with
the relationships between the radii of Malfatti circles and the lengths of the sides
or the inradius of the triangle, one of which may be described as follows [5]:

I 1 < 1 n 1 n 1 \/ 1 n 1 n 1 )
d 2 \/7“17“2 \/7“27'3 \/7“37'1 r17ro T9T'3 37T ’
where d is the inradius of a given triangle and rq, ro and r3 are the radii of the

the Malfatti circles. Bearing in mind the last equation and comparing Theorem
1 with Theorem 2, we pose the following problem (see Figure 13).

Problem 3. For given three lines, consider three infinite chains of circles touching
two lines such that each of the chains contains one of the Malfatti circles of the
triangle made by the three lines as in Figure 13. Find some interesting relation-
ships between the radii of the circles of the chains and the inradius or the exradii
or the lengths of the three sides of the triangle.

The three chains in Theorem 2 have the circle 4 in common, but the chains in
Problem 3 have no such circle, which makes the problem difficult.
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Figure 13.
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