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Abstract An Apollonian configuration of circles is a collection of circles in the plane
with disjoint interiors such that the complement of the interiors of the circles consists
of curvilinear triangles. One well-studied method of forming an Apollonian configu-
ration is to start with three mutually tangent circles and fill a curvilinear triangle with
anew circle, then repeat with each newly created curvilinear triangle. More generally,
we can start with three mutually tangent circles and a rule (or rules) for how to fill a
curvilinear triangle with circles.

In this paper we consider the basic building blocks of these rules, irreducible Apol-
lonian configurations. Our main result is to show how to find a small field that can
realize such a configuration and also give a method to relate the bends of the new
circles to the bends of the circles forming the curvilinear triangle.
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1 Introduction

An Apollonian configuration of circles is a collection of circles in the plane with
disjoint interiors such that the complement of the interiors of the circles consists of
curvilinear triangles. Such configurations have been studied before as special cases
of circle packing (see [11, 12]). In examining these configurations it is often more
convenient to consider the bend of the circle (one over the radius) than the radius
itself.

Perhaps the most well-known, and most studied, example of an Apollonian con-
figuration is formed by starting with three mutually tangent circles and then filling
in each curvilinear triangle with the unique circle which is tangent to all three sides
of that triangle (see Fig. l1a); we then repeat this process with each newly created
curvilinear triangle as often as desired. This has the remarkable property that if the
first three circles have integer bends a, b, ¢ and

(a,b,c) :=ab+ac+ bc

is also the square of an integer, then each new circle which is added will also have
integer bend. Further, for any three mutually tangent circles with bends d, e, f then
(d,e, f) =m? for m an integer. These are consequences of Descartes Circle Theo-
rem. The properties of this configuration have been extensively studied (see [4-7]).

However, there are other ways to fill in a curvilinear triangle. Recently Guettler
and Mallows [8] examined the case where the curvilinear triangle is filled by three
new circles, each tangent to exactly two sides (see Fig. 1b). This also has a similar
property in that if the first three circles have integer bends a, b, ¢ and (a, b, c) =
2m? for m an integer, then each new circle will also have integer bend. Further, for
any three mutually tangent circles with bends d, e, f then (d, e, f) = 2m? for m an
integer. (This additional factor of 2 plays an important role in the packing, as we will
see in Sect. 3.)

In both of these cases the important element of the packing is the recursive rule for
filling in the curvilinear triangles. The basic building blocks for forming these rules
are the irreducible Apollonian configurations which we will introduce in Sect. 2. In

(a) Standard Apollonian rule. (b) Guettler-Mallows rule.

Fig. 1 Two rules for packing a curvilinear triangle
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Sect. 3 we will look at the problem of determining a small field that can be used to
represent a configuration (irreducible or not). In Sect. 4 we will show how to take
an Apollonian configuration and construct a rule for filling a curvilinear triangle. In
Sect. 5 we give some concluding remarks.

2 Irreducible Apollonian Configurations

There are several ways to represent an Apollonian configuration. Combinatorially
it can be represented as a tangency graph where each circle is a vertex and tangent
circles are joined by an edge. The resulting graph is a planar triangulated graph, which
corresponds to a triangulation of the sphere.

Theorem 1 (Koebe—Andreev—Thurston [11]) Given a triangulation of the sphere,
there exists an essentially unique circle packing where circles correspond to vertices
and edges to tangency between circles. Moreover, by projection this can be realized as
a circle packing in the plane, and any two circle packings in the plane corresponding
to the triangulated graph differ by a Moebius transformation.

In Fig. 2a we give a planar triangulated graph. One circle packing in the plane that
realizes this configuration is shown in Fig. 2b (the outer circle has negative bend, so
its interior lies on the outside of the disc). There are of course many possible ways
to realize the configuration by transforming the packing using a Moebius transforma-
tion.

We will see that when looking for a small field that can be used to represent the
packing, an important type of packing is one where we have a unit circle centered at
(0, 0) and two circles with bend 0 located at y =1 and y = —1. We will call such a
packing a standard packing. One standard packing for Fig. 2a is shown in Fig. 2c.

Every packing can be transformed into a standard packing by inverting at a circle
centered at a point of tangency, then rotating, scaling, and translating to put it into the
correct position. In general, standard packings are not unique, since by choosing to
invert at a different point of tangency we will be led to a (possibly) different standard
packing. However, since there are only finitely many points of tangency, there are
only finitely many standard packings. By using V — E 4+ F = 2 we have the following.

G &) o

(a) Tangency graph (b) Generic packing (c¢) Standard packing

Fig. 2 Different representations of an Apollonian packing
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(a) configuration (b) configuration (c) configuration
(not irreducible) (irreducible) (irreducible)

Fig. 3 Example of decomposing a configuration into irreducible parts

Lemma 1 Let G be a planar triangulated graph with n vertices (so that an associ-
ated packing will have n circles). Then there are at most 3n — 6 different standard
packings with tangency graph G.

In this paper we will focus on irreducible Apollonian configurations. In terms
of the tangency graph, this corresponds to having no triangles that are not faces. In
terms of a packing, this is equivalent to saying that no proper subset of circles is also
a nontrivial Apollonian configuration (trivial means three mutually tangent circles).

Starting with a tangency graph, if we have a triangle which is not a face, we can
decompose the graph into two parts: the triangle with the interior vertices and edges;
and the triangle with the exterior vertices and edges. We can continue doing this until
each graph is irreducible, or in other words, we can decompose the tangency graph
into irreducible components which are glued together on triangular faces. We can
do the analogous procedure for the packing in that we can break it into irreducible
packings that are glued together on three circles. An example of this is shown in
Fig. 3, where we have a packing which is not irreducible and then show the two
irreducible components in the packing.

So when we want to study properties of Apollonian packings, we can focus on
the building blocks which are the irreducible components of the packing. There are
many such irreducible Apollonian configuration with n circles. Starting with n =4,
there are (1,0,1,1,2,4,10,25,87,313, 1357, 6244, 30926, 158428, ...) such con-
figurations (see A007021 in [10], which differs in the n = 5 case; also see [1]).

3 Finding a Small Field for an Apollonian Configuration

We now consider the problem of finding a small (ideally smallest) field IF that can be
used to represent an Apollonian packing. Here to represent a packing we mean that
the bends and the centers of the circles can be expressed using elements of the field IF,
as described below.

If we compare the two different packings mentioned in the introduction, we see
that one of them satisfies (a, b, c) = m?, while the other satisfies (a,b,c) = 2m?2.
This factor of 2 in the second case plays an important role in the packing. In general
we will say that a packing over a field F is a g-packing, for some fixed g € I, if the
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bends of all the circles are in [F and further any three mutually tangent circles with
bends a, b, ¢ satisfy (a, b, c) = gm? for some m in F. Note that for every packing, by
enlarging the field (i.e., F = R) we can ensure that the packing is a 1-packing. The
interesting cases are where for some field, g is not a square. Examples are given in
some of the figures below where ¢ is not a square.

In our packing we can represent every circle by the triple (,/gx,y;b) where
(/gx,y) is the center and b is the bend. The tangency relationship between two
circles with nonzero bend translates into the equation

5 , (1 1)?
gx1 = x2)"+ (1 —y2)° = (b_ + b_) .
1 2
A circle with bend O (which corresponds to a straight line in the diagram) would be
described by (00, 00; 0). This does not uniquely describe the line. So in this case we
will represent the circle by the line y = ,/gmx +b or x = ,/qa; equivalently we have
that the line passes through two points of the form (,/gx1, y1) and (\/gx2, y2). (For
most of this paper, we will see that we can assume that it is of the form y = b.) The
tangency relationship between a circle (,/gxo, yo; bo) and the circle y = ,/gmx + b
then becomes
2
qmbijl = (yo — gmxo — b)*.
0
This gives a system of polynomial equations that has a solution in some algebraic
number field. (The solution is of course far from unique; in practice we first “anchor”
three circles by choosing centers and bends for them and then solve for the remaining
centers and bends.)
We have now introduced ¢ in two different settings, one as a correcting multi-
plicative factor looking at (a, b, c), the other as a scaling factor in the x direction.
The following two results show that these two are connected.

Lemma 2 Given a realization of a packing with circles (,/qxi, yi; b;) and (possibly)
y =./qm;ix + b;, let F be a field containing all values x;, y;, b;, m;, and q. Then
in the packing every set of three mutually tangent circles with bends a, b, ¢ satisfies
{(a,b,c) = qmzfor somem in .

Proof We show that every triple of tangent circles with bends by, by, b3 has
(b1, by, b3) = qu where m is in F. First let us consider the case where all three
have nonzero bends. This is illustrated in Fig. 4.

The tangency relationships give us the following three equations:

1 1)\
q(x1 —x2)* + (1 — ) = <—+ ) ,

by by

1 1)\

g(x1 —x3)* + (1 —y3)* = (— + —) ,
1 b3

1\2
g2 —x3)* + (2 —y3)* = +—).
by b3
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Fig. 4 Three circles with
nonzero bends

by
(Vqrs, ys)e-~

~

. //1/51
1/b1 \\\6/

(Var1,y1)

Since

16(b1bs + b1b3 + byb3) 1 1\?/1 1)\? 11\
=4l—+—)(—+—) - ((—+—
b2b3b3 by b by b3 b b

(L 1 L] A\ 2
bi b by b3 ’
by substituting on the right-hand side using the above three equations (along with

simplifying) we have

16(b1by + b1b3 + bab3)
bib3b3

= 4q(—x1y3 — y2x3 4 y3x2 + X172 + y163 — y1x2)%,

or

b1byb3(—x1y3 — y2x3 + y3x2 +Xx1y2 + y1X3 — y1xz))2

b1b2+b1b3+b2b3=q< >

Now suppose that one of the circles has bend 0. Let us assume that the circles
with nonzero bends are (,/gx1, y1; b1) and (/qx2, y2; b2) with by > b>. We do two
transformations. First we translate

(Vax.y) = (Va& = x1),y = »).

Clearly, this does not change the field I needed to represent the packing. So our
circles are now (0, 0; b1) and (,/gx5, y5; b2). We now rotate as follows:

()= (g W)
y 1/by+1/b2 \\/gx; ¥, y

Since q(xé)2 + (yé)2 = (1/b1 + 1/b3)? (i.e., the square of the distance between
the two tangent circles), this is a rotation matrix, and further it is easy to check that
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this takes (,/gx, y) = ({/gx’, ") so that we again do not need to change the field F.
Note that this sends (,/gx5, y5) — (0, 1/by + 1/b).

So applying the two transformations, we may assume that the two circles with
nonzero bends are of the form (0, 0; b1) and (0, 1/b1 + 1/b2; by). If the line repre-
senting the circle with bend 0 is vertical, then it must be the case that by = b, and
also that 1/b; = &£, /qa (this last part coming from the tangency relationship). Rear-
ranging these, we have

1 2
(b1, b2, 0) = bibr = b} = q(—) :
qa
Otherwise, the circle with 0 bend is of the form y = ,/gm’x 4+ b’. We can find the
slope of the line tangent to the two circles with nonzero bend which must be equal to
J/gm'. Doing this, we have

24/b1b
+ 172 _ Jam'
by — by
or, rearranging,
m' (b — b)\?
(b1, b2, 0) =b1bz=q(7z ) .

Finally, if two of the circles have bend 0, then trivially we have (b, by, b3) =0 =

V0% O

This shows that if our centers are of the correct form, then we have a g-packing. In
the other direction we want to show that if every set of three mutually tangent circles
satisfies {(a, b, c¢) = qu fora,b,c,q,m all in I (i.e., we have a g-packing over the
field F), then we can position the center of the circles so that they are of the form
(4/gx, y). This is a consequence of the following result.

Lemma 3 Suppose that the bends of three mutually tangent circles satisfy (a, b, c) =
qmzfor a,b,c,m, q in the field F. Further suppose that the circle of bend a is cen-
tered at (\/qXa, Ya) (or has the form y = ,/qmax + b,) and the circle of bend b is
centered at (\/qxp, yp) (or has the form y = ,/qmpx + bp) with all elements in F.
Then the circle of bend c is centered at (\/qx., y.) (or has the form 'y = ,/qm.x +b.)
with all elements in the field .

Proof Let us first consider the case where a and b are nonzero. As in the proof of the
previous lemma, we may first translate, rotate, and translate again while staying in
the same field F. So we will assume that (,/gx4, yo) = (0, —1/a) and (\/qxp, y») =
0, 1/b).

Suppose that ¢ # 0 and let (x., y.) be the corresponding center of the circle. We
now have the following three relationships:

ab + ac + be = gm?, e
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5 1\ /1 1\?
i+ ye+-) =(-+-]). 2
a a C
- 1\ L1 : 3
e\ 7)) T\ )

The first of these is our assumption, while the other two come from looking at the
distance between the centers of the circles.
Taking the difference of (2) and (3) and simplifying, we have

b—a

Y= Ca+b)

Substituting this into (2) and using (1), we have

1 1\? b—a  1\° 4(ab + ac + be) 2m
x”_i\/<2+2> _(c(a+b)+5) =N Caro? =t Ve

Now suppose that ¢ is 0. If a = b, then we can assume that ¢ = 1 and we can let
x = a be the circle with bend 0. Otherwise we solve for the line y = ,/gm¢x + b,
using the following two equations:

2 2f 1 2
gm-+1=a —;—bc ,

1 2
gm® +1 =b2<z —bc> ,

which gives the line

2+/ab 2 2m 2

— =4/ — —_
ot —a ﬁabx+b—a

Suppose that a # 0 and b = 0. Then the point of intersection between the circle
and line is at

Yamip +Xa — mpby  gmpXa +qmiya + by
qmi +1 ' qmlz) +1

(va )= (as.)

for s, t € F. We can now translate this point to (0, 0) and then rotate so that the center
of the circle with bend a is located at (0, 1/a) and the line becomes y = 0 (all while
staying in F). If ¢ = 0, then use the line y = 2/a. If ¢ # 0, then we have the two
equations y, = 1/c and q)cc2 + (ye — 1/a)*> = (1/c + 1/a)?. Solving, we can put the
center of the circle with bend c¢ at

( 2 1)_( 2 1)
Jac' ¢) qqm’c '
Finally if @ = 0 and b = 0, then we can position c at (0, (b, + bp)/2). O
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We now use Lemma 3 to show how to place a g-packing into the plane. First
we take two tangent circles with nonzero bends b; and b; and place their centers at
(0, 1/by) and (0, —1/b7). These centers are in the field ' and of the correct form. We
now place circles one at a time tangent to two already present. By repeated application
of the lemma all the circles will be representable in F.

Comparing the two previous lemmas, we see that Lemma 2 shows that if all of
q,X;, i, b; are in the field I, then so is m; j x = \/(bi, bj, bx)/q, while Lemma 3 can
show that if all of g, b;, m; ;i are in the field IF, then we can assume that the x;, y;
are also in the field. Note that in the latter case the field can be determined by finding
a small field (ideally smallest) containing all of ¢, b;, m;_j k.

Different realizations of packings of an Apollonian configuration might lie in dif-
ferent fields. We would like to find a realization that uses a small field. We have
already seen that (restricted) translation, dilation, and rotation will allow us to stay in
the same field. The next lemma shows that we can also invert.

Lemma 4 Suppose that the bends of three mutually tangent circles satisfy (a, b, c) =
gm? for a,b,c,m,q in the field F. We may assume (via Lemma 3) that the centers
of the circles are of the form (\/qx;,y;), or that the circles are of the form y =
Jamix + b; with the x;, yi,m;,b; in F for i =a,b, c. If we invert using a circle
centered at (\/qv, w) of radius R (with v, w, R? in ), then the bends a’, b', ¢’ of the
new circles are also in F and further satisfy (a’, b, ¢’y = q(m")? for some m’ in F.

Proof We first consider the case where a, b, ¢ # 0. Using the proof of Lemma 3, we
may first through a series of translations, rotation, and (possible) reflection, assume
that our circles are positioned as follows:

(V@%as ya) = (0, —1/a);
(Vqxp, yp) = (0, 1/b); and

(ﬁch)=( L )

ca+b)Y " cla+b)

If we invert through a circle centered at (,/qv, w) of radius R, then the new bends
can be expressed as follows (see [9]):

J_ v+ l1/a) —(/a)

R?/a ’
b — qv* + (w — 1/b)* — (1/b)?
B R2/b :
2 2 b—a \2
o= a(v— i)+ (w— 5y) - (1/0)2'

R%/c
From our assumptions we have that a’, ', ¢’ are in F. Now substituting these, we
have (with a little bit of simplifying)
g(m?>w* — dmvw? + 2gm>v>w? + 4v* — dgmv’ + ¢*>m*v*)

ab +dcd+bcd = 7
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(mw2 +gmv? — 2v>2

R2

Next suppose that a, b # 0 and ¢ = 0. Then, as in Lemma 3, we can translate so
that we have (0, 1/a; a), (\/q(2/qm), 1/b; b), and y = 0. If we invert through a circle
centered at (,/qv, w) of radius R, then the new bends can be expressed as follows
(see [9)):

,qvi 4 (w—1/a)? — (1/a)?
a =
R%/a

_q—=2/gm)* + (w — 1/b)* — (1/b)*
N R2/b ’

)

b/

;2w
C—F.

From our assumptions we have that a’, b’, ¢’ are in F. Now substituting these, we

have, as in the previous case,

g(m?w* — dmvw? + 2gm>v*w? + 4v* — dgmv3 + ¢*>m*v*)
R4

ab +dcd+bc =

mw? + gmv? — 2v 2

= q RZ .
Finally suppose that a # 0 and b, ¢ = 0. Then, as in Lemma 3, we can translate so
that we have (0, 1/a; a), y =0, and y =2/a. We now have that if we invert through

a circle centered at (,/qv, w) of radius R, then the new bends can be expressed as
follows (see [9]):

o w—1/a)? —(/a)?

R?/a '
;2w
=%
, 2Q2/a—w)
= ——".
R2

From our assumptions we have that a’, ', ¢’ are in F. Now substituting these, we
have

4qv? 2w\?
ab +dcd+bcd = 7 :q(ﬁ> ) O

So if all of the g, b;, m; j x are in the field I, then by inverting around a circle of
an appropriate form then we still have that ¢, b/, m; j are also in F. In particular we
can start with some packing and place it so that a point of tangency is at the origin and
all of the circles have centers of the form (,/gx, y), with the centers of the tangent

circles on the y-axis. Now invert around a circle at the origin of radius one, and finally
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Fig. 5 Bends alone cannot determine the minimal field F

scale and translate so that we have the three circles (0,0; 1), y=1 and y = —1. By
the proofs of the preceding lemma all these operations can be done inside the field. If
we started in a field I, then after doing these operations we are still in the same field,
although we might be able to now use a subfield in the realization. We sum this up in
the following theorem.

Theorem 2 A packing is realizable as a q-packing in the field F if and only if any of
its standard packings can be realized as a q-packing in F.

This shows that when we are looking for a small field, we can restrict ourselves
to standard packings. Moreover, it does not matter which standard packing is used, a
field that realized one standard packing must realize them all.

It is tempting to think that given a standard packing, we only need to look at the
smallest field that contains the bends of the packing to determine F. This is not, in
general, the case since we need to consider the centers also. In Fig. 5 we give two
different standard packings of the same irreducible Apollonian configuration. A stan-
dard packing given in Fig. 5a has all bends in the field Q[+/3] (the smallest circle has
bend 5 + 44/3), which would seem to indicate that F = Q[+/3] and in particular that
every standard packing would have bends in Q[+/3]. However, a standard packing of
the same configuration given in Fig. 5b has a circle with bend (3 +4+/2)/3 ¢ Q[v/3].
(The correspondence of circles between these two standard packings are as follows:
the left circle of bend 1 in Fig. 5a becomes the circle with bend (3 + 4/2) /3; the
circles with bend 6 become the circles with bend 2; the circles with bend 3 stay the
circles with bend 3; the circles with bend 0 become the circles with bend 4; the cir-
cle with bend 5 + 4+/3 becomes the left circle with bend 1; the circles with bend 4
become the circles with bend 0; the right circle with bend 1 stays the right circle of
bend 1; and the circles of 2 + \/3 stay the circles with bend 2 + «/3.)

3.1 Eulerian Configurations

The value ¢ is not unique, even in the minimal field, as it can vary by scaling by a
square in the field. The most interesting case is where g is not a square in the field
(i.e., cannot be made 1 by scaling). The case where ¢ is not a square will impose
some strict conditions on the underlying tangency graph of the configuration. We say
an Apollonian configuration is Eulerian if the tangency graph of the configuration is
Eulerian. (A graph is Eulerian if it is connected and each vertex has even degree, or
equivalently there is a walk that uses each edge exactly once.)
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ONO

(a) Packing. ) Inverted.

Fig. 6 A packing where a circle is tangent to an odd number of other circles along with its inversion
around point A

If we restrict the irreducible configurations to those which are Eulerian, this
greatly reduces the number of possibilities. In particular, starting with n = 6, there
are (1,0,1,0,2,1,5,3,18, 19,79, 134,501, 1147, ...) Eulerian irreducible configu-
rations (see [1]; this sequence is not yet in [10]).

Theorem 3 If a packing can be represented as a q-packing in the field F and q is not
a square in ¥, then the packing is Eulerian.

Proof Suppose that there is a circle tangent to an odd number of circles; we need to
show this forces g to be a square. First, we illustrate the proof in the case shown in
Fig. 6a. By inverting at one of the points of tangency and scaling we can get Fig. 6b,
where the b; are in the field F, and we have a g-packing.

Since this preserves ¢, we must have the following relationships (where all g; are
in F): by = gBL; biby = qB3; babs = qB3; bsbs = qB3; ba = 3. Solving for the b;,
we have

2 2 2
oot o). et

_ﬁ_<@)2_ 2
by \BipBs =4Fs-

This last relationship can only hold if g is a square, concluding the proof in this case.
In general we will have after the inversion that

b qyl.z if i is odd,
N y?  ifiiseven,

where the y; are in FF. If we started with an odd number of tangent circles, then the
last b; must be simultaneously of the form y2 and ¢82, which can only be possible
for g a square. U

4 Constructing Subdivision Rules

In this section we show how to form a rule on how to fill in a curvilinear triangle. We
illustrate the technique with an example. Consider the rule for subdivision illustrated
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c
(a) General case. (b) Special case.

Fig. 7 A subdivision rule

in Fig. 7a, where we start with a curvilinear triangle bordered with circles having
bends a, b, c.

We want to find a rule for finding the values of the bends of the new circles given
the bends of the circles a, b, c. The first thing to do is to consider the special case
a=1and b,c =0, i.e., as a standard packing; this is illustrated in Fig. 7b. In this
special case we find that this is a packing over F = Q[+/13] with ¢ = 4 — +/13. The
centers and bends are given in Table 1.

Once we have established the special case, the key is to relate the general case to
the special case. To do this we start by shifting the point of tangency between a and
b to (0, 0) and then rotate so that they are of the form (0, —1/a; @) and (0, 1/b; b).
We now invert in the unit circle centered at (0, 0) to get the picture in Fig. 8 (where
m is such that (a, b, c) = gm?). We can now use the special case in Fig. 7b to fill in
the rest of the packing by scaling and translating the packing. We then invert again
around the unit circle at the origin and then rotate and scale to put the circles back in
their original position. It remains for us to relate the new bends to the old bends. In
general we have that

new bend = (cﬂ — )(old bend),

(old bend)?

where d is the distance of the center of the circle to the point of inversion.
So suppose that we have the circle (,/gx, y; B) in the special case given above.
Then we scale and translate so that we now have the circle

a+b m\ a+b b—a 48

So applying the rule above, we have that the new bend ﬁ satisfies

G (af @l 2+ atb  b-a 2 (a+b)?*) 48
= 4 2 4 7T g 1682 Ja+b

2

1 s 1 18
=Z,3(a+b)(qx +y)+,3qu+§,3(b—a)y+z (@a+b)+pc.
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Table 1 Center and bends of

circles in Fig. 7b (¢ =4 — /13) Circle Bend Center
8+2/13
a 1 < + fO)
4413
b +3 (/4.3 - V13)
4+ /13
¢ — (24/q, -3 +13)
376 60«/
a’ 33-8V13 < + f o)
1142 4 V13
b” 32-8V13 + */— +
24
1142 —4— /13
o 32-8V13 + */— NZE
24
o 74+ /13 54+ [ 11+/13
b 2 RN
” 74+ 13 54 [ —11-/13
e 2 ST
7+ 5
by 5+ /13 < ﬁ, l;ﬁ)
5413 7+ -1-/13
b +2 ( ﬁ, 6f)
7+ -5+
c 5+ /13 < ﬁ, 1zf)
" 5+/13 7+«/_ 1+ 13
p 2 Vi —

my/q b—a
2 7 4

| o

Fig. 8 The inverted figure
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This shows that the new bends are linear combinations in [ of the quantities
a,b,c,m = ./{a,b,c)/q. In particular we can apply this rule to each circle above
and find a formula for the bends of the new circles in terms of the bends a, b, ¢ and
quantity m:

a' =-(4+13)(b+c)+2m+a,

R I

b =< (4+V13)(@+c)+2m+b,

—_ W

:—(4+\/_)(a+b)+2m+c

w

=8(4—V13)(a+b+c) + (148 — 40V 13)m +a,
b =8(4—V13)(a+b+c)+ (148 — 40v/13)m + b,

" =8(4—13)(a+b+c) + (148 — 40v/13)m + ¢,
ag’—%(7+\/_)a+ (5++/13)(2b +¢) + 6m,
al’ %(7+\/_)a+ (5+~/13) (b +2¢) + 6m,

b = %(7+x/ﬁ)b+—(5+«/§)(2a+c)+6m,
b = %(7+~/_)b+ (5 ++/13)(a + 2¢) + 6m,
< %(7+\/_)c+ (5+v13)(2a + b) + 6m,

o) = (7+~/_)c+ (5+~/_)(a+2b)+6m

In general this process generalizes to any rule for filling in curvilinear triangles (we
do not even need to assume irreducibility). The key to this process is (4), which shows
that the bends of the new circles are linear combinations of a, b, c, m = \/{a, b, c)/q.
We summarize this in the following theorem.

Theorem 4 Given a rule for filling in a curvilinear triangle, let F be a field con-
taining q,b;, m; j in the case where a = 1 and b,c = 0. Then for any three mu-
tually tangent circles with bends a, b, ¢ € F satisfying (a, b, c) = qgm? for some m
in F, repeated application of the subdivision rule will have all bends of the circles
in F. Further, every three mutually tangent circles with bends d, e, f will satisfy
(d, e, f)y=qm? for somem inF.

Some of the simplest irreducible packings are shown in Fig. 9. Figures 9b and 9¢
correspond to circle packings consisting of two concentric circles with respectively

four and six circles in between the concentric circles. Figure 9a corresponds to the
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00I0:0l0 0

(a) ¢ =1. (b) g=2. (c)g=3.

Fig. 9 Some small packings

traditional Apollonian case where we fill in one circle in the curvilinear triangle. The
circle has (x, y; B) = (2, 0; 1), so that using (4), we see that in general the new bend
will be a 4+ b + ¢ + 2m (this can be used to derive Descartes Circle Theorem).

Figure 9b corresponds to the packing introduced by Guettler and Mallows [8],
where three circles fill in the curvilinear triangle. The circles have (x,y; B) =
(\/5, %; 2) and (ﬁ, —%; 2), (2\/5, 0; 1), so that using (4), the formulas for the new
bends are a + 2b + 2¢ + 4m, 2a + b + 2¢ + 4m and 2a + 2b + ¢ + 4m (note the
symmetry of these equations).

Figure 9c corresponds to a packing where we fill in the curvilinear triangle using
five new circles (in this case the filling is not symmetric). The circles have (x, y; ) =
(%«/g, %; 3), (%ﬁ, %; 6), (%«/g, —%; 6), (%\/g, —%; 3), and (%\/5, 0; 1). So the new
bends are Bl =a+3b+3c+6m, ,éz =3a+4b+6¢+12m, ,@3 =4a+3b+6¢c+12m,
Ba=3a+b+3c+6m,and fs = %(a + b) 4+ ¢ +4m. In this case we see that we are
not guaranteed that if we start with a triple of integer bends satisfying (a, b, ¢) = 3m?>
for some integer m, then all further bends are integers. As a simple example, if we
start with a = b = ¢ = 1, then one of the circles has bend . On the other hand, if a
and b are both divisible by 3, then each of the resulting new mrcles has integer bend;
further in each newly created curvilinear triangle at least two of the three circles will
have bends divisible by 3. If we start with at least two of the three circles having bend
divisible by 3, then we can always fill in each resulting curvilinear triangle so that the
new bends are all integral.

As a general rule it is difficult to avoid fractions in the expressions for new bends
(see (4)). However there are some packings where we are able to avoid fractions. As
a good exercise, the interested reader can show if we use the (nonsymmetric) subdi-
vision shown in Fig. 10 that if we start with three circles with bends a, b, ¢ € Z[\/g]
with (a, b, ¢) = m?/2 for m € Z[+/3], then applying this subdivision rule arbitrarily
as often as desired will still result in circles with bends in Z[+/3].

In the traditional Apollonian packing, given three mutually tangent circles, we can
find two circles tangent to all three, one of them filling in the interior curvilinear
triangle and the other filling in the exterior curvilinear triangle. Similarly every sub-
division rule can fill in both curvilinear triangles. The way that this is done is to take
the packing of the special case, for example, Fig. 7b, and flip it across the y-axis.
Now we can do the same translate, scale, and invert procedure as before; the only
change to (4) is that m is replaced by —m.
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Fig. 10 An interesting
non-symmetric subdivision rule

(a) Subdivision rule. (b) Standard packing.

Fig. 11 Subdivision rule and standard configuration for icosahedron

5 Conclusion

We have looked at irreducible Apollonian configurations and seen how to look for a
small field that can realize the configuration. We have also seen how to use these to
form a rule for filling in curvilinear triangles that can then be used to construct larger
configurations. Starting with an initial set of three mutually tangent circles and a set of
rules, we can now apply these rules as desired. An interesting question then becomes
which rules give interesting packings (either geometrically, algebraically, or combi-
natorially). One strong candidate for study is shown in Fig. 11. The corresponding
tangency graph for this irreducible configuration is the icosahedron (the Apollonian
subdivision rule, Fig. 1a, corresponds to the tetrahedron; the Guettler—Mallows sub-
division rule, Fig. 1b, corresponds to the octahedron). Because of the symmetry of
the icosahedron, this configuration has a unique standard packing which corresponds
tog=1in (@[«/g].

We note that most Apollonian configurations can actually be used to create many
different rules for filling in a curvilinear triangle, depending on the different standard
packings. For example, the two different standard packings in Fig. 5 give rise to two
different rules for filling in curvilinear triangles. In such a case we can use the same
field F and ¢ for each rule.

Besides considering the recursive structure, we can at a more basic level look at
the irreducible Apollonian configurations. We saw that for the configuration to be
a g-packing with a nontrivial g, the corresponding graph of the configuration was
Eulerian. It would be interesting to see what other properties of graphs translates

@ Springer



504 Discrete Comput Geom (2010) 44: 487-507

Fig. 12 An extendable
construction for g =2

Fig. 13 A packing with F = Q[f/ﬁ] (here y = 3/5)

into restrictions on the configuration and vice-versa. Many of the interesting config-
urations that we found exhibited symmetry in the graph; this symmetry can be used
to reduce the size of the system of polynomial equations that can be solved, which
might explain why configurations with small fields tend to be highly symmetric. One
would expect that there is some connection between the symmetry of a graph and the
minimal field; though none is currently known.

Perhaps the most interesting case is where F = Q. In this case, which values of
q are possible? In Fig. 9 we gave examples for ¢ = 1, 2, 3, while in Appendix we
also give some additional examples for g = 6, 7, 21; so far these are the only known
values for g. It is unknown how many, if any, other values are possible. For ¢ =2, 3,
it is known that there are infinitely many irreducible Apollonian configurations. For
instance, we can extend the configuration shown in Fig. 12. A similar construction ex-
ists for ¢ = 3. On the other hand, for ¢ = 6, 7, 21, there are only 4, 4, 1 (respectively)
known configurations.

More generally, is there any restriction on which fields are possible? Given the set
of equations to be satisfied are polynomial, each irreducible configuration is realiz-
able by some algebraic number field. We have discovered examples in the quadratic
extensions Q[v2], Q[v3], QIV5], QIV6], QlV71, QIV13], QIV17], QIV21],
QIv37], Q[v42], Q[+/57], Q[+/97], and Q[+/105]. Most packings correspond to
higher-order extensions; in Fig. 13 is a packing which is realizable in the cubic ex-
tension Q[Q/E].

We have restricted our focus to Euclidean geometry. One can also look at subdivi-
sion rules in hyperbolic and spherical geometries (see [3]).

There still remain many interesting problems about Apollonian configurations.
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6 Comments on How These Packings Were Found

We used several techniques to find the packings discussed in this paper. Our first
approach was to fix a value of ¢ and grow packings one circle at a time by hand
until we got to an irreducible configuration (we limited ourselves to having rational
bends). This met with some limited success, and we were able to find several packings
forg =1,2,3,6,7,21. This method, though is quickly exhausting and discovering
nontrivial examples, was, well, nontrivial.

Failing to discover new values of g, our next approach was to fix a standard pack-
ing (preferably one with high symmetry), then set up a system of equations relating
centers and bends, and then have a computer algebra system solve them, in the hopes
that we would get an interesting answer. This approach also met with some limited
success; for instance, the configurations given in Figs. 7 and 11 were found using
this method. This approach also had limitations in that setting up the system of equa-
tions was time consuming, and as the number of circles increased the computer had
a difficult time in finding a solution.

Our last approach was to take a packing (starting with the tangency graph) and
find the bends in a standard packing numerically to high precision. We could then
take these numbers and try to determine algebraically what they were (checking that
the algebraic answer satisfied the configuration). This approach allowed us to test
many configurations quickly. Using this method, we rediscovered all of the ones we
had previously found in addition to the configurations given in Figs. 10, 13, and 17
as well as many others. The Maple program used in this last approach is available
from the first author’s website.
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Appendix: Some Irreducible Configurations with F = Q

Fig. 14 The only currently
known configuration with
F=Qand g =21
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Fig. 17 Another configuration with F =Q and ¢ =3

References

1. Brinkmann, G., McKay, B.: Guide to using plantri. cs.anu.edu.au/~bdm/plantri/ (2001)

2. Collins, C., Stephenson, K.: A circle packing algorithm. Comput. Geom., Theory Appl. 25, 233-256
(2003)

3. Eriksson, N., Lagarias, J.C.: Apollonian circle packings: number theory II. Spherical and hyperbolic
packings. Ramanujan J. 14, 437-469 (2007)

4. Graham, R.L., Lagarias, J.C., Mallows, C.L., Wilks, A.R., Yan, C.H.: Apollonian circle packings:
number theory. J. Number Theory 100, 1-45 (2003)

5. Graham, R.L., Lagarias, J.C., Mallows, C.L., Wilks, A.R., Yan, C.H.: Apollonian circle packings:
geometry and group theory I. The Apollonian group. Discrete Comput. Geom. 34, 547-585 (2005)

@ Springer


http://cs.anu.edu.au/~bdm/plantri/

Discrete Comput Geom (2010) 44: 487-507 507

6. Graham, R.L., Lagarias, J.C., Mallows, C.L., Wilks, A.R., Yan, C.H.: Apollonian circle packings:
geometry and group theory II. Super-Apollonian group and integral packings. Discrete Comput.
Geom. 35, 1-36 (2006)

7. Graham, R.L., Lagarias, J.C., Mallows, C.L., Wilks, A.R., Yan, C.H.: Apollonian circle packings:
geometry and group theory III. Higher dimensions. Discrete Comput. Geom. 35, 37-72 (2006)

8. Guettler, G., Mallows, C.: A generalization of Apollonian packing of circles. In: Proceedings of the
20th Annual Canadian Conference on Computational Geometry, pp. 19-22 (2008)

9. Hidetoshi, F., Rothman, T.: Sacred Mathematics: Japanese Temple Geometry. Princeton University
Press, Princeton (2008)

10. Sloane, N.: The On-Line Encyclopedia of Integer Sequences. www.research.att.com/~njas/sequences/
(2009)

11. Stephenson, K.: Introduction to Circle Packing. Cambridge University Press, Cambridge (2005)

12. Stephenson, K.: Circle packing: a mathematical tale. Am. Math. Soc. Not. 50, 1376-1388 (2003)

@ Springer


http://www.research.att.com/~njas/sequences/

	Irreducible Apollonian Configurations and Packings
	Abstract
	Introduction
	Irreducible Apollonian Configurations
	Finding a Small Field for an Apollonian Configuration
	Eulerian Configurations

	Constructing Subdivision Rules
	Conclusion
	Comments on How These Packings Were Found
	Acknowledgements
	Open Access
	Appendix: Some Irreducible Configurations with F=Q
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice




