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Dehn-Thurston Coordinates for Curves on Surfaces

FENG LUO AND RICHARD STONG

We prove that the geometric intersection numbers between two
proper 1-dimensional submanifolds satisfy a Cauchy type inequal-
ity expressed in terms of the Dehn-Thurston coordinate. As an
application, we reestablish the fundamental results in the theory
of measured laminations on surfaces.

1. Introduction.

1.1. We study the space of isotopy classes of 1-dimensional submanifolds
in a surface in this paper. The subject was originated by Max Dehn in
his 1938 paper [De]. In this work, Dehn laid the foundation for the stud-
ies of the mapping class group of a surface and the space of isotopy classes
of 1-dimensional submanifolds in a surface. According to Dehn, the most
important proper 1-dimensional submanifolds are the curve systems which
have the property that no component of the submanifold is null homotopic
or homotopic into the boundary of the surface by homotopies relative to
the boundary. Dehn defined the arithmetic field of a surface 3, denoted by
CS(X), to be the set of all isotopy classes of curve systems. Dehn’s main
focus of study in [De| was the action of the mapping class group on the
7arithmetic field” C'S(X). In 1976, William Thurston independently redis-
covered the space C'S(X) and put one more vital ingredient into the study
of 7arithmetic field” C'S(X). Namely, the geometric intersection numbers
between two isotopy classes of 1-dimensional submanifolds. Recall that if «
and (3 are isotopy classes of proper 1-dimensional submanifolds, then their
geometric intersection number, denoted by I(«, 3), is the minimal number
of intersections between their representatives, i.e.,

I(e, ) = min{laNb| : a € o, b € (}.

Thurston developed the theory of measured laminations which is a topolog-
ical completion of the pair (C'S(X), I) and used it to classify the elements in
the mapping class group.

To study the arithmetic field C'S(X) of the surface, Dehn introduced a
parameterization of it (the Dehn-Thurston coordinate, see [PH] or §2 for
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a definition). The parameterization is an injective homogeneous map II :
CS(X) — (Z*/£)3917=3 x ZL, where g is the genus of the surface and r > 0
is the number of boundary component of the surface.

Our main result is a Cauchy inequality relating the geometric intersection
number and the Dehn-Thurston coordinate. As an application, we shall
reestablish some of the basic results in the theory of measured laminations
from the inequality.

To state the main result, we need to introduce a natural metric on
the space Z%2/+ = {[z,y]|z,y € Z so that (z,y) and —(z,y) are identi-
fied }. We define the metric on the space Z2/+ to be |[x1,y1] — [22, yo]| =
min(|z1 — 2| + [y1 = yal; |21 + 22| + [y1 + 2|) and [[2, y]| = [[z, y] - [0, 0]].
The metric on the product space (Z2/4)* x Z" is defined to be the product
MetTic (01, oy Vprr) — (Ul ooy Utr)| = S0 0y — ], Also (01, ..., Upr)| =

k+r
>imt vil-
Theorem. For a compact oriented surface 3, the geometric intersection
number satisfies the Cauchy inequality that

[ (a, B) = I{er, )| < 3[I()|[T(3) — TI(7)] (L.1)

for all o, B,y € CS(X). Here Il(«) is the Dehn-Thurston coordinate of c.
If the 3-holed sphere decomposition used in the definition of the Dehn-
Thurston coordinate contains only embedded 4-holed spheres, then

[ (a, B) = (e, )| < 2[I() |[TT(3) — TI(7)] (1.2)

Furthermore, the inequality (1.2) is sharp.

Here by a 3-holed sphere decomposition containing only 4-holed spheres,
we mean any two 3-holed spheres in the decomposition do not share more
than one boundary components (see figure 5.1 (b), (c)). For these 3-holed
sphere decompositions, the inequality (1.2) is sharp. Indeed, for the 4-holed
sphere X 4, if one takes «, 3, and «y as shown in figure 1.1, then the inequality
(1.2) becomes an equality. It is possible that inequality (1.1) is also sharp.
However, we have not been able to find an example realizing the equality in
(1.1).

We remark that in [Re], using the theory of train-tracks, it is proved that
the inequality |I(c, 3) — I(a,v)| < K|II(«)||II(8) — II(7y)| holds for three
classes «, (8 and ~ carried by a train-track and the constant K depends on
the train track.
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Figure 1.1

1.2. As an application, we shall reestablish some of the basic results in the
theory of measured laminations which is a topological completion of the pair
(CS(%),I). Thurston first observed that the pairing I : CS(X)xCS(X) — Z
is similar to a non-degenerate bilinear form on a lattice in the sense that
(1) for any « in C'S(X) there is § in C'S(X) so that I(a,3) # 0, and (2)
I(ad,B%) = jkI(a, ) where o is the collection of j copies of a. In linear
algebra, given a non-degenerate bilinear form on a lattice L of rank r, there
is a canonical completion of the lattice to a Euclidean space so that the
bilinear form extends naturally. The theory of measured laminations is the
exact analogy. Define an embedding © of C'S(X) to RE$®) by sending « to
the function ©(«) = I(«,.), i.e., ©(a)(S) = I(a, B). Then the space of mea-
sured laminations M L(X) is defined to be the closure of Q¢ x ©(CS (X))
in the product topology. The basic theorem in the theory of measured lami-
nations is the following remarkable result which shows in particular that the
geometric intersection numbers behave very well in dimension 2.

Theorem. ([Thl],[Th2], [Bo]) For each compact orientable surface ¥ of
genus g with r many boundary components,

(1) the intersection pairing I extends to a continuous homogeneous map
from ML(X) x ML(X) to R, and

(2) the space M L(X) is homeomorphic to the Buclidean space R%9T7=3 x
R%,.

See [Bo|, [FLP], [HM], [PH] and others for proofs. It will be shown
in §6 that this result follows from theorem 1.1 and a fact that the twisting
coordinate can be expressed as a universal function in terms of the geometric
intersection numbers with a fixed set of simple loops (Prop. 4.4).

1.3. The paper is organized as follows. In §2, we recall the definition
of Dehn-Thurston coordinate. We shall make an extensive use of a natural
multiplicative structure on the space C'S(X) to define the twisting coordi-
nate.
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In §3, we study the Dehn-Thurston coordinate and the multiplication of
curve systems on the 3-holed sphere. The corresponding results for the 1-
holed torus and the 4-holed sphere are proved in section §4. In §5, we prove
theorem 1.1 and in §6, we derive the basic result on the space of measured
laminations from theorem 1.1.

1.4. Acknowledgment. The work is supported in part by the NSF.

2. Dehn-Thurston Coordinate of Curve Systems.

We will define the Dehn-Thurston coordinate on C'S(X) in this section. The
Dehn-Thurston coordinate on surfaces with non-negative Euler number is
very simple and will not be discussed here. Thus unless mentioned otherwise,
we will always assume that the surface ¥ is oriented with negative Euler
number in this section. The basic ingredient to define the coordinate is a
decomposition of the surface into hexagons (an H-decomposition). This will
be defined in section 2.2.

This section is organized as follows. In §2.1, we introduce the notations
and conventions to be used in the paper. In §2.2, we recall the classifica-
tion of the curve systems in the 3-holed sphere and introduce the concept
of standard curve systems. In §2.3, we define the P-decomposition (pants-
decomposition) and H-decomposition (hexagonal-decomposition) of a sur-
face. In §2.4, we recall a very useful multiplicative structure on the space
CS(X) and list its basic properties. The Dehn-Thurston coordinate is de-
fined in §2.5. There are some overlaps between the work of [PH] and ours
in the approach to the Dehn-Thurston coordinate. The use of hexagonal-
decomposition in this paper seems to be graphically easier to understand
than that of [PH].

2.1. We shall use the following notation and conventions. Let X, . be the
orientable compact surface of genus g with » > 0 boundary components. The
interior of a surface X will be denoted by int(X). If a surface X is oriented,
then all its subsurfaces have the induced orientation. We will always draw
oriented surface so that its orientation is the right-hand orientation in the
front face. If s is a proper submanifold of a surface, we use N(s) to denote
a small tubular neighborhood of s. The isotopy class of a submanifold s is
denoted by [s]. If a,b are curve systems, we will also use I(a,b) or I([a],b)
or I(a,[b]) to denote the intersection number I([a], [b]). Two isotopy classes
a and 3 in CS(X) are called disjoint if I(«, 3) = 0. If I(a, 3) # 0, we say «
intersects 3. If s is a component of a curve system a, we will call the isotopy
class [s] a component of [a]. A parallel copy of a curve system a is a new curve
system @ isotopic to a so that ¢’ and a are disjoint and o’ C N(a). When
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a curve system a is written as a union a; U ... U a,, it is always understood
that each a; is a union of components of a. Let 2Z be the set of all even
numbers. The isotopic submanifolds a, b will be denoted by a = b.

A function f : R™ — X where X admits an action of R~ is called
homogeneous if for all k € Ry, f(kx) = kf(x).

2.2. We begin with the classification of the curve systems on the 3-holed
sphere ¥g3. It is well known that the curve systems in X3 are classi-
fied up to isotopy by their intersection numbers with the three boundary
components. See for instance [FLP]. To be more precise, let the bound-
ary components of the 3-holed sphere X3 be 0i,02,05. Define a map
II:CS(Xo3) — {(x1,29,23) € Z3o|x1 + 72 + 73 € 2Z} by sending « to
(I(c, 01), I(x,3), I(x,33)). Then the map II is a bijection. This is the
Dehn-Thurston coordinate for the 3-holed sphere. One can list the curve
system with coordinate (x1, 2, z3) as in figure 2.1(a).

An H-decomposition on the surface Yo 3 is a curve system b; U by U b3
whose Dehn-Thurston coordinate is (2,2,2). We call the closure of each
component of ¥ 3 —b; Uby U bs a hexagon whose boundary consists of three
edges in by U by U b3 and the other three in 03 3. We assume that b; is
disjoint from 0;.

Fix an orientation on the surface ¥y 3 and color one of the hexagons red.
Then with respect to this colored H-decomposition of the oriented surface
Yo,3, each element o € CS(3g3) has a standard representing curve system.
Here a curve system is called standard if each component of it is standard.
An arc a is standard if either it lies entirely in the red-hexagon or if da C 0;,
then Oa is in the red-hexagon and |aN (b1 UbaUbs)| = 2 = |aN(b;Ub;)| so that
the cyclic order of the sets (a N 0;,aNb;, aNbj) in the boundary of the red-
hexagon coincides with the induced orientation from the red-hexagon. For
instance the standard representatives of the curve system with coordinate
(1,9, x3) are listed in figure 2.1(b).

2.3. Let CSp(X) € CS(X) be the subset consisting of isotopy classes
of curve systems which contain no arc components. We call an ele-
ment [p] € CSy(X) a P-decomposition if each component of the surface
¥ —UE_int(N(p)) is a 3-holed sphere. In this case, the curve system p must
have exactly 3g+r—3 many components. An H-decomposition of the surface
is a pair ([p], [b]) € C'Sp(X) x C'S(X)) so that (1) [p] is a P-decomposition, (2)
I(p,[b]) = |pNb|, and (3) for each 3-holed sphere P bounded by components
of p, (P, PNb) is an H-decomposition of the 3-holed sphere.



6 F. Luo and R. Stong

j —th boundary component
k—th boundary component

X, X X Xj > Xj+xp Xj > Xj + Xy
part (a)

X, +Xg > X Xi > Xj+Xp Xj > Xj + X X > Xi + Xj

part (b)

Figure 2.1

In this paper, we shall define Dehn-Thurston coordinate associated to
colored H-decompositions which satisfy the condition that one can color the
set of all hexagons in the decomposition into red and white so that there
is exactly one red-hexagon in each 3-holed sphere and that red and white
hexagons never share the same p-edges (recall that each hexagon has six
edges either in p U 9% or in b.)

2.4. Let us recall the concept of multiplication of two curve systems in
CS(X). See [Bol], [Lu], and [Pa]. Given a and 3 in CS(X), take a € «
and b € [ so that [aNb| = I(a,F). If @ and B are disjoint, we define af
to be [aUb]. If I(a, B) > 0, then af is define to be the isotopy class of the
1-dimensional submanifold ab obtained by resolving all intersection points in
aNb from a to b. Here by the resolution from a to b we mean the following
surgery. At each point p € a U b, fix any orientation on a. Then use the
orientation of the surface to determine an orientation of b at p at p. Finally
resolve the singularity at p according to the orientations on a and b. One
checks easily that this is independent of the choice of orientation on a. See
figure 2.2.
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Figure 2.2

It is shown in [Lu] that the 1-dimensional submanifold ab is still a curve
system. Also if o is the isotopy class of a simple loop, then a!(®#)3 is the
positive Dehn twist along « applied to (.

Here is an example illustrating the use of the multiplication.

Example. If a and b are curve systems in the annulus 392 = St x [~1,1]
with central curve ¢ = S' x 0 so that da = b, then there exists a non-
negative integer k so that either a 2 ¢*b or a = bc¥ by an isotopy leaving
the boundary 0%  fixed.

5 &
_B.
/]

: \

two resolutions

B0

Figure 2.3
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The basic properties of the multiplication are obtained in [Lu] and can be
summarized in the following theorem. Since the paper [Lu] has not appeared
in print, we present a proof of it in the appendix for completeness.

Theorem. The multiplication CS(X) x CS(X) — CS(X) sends CSp(X) x
CSy(X) — CSy(X) and has the following properties.

(1) It is preserved under the action of the orientation preserving home-
omorphisms of the surface.

(2) (commutativity) If I(c«, ) = 0, then a8 = fa . If af = fa and
a € CSy(X), then I(a, 3) = 0.

(3) (associativity) Suppose «, 3, and v are in CS(X) so that the ordered
set (o, B,7y) contains no positive triangles and positive quadrilaterals, then
a(By) = (af)y.

(4) (inverse) If a is in CSo(X) and each component of « intersects 3,
then a(fa) = (afB)a = B. Furthermore, I(a, 3) = I(a, af) = I(a, fa).

(5) For any integer k € Zg, (af)* = o*g*.

(6)(triangle inequality) I(c, Bv) < I(a, B) + I(c,y). The inequality be-
comes an equality if (o, B,7) contains no positive triangles or quadrilater-
als.  Furthermore, if § € CSy(X), then |I(«a, y) — I(a, )| < I(e, 3) and

‘I(a,’yﬂ) - I(avﬂ)')‘ < I(avﬁ)'

Here we say three ordered elements oy, g, ag € C'S(X) contain a positive
triangle or a positive quadrilateral if the following condition is satisfied.
Take a; € oy so that |a; Naj| = I(a;,a;) and a1 Naz Naz = 0. There is
a topological disc D which is the closure of a component of 3 — Ug’:l a; SO
that the boundary 0D is a union of three (resp. four) arcs ci, co, cs (resp.
1,2, c3,d) with ¢; C a;,d C 9% and the cyclic order (c1, g, c3) coincides
with the induced orientation on @D from D. See figure 2.4

2.5. Fix a colored H-decomposition ([pi1U...Upsg4r—3], [b]) of an oriented
surface ¥ = X, ,. The Dehn-Thurston coordinate of o in C'S(X) is a vector
in (Z2/£)%917 =3 x ZL ;. Let us write the image of a vector (vy, ..., vg) € (Z%)F
in (Z2/4)* by ([v1], ..., [vx]). Then

I(a) = ([x1,t1], - - -, [X3g4r—3, t3g+r—3], T3gr—2s - - - » T3g4+2r—3)-

For simplicity, let us use p3g4r—34+; = 9;2. Then the i-th intersection
coordinate x; is defined to be I(«, p;) for 1 <i < 3g + 2r — 3.
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Figure 2.4

The definition of the i-th twisting coordinate t; for 1 < ¢ < 3g+1r — 3
is more complicated. By definition, if p;, p; and py (two of them may be
the same) bound a 3-holed sphere P in 3, then x; + x; + xj is an even
number. Thus by fixing x; points in the red-arc part of p;, we can construct
a standard curve system on the 3-holed sphere with coordinate (z;, x;, z)
having these fixed x,, points in p,,, (m = i, j, k) as end points. The union
of all these standard curve systems produces a curve system s in X so that
I(s,pi) = z;. We call the curve system s standard and its isotopy class [s]
the zero-twisting representative of a and denote it by a;.

For simplicity, we shall use a0 to denote SBa~" if n is a negative in-
teger. For instance, example 2.4 concludes that a = ¢*b for some k € Z.
By the associativity and the inverse property of theorem 2.3, we have that
a™(a"B) = o™t for all m,n € Z if each components of « intersects 3.

Lemma. Fach a in CS(X) can be expressed uniquely as

t r—
a=[pi . .pyr 5o (2.1)

where t; € Z so that if I(a,p;) = 0 then t; > 0.

Proof. By the classification of curve systems in the 3-holed sphere, we may
choose small regular neighborhood N = N (p1U...Upsgir_3)= U?i]Lr_?’N(pi)
and a representative a of a so that (1) a and s coincide outside the neigh-
borhood N and (2) aN' N and s N N are curve systems in N having the
same end points. Now for each index i, consider the curve systems a NN (p;)
and s N N(p;). By example 2.4, we find an integer ¢; so that a N N(p;) is
isotopic to pfi (sNN(p;)) by an isotopy which is the identity map on ON (p;).
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Furthermore, if I(«, p;) = 0 then ¢; is the number of components of o which
are [p;]. Thus we see that equation (2.1) holds.

To show that the numbers ¢; are unique, we use the triangle inequality
in theorem 2.4. Suppose otherwise, then there exists a in C'S(X) and a
non-zero vector (ti,...t3g4r—3) € 739173 5o that

2 [p]a = a.

Let us separate the exponents ¢; into positive and negative parts. Say I, =
{i|t; > 0} and I_ = {i|t; < 0}. Then we have

(Wier, [PY])a(Mier_[p; ¥]) = a.

Applying the above equation n times by multiplying IL;c, [ fz] from the
left and IL;es_[p; "] from the right and use the associativity (theorem 2.4
(3)), we obtain

(e, [p?ti])a(ﬂiel_[ Z_ntz]) =a.

Without loss of generality, we assume that ¢; > 0. Choose a simple loop
B € CSy(X) so that I(5,p1) > 0 and S is disjoint from all other p;’s. By
theorem 2.4(6) that I(z,yz) > max(I(z,y) — I(z,2),I(x,z) — I(z,y)) for
y € CSy(X), we have,

1(8, @) = I(B, (Wier, [/ ) a(Mier_[p; ™))

1(B, (Wicr, [pi")e) — 1(B8, Mics_[p; ™)
(/87( z€I+[ i ])04)

> 1(B, Wicr, [p{"]) — 1(B, )

= ntll(ﬁ, [ 1]) — I(ﬁ, a).

Since this has to be true for all n, we obtained a contradiction. QED

We call t; the i-th twisting coordinate of the Dehn-Thurston coordinate
of a. The i-th Dehn-Thurston coordinate of « is [x;,t;] for i < 3g+r —3
and is z; for i > 3g + r — 3. By definition, the space C'Sy(X) has zero i-th
Dehn-Thurston coordinates for ¢ > 3g +r — 2.

Let us summarize what we have proved so far in the following proposition.

Proposition. The Dehn-Thurston coordinate is a homogeneous bijection
II:CS(%) — { ([x1,t1], - [23g1r—3, t3gr—3], T3gtr—2, -, T3g42r-3) €
(Z2)4)2917=3 x(Zx0)"| if pi,pj and py bound a 3-holed sphere, then x; +
T;+ TR € QZ}.



Dehn-Thurston Coordinates for Curves on Surfaces 11

Proof. We have established all assertions except the homogeneity. Suppose
a is in CS(X). For all k € Zso, I(a¥,p;) = kI(a,p;). This shows that
(ak)zt = (azt)k by definition. Combining this with theorem 2.4, we see that
I(a*) = kTI(a).

2.6. As an example, let us calculate the Dehn-Thurston coordinates
of a, § and + on the 4-holed sphere with an H-decomposition given by
figure 1.1. Then II(a) = ([2,0],0,0,0,0), II(5) = ([0,—-2],2,0,0,2) and
II(v) = ([2,-2],2,0,0,2). Thus |II(a)| =2 and |[II(5) — II()| = 2. But we
also have I(«, 3) = 8, I(«a, ) = 0. This shows that the inequality in theorem
1.1 is sharp.

2.7. For applications, we have to consider a slightly refined version of
curve systems and isotopies. Suppose Y is a surface so that each boundary
component of it contains a red interval. We say a curve system in ¥ good if
its boundary components are in the red intervals. The space of all isotopy
classes of good curve systems where isotopies leave red interval invariant is

denoted by CS9(%).

Note that there is a natural forgetful map F': CS9(X) — CS(X) which is
a surjection so that F'(xz) = F(y) if and only if these two good curve systems
differ by some twists along the boundary components 0; of the surface, i.e.,
T & Hleﬁfiy by an isotopy leaving all red-arcs in the boundary invariant.
Here by 9]'y we mean (9;)"y where 9 is a parallel copy of 9;. See figure 2.5.

red interval

Twisting at the boundary components

Figure 2.5

Note that the Dehn-Thurston coordinate of C'SY9(X) can be defined in the
same way and is a homogeneous injection II : CSY(%) — (Z2/4)3977=3 x
(Z>op x Z)". To be more precise, let us fix a colored H-decomposition of the
surface so that the red-intervals in the boundary are exactly the intersection
of the boundary with the red-hexagons. Then each good curve system in
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the surface is isotopic to a good curve system of the form

t1 t3g4+2r—3
[PY'--P3giar sl

where p3g4r—3+; = 0; is the j-th boundary component and «; is the zero-
twisting class. The only novelty in this case is that we can define the twisting
coordinate of a good curve system with respect to each boundary component
of the surface.

2.8. Main idea of the proof. We sketch the proof of the main theorem
1.1 in this subsection. For simplicity, we will focus on the proof of inequality
(1.1). First of all, by homogeneity that I(a, 3?) = 2I(a,3) and 7(3?%) =
27(0), it suffices to prove (1.1) for classes § and v so that 7(5) = w and
() = v are even vectors , i.e., all z; and t; coordinates of them are even
integers. Now given any two even vectors u and v so that their distance
|u—v| = 2n, there exists a sequence of n+1 even vectors ug = u, u1, ..., Up = v
so that |u; — u;+1| = 2. On the other hand, by proposition 2.5, each even
vector u; is the image 7(3;) for some ; € CS(X). Thus by elementary
interpolation, it suffices to prove inequality (1.1) for classes 5 and v so that
m(5) and 7(vy) are even vectors of distance two apart. This means that the
Dehn-Thurston coordinates of 3 and v are the same except at one x;- or ¢;-
coordinate which differs by 2. In this case, we prove that § and - are related
by a multiplication by at most five simple loops 8 = §1...057ds+1...0; where
t < 5 so that §;’s are quite simple. In fact, these simple loops §;’s satisfy the
inequality that for all « € CS(%),

t

" I(a,5) < 6[1(a)]

=1

Thus by the triangle inequality (theorem 2.4(6)),

[1(a, B) = I{a, )| < Y (e, 8) < 6|T1()| = 3TI(a)||TI(3) — TI(7)]
i=1

More precisely if 3 and v differ by 2 in a ¢;-th twisting coordinate and all
other coordinates are the same, then by definition we have 3 = [p;]'§ where
t=2or —2 and I(a,pljtl) = 2z;(a) < 2|II(a)|. Thus inequality (1.1) follows
easily in this case. The difficult case is the change of some z;-th intersection
coordinate by 2. This will be the main focus of study in sections 3 and 4.
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3. Computations on the 3-holed Sphere.

3.1. In this section, we will carry out the computation of the intersection
number and the Dehn-Thurston coordinate of the multiplications of curve
systems on the 3-holed sphere. The goal is to prove proposition 3.6 which
shows that a change of intersection coordinate by 2 can be realized by mul-
tiplying with at most four simple loops and arcs of small Dehn-Thurston
coordinates.

In the next section, similar calculation will be done for the 1-holed torus
and the 4-holed sphere.

3.2. Let us fix a colored H-decomposition of the 3-holed sphere X 3
whose boundary components are 01, d2, 03. Let R be the red-hexagon. We
assume that the cyclic order of (0; N R, 02 N R, 03 N R) coincides with the
induced orientation on the boundary dR. We call RN 0; the red arc in the
boundary component. As a convention, in all figures, the red-hexagon is
always drawn on the front face with the right-hand orientation.

Let us introduce some notations. Let a,s be a connected standard curve
system (an arc) in Y3 so that it joins the d, and 0y, i.e., I(ays, Ok) =
Ork + 0sk. Let by = Ora;; be the multiplication of the curve systems 9; and
a;;. We will always assume that the intersection numbers |a,s N ay,| and
|ars N bj;| are minimal within their isotopy classes. Note that |a; N agk| = 2
and |a;; N aji| = 1 for 4, j, k distinct, and all other intersection numbers are
Zero.

As a convention, we will always assume that when calculating the mul-
tiplication of two curve systems a, b on a surface, I(a,b) = |a Nb|.

3.3. We will find the explicit formula for the intersection number I(«, 3)
using the Dehn-Thurston coordinates of o, 5 in C'S(X¢ 3). To this end, given
a curve system a in C'S(Xo3), let ny5(a) be the number of components of
a which are [a,s]. Since a = II, s[alr*] and the complete information on the

TS
intersections between a;;, a,s is known, one finds the following formula,

Lo, p)= Y ni(a)n(B)+ngm(a)ni(B)+2ni(a)ng; (8)+2n;(a)ni(6),

(4,5,k)€T
(3.1)
where the index set Z = {(1,2,3),(2,3,1),(3,1,2)}.
In particular we obtain,
I(Oé, a11) = ??,23(@) + 2?7,22(06) + 2?7,33(06), (3.2)

and
I(a, azs) = nii(a). (3.3)
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= . = . )
b= 2iay; b = 2j3 by = “k “kk

Right-hand orientation
Figure 3.1

Furthermore, if the Dehn-Thurston coordinate of « is (x1, 2, z3), then
I(ev, a11) < max(z2, x3) and I(ov, a93) < x1/2. (3.4)

It remains to express the quantity n,s in terms of the Dehn-Thurston
coordinate.

Lemma. There exist continuous homogeneous functions frs(x1, 22, x3) :
R2, — R so that for all o in CS(3o3) with Dehn-Thurston coordinate
(xla Z2, .21?3), nrs(a) = fT’S(xla Z2, .21?3).

Proof. Indeed, by symmetry, it suffices to write down the functions fi1
and fa3. By figure 3.1 and the classification of curve systems on the 3-holed
sphere, we see that

1
fu(zr, zo, 23) = 3 max(0, x; — xg — x3)

and

%max((),xz—l—xg —x1) fazo+x3>11
fos(x1, xe, x3) = < min(zg, x3) if xg > 21 + 3 or T3 > T + X9
0 otherwise
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One checks easily that f11 and fo3 are continuous and homogeneous func-
tions defined on R3. QED

In particular, we see that in terms of the Dehn-Thurston coordinate
x = (x1, x2, x3), the intersection pairing on C'S(X¢3) is given by

I(@y)= > ful@) i) + Fis@) faly) + 2fa(2) fi;(y) + 205() fuly).-
(4,5,k)€T
(3.5)
Note that the map I(x,y) is a continuous homogeneous function of real
variables (x1, 2, x3, y1,y2,Y3) € Rgo. One of the goal of Thurston’s theory
is to show that the similar theorem holds for all surfaces.

negative 2-twist
<~

i

postive 1-twist

i

\‘

negative 1-twist

e

postive 1-twist

O ,/

\

negative 1-twist

<—negative 1-twist

@

jkaii

Figure 3.2

3.4. For o, B € CS(X2p3), we have I(af,0;) = I(«a, ;) + I1(3,0;). This
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shows that

Lemma. Let II : CS(X) — Z3 be the Dehn-Thurston coordinate. Then
(aB) = 1l(a) + I1(5).

In particular, we see that in CS(X03), af = Ba, [aia;j] = [a?j],
[aiias] = [airas;).

3.5. The multiplication CS9(Xp3) x CSI(Xp3) — CSI(Xp3) is much
more complicated. For instance, aszai; = 01(a?3)03 in CS9(Xg3). This
extra twists along the boundary components is the main difficulty in proving
theorem 1.1.

Below is the complete list of multiplications of o € C'S9(X¢3) having
zero twisting coordinate with [a,s] so that I(a,ars) # 0. (The case that
I(ev,ars) = 0, the multiplication is the disjoint union.) The basic iden-
tities underlying the proposition are the following four: a;arx = a?ké?i,
Akk Qi = 8Za?k8,f, Qi A5k = 8jaijaik8i, and AjkQi; = aijaikﬁk where (’i,j, k) S
{(1,2,3),(2,3,1),(3,1,2)}. See figure 3.2 for a verification.

Proposition. Suppose (i,7,k) € {(1,2,3),(2,3,1),(3,1,2)}. Then the fol-
lowing identities hold where isotopies leave red-arcs in the boundary compo-
nents tnvariant. We assume that the index | > 0.

(1)

and

l Y 2
(a?kaﬂakk)aii =0 (G?JQL ajkakk )@m

& l +2 -1
aii(ajpaipagg) = (a5 " ajpag: )0;,
& l 1 1.1-1
(aijaipay;)ai = (aff aly* ag; )k,
4 l 1 1.1-1
aii(a%ag’}ﬁakj) & @(aff a:’,f Oy )i,
(5)

l ~ l
(a’ a’jka’ )a’tz = (az+2ajkaj]1)ajv

(6) 1 +2 2
aii(ag;a%.a;; )%8J(a?j jka” Ho;

(7)
(a?ka%afkk)aij =0, (a?k+1a§7c+la2kl)akv
(8)

N 1 mtl i—1
aij(ajaliagy,) = (al i ap ).

Proof. The proof follows from the figures below.
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negative 2-twist

postive 1-twist

negative 1-twist

aji(..)

negative 1-twist
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negative 1-twist

aji(..)

Figure 3.3



18 F. Luo and R. Stong

negative 1-twist

negative 2-twist postive 1-twist

negative 1-twist

positive 1-twist

negtive 1-twist

Figure 3.4

Note that the exponents of a;;’s in the above formula are governed by
lemma 3.4. By combining lemma 3.4 with the associativity of the multipli-
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cations (theorem 2.4), this proposition gives the complete information about
the multiplication between two classes in C'S9(Xg3). However, we do not
know a simple expression like lemma 3.4 for the multiplication in C'S9(%g 3).

For applications, we will need the following additional formulas. Recall
that bii = 8za”

Corollary. Under the same assumption as in the proposition, the following
identities hold.

(1)
Y l_
(a?kaﬂaik)(aijai) = (a?k+1a§7c+1akkl)akv

(2)
1 ~ 1 1. 1-1
(9jaij) (ajpaliay,) = afr aﬁi Qg s

(3)
Y l_
(a?ka%aik)(aiiai) = (a?k+2a§'}€akk1)8,§,

(4)

Ymom N~ n+2 m [—1
bii(ajalpage) = agy ~ajpag”,

(5)

n_om |l \ ~ n+l _m+1 [—1
bii(aijajkajj):ﬁj(aij an’ ay; )i,

(6)

(8¢bii)(a%a§'}§a§»j) = 8j(az*2aﬂa§;1),

Indeed, the corollary follows from theorem 2.4(4) and the identities in
the previous proposition. Indeed, by theorem 2.4(4), if « intersects 9; and
B = ad, then o = 9]'B. Thus in the corollary above, identity (1) follows
from proposition 3.5(7); identity (2) follows from 3.5(8); identity (3) follows
from 3.5(1); identity (4) follows from 3.5(1); identity (5) follows from 3.5(6);
and identity (6) follows from 3.5(6).

The following proposition is the main result in the section. It shows that
if the Dehn-Thurston coordinate is changed by 2, then the corresponding
curve systems under go a multiplication by at most four simple curve systems
of small Dehn-Thurston coordinates.

3.6. Proposition. Suppose the Dehn-Thurston coordinate ((x1,0), (z2,0),
(23,0)) is represented by v € CS9(Xo3) where x; = I(v,0;). Then,

(1) the Dehn-Thurston coordinate ((x1 + 2,0), (z2,0), (x3,0)) is repre-
sented by (vy[a11]07")05205% and by (07 [b11]y)05205% where eq € {0,1} and
|e2] + |es] < 2.

(2) the Dehn-Thurston coordinate ((z1+ 1,0), (x2,0), (x3+ 1,0)) is rep-
resented by (y[a13]01)052 and by (9slai3]y)05? where |eg] < 2.
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Proof. Take a standard curve system ¢ in v. To see part (1), we will
calculate the Dehn-Thurston coordinate of [a11]y and ~y[b11]. For simplicity,
we just calculate [a11]y. If I(,a11) = 0, then clearly y[a;;] has the Dehn-
Thurston coordinate ((z1 + 2,0), (z2,0), (23,0)). If I(7y,a11) > 0, then v =
atialabs, or alfbabiab, or afyatsal, where | > 0. Now we use the fact that
if o intersects 0; and § = 0]', then a = 0]'3 (theorem 2.4(4)). Thus the
result follows from proposition 3.5 (3), (5) and corollary 3.5(3) for (i, j, k) =
(1,2,3). The multiplication by 97b11 follows from corollary 3.5(4),(6) and
proposition 3.5(4). Finally part (2) follows from corollary 3.5 (1),(2) for

(1,7, k) = (3,1,2).
4. Calculations on the 1-holed Torus and the 4-holed Sphere.

4.1. The goal of this section is to show that the change of Dehn-Thurston
coordinates can be achieved by multiplying curve systems by some simple
loops on the 1-holed torus and the 4-holed sphere. To be more precise,
given a curve system « € C'S9(X), if the i-th intersection coordinate of « is
changed by 2, we will prove in this section that the change can be achieved by
multiplying « by at most five simple loops whose Dehn-Thurston coordinates
are small.

In the last part of this section, we prove that the i-th Dehn-Thurston
coordinate can be expressed as a continuous homogeneous function on geo-
metric intersection numbers with a fixed set of simple loops.

In this section, we take as our convention that all surfaces have a colored
H-decomposition so that the red-hexagons are drawn on the front face with
the right-hand orientation.

4.2. Take a colored H-decomposition ([p1]; [c1 U ¢2]) of the 1-holed torus.

Let po = 0%1,1. See figure 4.1.
.

Right-hand orientation on the red region

p2 is the boundary

Figure 4.1

Proposition. Suppose the Dehn-Thurston coordinate ([z1,t1], (z2,0)) is
represented by v € CS9(X11). Then the Dehn-Thurston coordinate ([z1 +
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1,t1], (z2,0)) is represented by the class [p2]°2(6°'7y) where & is represented
by a simple loop and e; € {£1} and ey € {0,£1}. Furthermore, for all
aecCS9(%E11), I(e,0)+ I(a, p2) < 2|I(a)].

Proof. We write v = [p1]"17.; where ~,; has zero-twisting coordinate. Take
a curve system c in 7y,; and let by, bg, b3 be the good curve systems in ¥ 1
so that their Dehn-Thurston coordinates are ([1, 0], (2,0)), ([1, 0], (0,0)) and
([0,0],(2,0)) as shown in figure 4.1. By definition, either ¢ = b*b5? or
¢ = b"by® where ng > 0. If ¢ = b]'b5?, then we take 6 = [bo] and e; = 1,
eo = 0. Thus depending on the sign of the twisting coordinate t1, either -~
or 76 has the Dehn-Thurston coordinate of the required form.

If ¢ 22 b33, let X be the 3-holed sphere ¥ 1 —int(N(p1)) where N (p1)
is a small regular neighborhood of p;. We give 3’ the restriction orientation
and the restriction colored H-decomposition. The boundary components of
Y/ are labeled as 0y, 0a, 93 where ON(p1) = 01 U 03 so that the cyclic order
(01, 02, 03) coincides with the induced orientation on the boundary of the
red-hexagon in ¥/, Let a;3 = by NY'.

The choice of the loop ¢ depends on the sign of the twisting coordinate
t1 =t1(y). If t1 > 0, we choose 6 = [bap1]. Since the Dehn-Thurston coordi-
nate of cN¥ in CS9(Y') is ((x1,0), (x2,0), (x1,0)), by proposition 3.6, the
Dehn-Thurston coordinate of (¢ N ¥')(a1301) is ((x1 + 1,0), (29, —1), (x1 +
1,0)). Note that the twisting coordinates of ¢ N ¥’ at the 9;-th and 05-th
coordinate are zero. Combining this with the fact that |cN (b201)| = I(c, 0)
and [(cN (b201) N N(p1)| = 0, we see that the Dehn-Thurston coordinate
of 740 is ([z1 + 1,0],(z2,—1)). On the other hand, by figure 4.2, we
see that the triple (p'il,fyzt, ) contains no quadrilaterals and only negative
triangles. Thus by the associativity for the multiplication (theorem 2.4),
76 = [p}'](8.40). This shows that the Dehn-Thurston coordinate of vd is
of the form ([x; + 1,t1], (x2, —1)). Thus the Dehn-Thurston coordinate of
v6[p2] ! has the required form.

If the twisting coordinate ¢;(y) < 0, we take 6 = [p1be] = [01b2] and
consider 9. The proof is the same as above and the only place we need
to pay attention is that the triple (7., pl_tl, ) contains no positive triangles
and positive quadrilaterals.

To estimate the intersection number I(a, d)+ I(«, p2) for any curve sys-
tem a € CS9(X1), take a € v so that a intersects b, p; and ps minimally.
Note that by the triangle inequality (theorem 2.4(6)) I(a,d) + I(c, p2) <
I(a, p1) +I(c, bo) + I, p2) = z1(a) + |aNba| 4+ x2(c). Now since a = play
where a,; is a standard zero twisting representative of «,;, we see that
la N bo| = |(praz) Nbo| < [P A bo| + |as N ba| < [ta] + |aze N by But
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the intersection a.; N by is inside the 3-holed sphere Y’ and the intersection
number [(a,bs) is equal to the intersection number I(a. N ¥/ by N ¥)
by the choice of the standard curve systems. Thus by inequality (3.4),
lazeNbo| < 210y, 02) = 29(@). In summary, we obtain I(«, §) +1(a, p2) <
3/2(z1() + z2() + [t1]) = 3/2[I(a)| < 2[II()].

d=bop

Yot
d=bop
Py

Figure 4.2

Remark. The crucial fact that the intersection number of two standard
zero-twisting curve systems in ¥;; is equal to the intersection number of
their restrictions to the 3-holed sphere is no longer valid for the 4-holed
sphere. One needs a more careful analysis of the intersection number in the
later case.

4.3. Take a colored H-decomposition ([p1], [d1 U ... Udy]) of the oriented
4-holed sphere ¥4 whose boundary components are 9; for i = 2,3,2/,3'.
Let p; = 0; for i = 2,3,2/,3". See figure 1.1.

Proposition. Suppose that the Dehn-Thurston coordinate ([x1,t1], (2, 0),
(23,0), (x9,0), (x3,0)) is represented by v € CS9(Xp.4). Then the Dehn-
Thurston coordinate ([x1 + 2, t1],(z2,0),(x3,0),(z2, 0),(x3,0)) is represented
by the class p32p3ipsf poy (8%y) where § is represented by a simple loop, e €
{£1}, and |s2| + |s3| and |syr| + |s3| are both at most 2. Furthermore, for

all a« € CS(X), the following inequalities hold.
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(1)

(o, 8) + I(a, pi2plslpbplssly < amia)). (4.1)

(2) for all partitions of {2,2',3,3'} into a 2-element set {i,j}U{k,l},
(e, )+ (|sil+1s5]) max(I(a, pi), I(ct; pj)) +(|sk|+[s1]) max(I (e, pr), I (e, pr))

< day (o) + 2[t1 ()| + 6 max(I (o, pi), I (o, p;)) + 6 max(I(a, pr), I (o, pr))-
(4.2)
(3) if in addition to (2) we assume that {i,j} = {2,3} and {k,1} = {2/,3'},
then

I(a,8) + (|s2| + [s3]) max(I(a, p2), I(e, p3))
+ (Is2r| + [s3]) max (I (a, par), I (v, pyr))
< 4wy (@) + 2t (a)| + 4max(I (o, p2), I (e, p3))
+ 4max(I(«a, p), I(a, p3)).

(4.3)

Proof. Let us write v = [p'il]’yzt where 7v,; has zero-twisting coordinate. Let
a1 be a standard curve system in ¥4 whose Dehn-Thurston coordinate is
([2,0], (0,0),(0,0), (0,0),(0,0)). Let b1; = p2ai1. See figure 4.3.

Figure 4.3

The required class § will be either [a11p§] or [pjb11] where s € {0, 1,2} de-
pending on the sign of the twisting coordinate ¢ (7). Using theorem 2.4(4),
we will show that the Dehn-Thurston coordinate of the class 6 for appropri-
ate choices of e has the form ([x1, t1], (x2, —s2), (x3, —S3), (T2, S2/), (T37, S37)).

The basic fact that we need is in the following lemma.
Lemma. Suppose v is a curve system in CS9(3g 4) with Dehn-Thurston
coordinate ([z1,0], (x2,0), (x3,0), (x2,0), (z3,0)). Then
(1) forn, s in Z>g, the triples of curve systems ([p1], vz, [a11p°]) and ([p5b11],
Yz, [P1]) do not contain positive triangles or positive quadrilaterals,
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(2)

I(7zt, a11) = (fi2 + 2fo2 + foz + 2f33) (21, x2, T3)

+ (fi2 + 2fo2 + foz + 2f33) (21, xor, T3), (44)

and

I(vzt,b11) = (fi1 + 2f22 + 233 + fizs + fa3)(x1, x2, x3)
+ (fi1 + 2fo2 + 2f33 + f13 + fo3) (@1, 21, T37).

(4.5)

(3)
I(v2, 011) < max(zg, x3) + max(zy, /), (4.6)

and
I(7y2t,b11) < 221 + max(zg, x3) + max(xe, x3/). (4.7)

Proof. We begin by introduce some notations. Let the two 3-holed sphere
components of ¥ 4 —int(N(p1)) be ¥ and ™. The boundary components
of ¥T and ¥~ are 09, 03, 8f and Oy, 03, 0; respectively. The subsurfaces
YT and ¥~ have the induced orientations and the restriction colored H-
decompositions so that the cyclic orders (02,03, 0;") and (9ar, 93,9y ) coin-
cide with the orientations on the boundary of the red-hexagons. Choose a
standard representative c of 7., so that all pairs (¢, ) have minimal intersec-
tion numbers within their isotopy classes for « € {ai1, b11, p1}. Furthermore,
all pairs (cN Y%, 2N Y%) have the minimal intersection numbers within their
isotopy classes in the subsurface ¥*. Let @ be the red-rectangle in N (p;)
which is the intersection of the annulus N (p;) with the red region. The two
sides of Q in AN (p;) are denoted by I_ and I, so that I C 9XF and that
I: have the induced orientation from £*. By the construction, we choose
¢ € 7, so that ay1 N 14 contains the first point among the intersection points
(cUaq1) NIt (measured in the orientation of I.) Similarly, bj; NIy contains
the last point among the intersection points (¢ Uby1) N Ix. See figure 4.4.

Now to see part (1), we note that if we parameterize the annulus N (p;)
by S1 x I so that all intersections cNp; and dQNint(N (p1)) are “horizontal”
of the form p x I, then the a1; N Q consists of two arcs joining the lower left
corner (the first point of I;) of @ to the upper right corner (the first points
in I_ ) of Q. This shows that the ordered triple ([p}], vz, [a11]) contains
no quadrilaterals and no positive triangles. It may contain some negatively
oriented triangles as shown in figure 4.4.

If we replace a11 by a11pj where s > 0, then aj1p] N N(p;) has larger
positive slope than that of a;; N N(p1). Thus the triple ([p}], vz, [a110]])
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again contains no positive triangles and quadrilaterals. The proof for the
triple ([p7b11],vzt, [p1]™) is the same.

Figure 4.4

To see part (2), we note that I(7y,, a11) = |cNa11| by construction. Now
the intersection number |cNay1| is equal to the sum [cNajy NET|+|cNaN
Y~ |+|eNai1NN (p1)|. By the construction, |cNay1NYT| is I(cNL*, a;1NET).
By identity (3.2), we have I(cNXT, a11NYT) = (2fa2+ fos +2f33) (71, 72, 73)
and I(cNX™,a11NE7) = (2fao+ fag+2f33) (21, o7, z3). Now the intersection
number |cNayy N N(p1)| is the sum (1 — g4) + (z1 — g—) where g4 is the
number of points of ¢M I which is between a11 N 4 in the interval . See
figure 4.5.

But by the construction of ¢ and a1, g+ is exactly the number (n;; +
n31)([eNSE)), ie., £1 — g+ = n12([cN EF]) (see figure 4.5). Thus 21 — g, =
fio(x1, xe, x3) and x1 —g_ = fia(x1, o, x3). This implies that formula (4.4)
holds. The same argument shows that (4.5) holds.

Part (3) follows from part (2) by a simple estimate. Indeed, definition,
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o = fi2 +2fo2 + fo3 and x3 = f13 + fo3 + 2f33. Also foof33 = fi2f33 = 0.
Thus we see that fio + 2fa2 + fog + 2f33 < max{xe, z3}. This implies that
inequality (4.6) follows from (4.4). Similarly, one shows that (4.7) follows
from (4.5) and the fact that x1 > f11 + f13. QED.

Figure 4.5

Now back to the proof of the proposition, if the twisting coordinate
t1(y) > 0, we take & = [aj1p]'] where e; € {0,1,2} and consider
v6. By proposition 3.6, we can choose e] and e; € {0,1} so that the

Dehn-Thurston coordinates of (c(allpﬁ[) N ¥%) in CS9(L*) are of the
form ((x1 + 2,0), (xi, 5:), (x5, sj)) where (4,75) are in {(2,3),(2/,3")} and
|si] + |sj] < 2. Since their twisting coordinates at p; are zero, by taking
e1 = ef +e; €{0,1,2}, we conclude that the Dehn-Thurston coordinate of
c(a11pi') has the form ([x1 +2, 0], (22, s2), (23, s3), (2, S2r), (x5, s3/)) where
|sa| + |s3] < 2 and |so| + [s3| < 2. (in fact proposition 3.4 shows that all
s; < 0.) By the above lemma, we have the associativity for the multiplica-
tion of the ordered three elements p?,’yzt, 0. Thus 6 = pﬁl (7240) has the
Dehn-Thurston coordinate of the required form.

If the twisting coordinate ¢;(y) < 0, we take § = [p7*b11] and consider
~vd. The result follows by the same argument as above by proposition 3.6
and the above lemma.

It remains to show the inequality (4.1), we will consider 6 = p§b1; where
2 > s > 0 for simplicity. The situation that 6 = aq1p] is similar and the
proof will be omitted.
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First of all the intersection number
I(r, i ph?lpl Ipls!) < 229(a) + 223(0) + 22 () +203()) (4.8

To estimate the first term I(«,d), by the triangle inequality (theorem
2.4(6)) and inequality (4.7),

e, 6) < I(ev, bia) + |s|I (e, p1)

(Oé bll) + 2.21?1( )

< I(aapf ™ b1y) + 221(a)
< I(azp, brn) + I(py " b11) + 221 (a)
< max(xa(a), x3(@)) + max(zy (@), vy (@)

+ 221 (o) + 2|ty ()| + 221 ()

< zo(a) + x3(a) + o (@) + 3 () + 41 (@) + 2|1 ().
Combining with (4.8), we see that (4.1) holds.

To see the second inequality (4.2), we note that

(Isil + [s5]) max(I(c, i), I (v, pj)) + (|sk] + |si]) max(I (e, pi), I (e, p1))
< 4dmax(I(a, p;), (e, pj)) + 4max(I(e, pr), I (e, pr)). (4.9)

Thus, it remains to prove that

I(a,6) < 4zq(o) + 2|t1()|) + 2 max(I (e, pi), I (ar, pj))
+ 2max(I (o, pg), I(a, pr)).

Indeed, by the triangle inequality and inequality (4.7), we have

I(e, 0) = I(cv, buip})
(a b11) + ‘S‘I(a p1)
(Oé bll) —1—221?1( )

< I(p} aztabll) + 221 ()
<I(p

|11(a L b11) + Iz, bin) + 221 ()
< 2Jt1(a)| + max(z2(a), 23(a)) + max(zy (), 2y (a)
+ 221 () + 221 ()
< 2max(zi(), zj(a)) + 2max(zg(a), z(a)) + 4z1(a) + 2|t (a)|
(4.10)

Combining with (4.9), we see that (4.2) holds.
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If {i,5} = {2,3} and {k,(} = {2/,3'}, then due to the inequalities that
|so| + |s3] <2 and |sor| + |s3/] < 2, we see that (4.9) becomes

(Isil + [s;]) max(I(a, pi), I(c, pj)) + (|sk| + [s1]) max(I (a, pr), I (v, pr))
< 2max(I (o, p;), (e, pj)) + 2max(I (e, pi), I (o, pr)). (4.11)

Combining (4.11) and (4.10), we see that inequality (4.3) holds.

Now the situation for ai1p] where 2 > s > 0 is similar. We just replace
all b11 by aq1 in the above calculation. This ends the proof.

4.4. We now show that the i-th Dehn-Thurston coordinate [z;,¢;] is a
continuous function of the intersection number functions. This is analogous
to a non-trivial fact in the train-track approach to the space of measured
laminations. Namely, given a good train-track 7" and an edge E in 7', there
exists a finite collection of simple loops s1, ..., $;, and a continuous homoge-
neous function f so that for all curve systems « carried by T, the weight of
« at the edge E'is f(I(a, s1), ..., (@, S$m)).

We shall use the same the notations as in §4.2 and §4.3.

Proposition. (1) There exists a continuous homogeneous func-
tion f(x1,w2,23,74) : RY* — R?/+ so that for any o in
CS9(X1,1), the first Dehn-Thurston coordinate of o« is [x1(a),t1(a)]=
f(@1(), zo(a), I(a, p1b2), I (e, bopy)).

(2) There exists a continuous homogeneous function f(x1,xe,xs,...x7) :
R” — R?/+ so that for any a in CS9(Xg.4), the first Dehn-Thurston coordi-
nate of a is [z1(a), ti(@)] = f(z1(a), z2(a), w3(), B20(0), T30 (¥), I (02, @a11),
I(Oé, bll))-

Corollary. The Dehn-Thurston coordinate on C'S(X) can be extended to be
a continuous homogeneous function from ML(X) to (R%/£)3917=3 x R%,.

Indeed, by the proposition, it suffices to show that for each o in C'S(X),
the intersection number function I(«,.) : C'S(X) — R can be extended to
be a continuous homogeneous function on M L(X). But this follows from the
definition of the topology of M L(Y).

Proof of the proposition. We will prove part (2) in detail. The same
argument also applies to part (1).

Write a@ = p?azt where t; = t1(a) and ay is the standard twisting-
zero representative of a. Let aq; and b1 be the same simple loops used
in §4.3 (with Dehn-Thurston coordinates ([2, 0], (0, 0), (0, 0),(0,0),(0,0)) and
(12,-2],(0,0),(0,0),(0,0),(0,0)). By lemma 4.3 (1), we know that both
(pY, azt, a11) and (b1, e, YY) contain neither positive triangles nor positive
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quadrilaterals for n > 1. Thus by theorem 2.4(7), if ¢; > 0,
I(a,a11) = I(pfro, arr) = I(p{, an1) + 1o, ann) = 2ty + Loz, arr).

Also if t; < 0, then I(a,biy) = I(pitas,bi1) = (%, b11) + (o, bry) =
—2t1 + I(cz, b11). This shows that

ti(a) = sI(a,an) — §1(oz,an),  ifti(e) >0
' —L1I(a,b11) + 21(az, byy), ifti(a) <0
2 2

Now by lemma 4.3(2), we can express explicitly that the intersection numbers
I(cy, z) for x = aj; or by in terms of continuous homogeneous functions
in the coordinates z; (i € {1,2,3,2,3'}), I(a,a11), and I(c,b11). This
shows that [z1 (), t1(«)] can be expressed as a piecewise linear homogeneous
function in seven variables x1, xo, x3, Tor, T3, [ (o, a11) and I(a, b11). One
checks easily that the function is continuous. Thus the result follows.

5. Proof of Theorem 1.1.

Recall that ¥ = 3, , is a compact oriented surface with a colored H-
decomposition and II : CS(X) — (Z2/4)39+7=3 x Zs( is the associated
Dehn-Thurston coordinate. Our goal is to prove that

(e, B) = I(a, )| < Ko 3|I()[[TL(5) — T1()] (5.1)

for all v, B and v in CS(X) where Ky 3 = 2 if the 3-holed sphere decompo-
sition contains only embedded 4-holed spheres and K93 = 3 in the rest of
the cases.

First we note that inequality (5.1) is homogeneous in a, 3 and . Thus
it suffices to show

[1(a?, %) = I(a?,7%)] < Kas[TL(a®)||11(5%) — 11(y?)] (5:2)

We call an element o in CS(X) even if its Dehn-Thurston coordinate
() = ([z1, ta], "'v[x39+7’—37
t3g4+r—3), 3g+r—2,---, T3g+2r—3) has the property that all z; and t; are even in-
tegers. Denote the set of all even classes in C'S(X) by C'Seyen, and let Zeyen, be
{([xlv tl]v ...,[1’394_7,_37 t3g+r—3]7x39+7’—27"'7x39+2r—3) € (Z2/:|:)3g+r—3 X Zgo\
all z; and t; are even}. Thus by proposition 2.5, the Dehn-Thurston coor-
dinate II is a bijection from CSepen 10 Zeven. Since o2 is always in C'Sppen,
thus it suffices to prove the inequality (5.1) for all even classes «, 3 and ~.
This will be the goal of the proof in the rest of the section.
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5.1. We will use the following simple lemma.

Lemma. If u,v are in Zeyen so that |u — v| = 2n, then there exist n + 1
POINES U = Uy ULy wovy Uy, = V I Lepen, SO that |u; — uip1] = 2.

The proof of it is evident from the definition of the metric.

5.2. As a consequence, we have,

Lemma. If the inequality (5.1) holds for all 3,y € CSepen, so that |II(3) —
II(y)| = 2 then it holds for all classes v, B and 7y in CSeyen -

Indeed, by proposition 2.5 and lemma 5.1, for any two classes 3,7 €
C'Sepen so that |[II(3) — II(y)| = 2n, there exists a sequence of n + 1 even
classes OBy = 3, f1, ..., Bn = v so that |II(5;) — I(Biy1)| = 2. Thus |I(«, 5) —
I, y)|< 32500 H (e, Bi) — I(a, Bi1)|< Koz 3oty [T(a)|[T1(3;) — TI(Bi-1)[<
2K gn|ll(a)| = Ka,s|TI(e) [[IL(5) — IL()].

5.3. It remains to prove the inequality (5.1) for even classes § and ~ in
C'Sepen (X) so that |II(3) — II(y)| = 2. Since they are both even vectors in
Zeven, their coordinates are the same except in one position which differs by
2. Thus either there is one ¢ so that z;(3) = x;(7y) £ 2 or there is one index
Jj so that t;(8) = t;(y) £ 2 and all other coordinates are the same.

In the case t;(3) = tj(y) £2, say t;(3) = t;() +2, then by the definition
of twisting coordinate, we have g = [p?]fy. Thus by the triangle inequality
(theorem 2.4(6))

In the case that |z;(3) — z;(7)| = 2, we need to discuss two subcases that
1<3g+r—3ori>3g9g+1r—2.

5.4. If |x;(8) — i(y)| = 2 so that i < 39+ r — 3, say for simplicity that
i =1and z1(f) = z1(y)+2, let ¥’ be the 1-holed torus or the 4-holed sphere
which is the component of ¥ — Ujx1int(N(p;)). Without loss of generality,
let the boundary components of ¥’ be parallel to p;,, ..., p;, where s =2 or 5
and some 7; may be ij but no three of these indices are the same. See figure
5.1.
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(d

non-embedded 4-holed spheres in the 3-holed sphere decomposition

Figure 5.1

Take representatives b € 3 and ¢ € v so that bNY and ¢N Y are good
curve systems in ¥’ and the twisting coordinates of b N X" and ¢ N Y at
the boundary components of ¥’ are zero (this can always be achieved by
an isotopy of b and ¢ in ¥.) Now by the construction, the Dehn-Thurston
coordinates of [bNY'] and [¢NY'] in C'SI(X) differ only in the z1-coordinate
by 2. Thus by propositions 4.2 and 4.3, we find 6 € CSy(¥’) so that

ﬁ H pZ] 5:|:1

where e; € {0,£1,+2} (note that if ¥’ = X, ;, we apply proposition 4.2
twice to get this form.) Furthermore for all o in C'S(X), by the triangle
inequality (theorem 2.4(6)) we obtain that

(v, ) = I(e, )| = (e, [ TIpi71(6%7)) = I (e, 7))
j=2
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We claim that

I(er,8) + (e, [[[P7']) < 252501 (a)]. (5.3)
j=2

To prove this, we need to discuss several cases.

Case (1), the boundary components of ¥’ are pairwise non-isotopic in
the surface ¥, i.e., {pi,, ..., pi.} are pairwise distinct. Then by propositions
4.2 and inequality (4.1),

I(er,8) + (o, [] 1)) < 411(0))-
7=2

Case (2), the surface ¥’ is the 4-holed sphere and {pi,, ..., pi;} consists
of two elements. Let %' = 0, 03, 0, 03. Then {2,3,2/,3'} is partitioned
into a 2-element set {4, 7} U {k, [} according to the isotopy classes of 0%’ in
Y. In particular, z;() = z(a) and xp(a) = x;(c). Let s, be the index e;
associated to the boundary component 0, = p;,. Let x, = z,(«). Then we
have,

5 5
I, 0) + I(« H |e]| —Ia5—|-IaH85’“
Jj=2 r=2
= I(c, 0) + (|si| + [sj])@i + (Isk| + |si])zk
< (e, 0) + (|si| + |s;]) max(z;, x;)

+ (Isk] + [s1]) max(zy, 1)
< 4dzq 4 2|t1 ()| + 6 max(z;, z;) + 6 max(xy, ;)
<dzy + 2|t1 ()| + 6x; + 6z
< 6|I(a)].

If{i,j} ={2,3} and {k [} ={2/,3'}, then we use inequality (4.3) and obtain
(e, 8) + I(e [T [p]) < 411()].
This shows that (5.3) holds.
Case (3), the surface ¥’ is a 4-holed sphere and the set {pi,,..., i}
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consists of three elements. Say [0;] = [0;]. In particular z; = ;. Then

I(a,6) + I(«,

5
Jj=

5
Pl = 1(0,0) + I(a, TT10))

(
(

2
0) + (|ss] + [s5]) s + |sk]xr + |si|a
6) + (Isi| + s5]) max(x;, z;)

+ (k| + [si]) max(zk, 1)
< 4dz1 + 2|t1 ()| + 6 max(x;, x;) + 6 max(zy, 1)
<Adxy + 2|ty ()| + 6(x; + x + x1)
< 6[I(a)].

< I(a,
< I(a,

If {i,j} = {2,3} and {k,1} = {2, 3"}, then we use inequality (4.3) and obtain
1(, 8)+1(a, TE, [l < 4l

Thus (5.3) follows.

5.5. If z;(B) = z;i(y) + 2 for some i > 3g + r — 2, then p; is a boundary
component of the surface X. In this case, by simply doubling the surface
across the boundary, we reduce the situation to cases in §5.3 and §5.4.

To be more precise, let ¥* be the closed surface obtained by doubling
the surface X across its boundary. We give ¥* the colored hexagonal de-
compositioin by doubling the one from . If s is a curve system on X,
let s* be its double in ¥* which has zero twisting coordinates at all com-
ponents of 93. Define [a]* to be [a*]. Clearly we have |II(s*)| < 2|II(s)|
and 2[(a,b) = I(a*,b*). Furthermore, by the construction, we have
‘H(ﬁ*) - H(V*)‘ = 2. Thus ‘I(O&, B) — I(av 7)‘ = 1/2‘[(@*, B*) — I(a*v 7*)‘ <
1255 5T1(0*)[TL(5%) — TI(y*)| < Ka5|T(a)||TI(8) — I(7)|. This ends the
proof.

6. The Space of Measured Laminations on Surfaces.

The goal of this section is to reestablish the basic results in the theory of
measured laminations on surfaces from the Cauchy inequality. A crucial fact
used in the proof is the corollary 4.4 that the i-th Dehn-Thurston coordinate
[x;,t;] is a continuous homogeneous function defined on the space ML(Y) .

6.1. Given a compact oriented surface ¥ = ¥, ;. of negative Euler num-
ber, we fix a colored H-decomposition of it. We shall identify the space
CS(X) with its image under Thurston’s embedding ©(CS(X)), and define
I on the image ©(CS(X)) by I(z,y) = I(07!(z),07(y)). Extend the
intersection pairing I to (Q>p x ©(CS(X)))? — Q by homogeneity. Let
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® : (2Z%/£)%97773 x (2Z>)" — O(CS(X)) be the composition O(IT7).
Due to the homogeneity, we can extend ® to a homogeneous map, still de-
noted by @, defined from (Q?/+£)39t" 3 x QL to Q>0 xO(CS(X)). Theorem
1.1 extends to the classes in (Q?/£)3977=3 x QL and we have

[(®(x), @(y)) — 1(2(2), B(2))| < Kallly — 2| (6.1)

for all z,y, z in (Q?/£)3977=3 x Q.

Note that the metric completion of (Q?/4)3977=3 x Q% under the metric

|z =yl is (R?/4)%9F773 x RZ,. Also the product topology on R(;‘g‘(z) is

metrizable and a metric can be chosen to be complete. In the following

®) and give

discussion, we shall fix a complete metric on the space Rgg

M L(X) the induced complete metric. -
6.2. One of the basic point-set topological fact we will use is the following

lemma. The proof can be found in most books on metric space and will be

omitted.

Lemma. Suppose X and Y are complete metric spaces and Z C X is a
dense subspace. If f : Z — 'Y is a map sending all Cauchy sequences in Z to
Cauchy sequences in Y, then f can be extended to be a continuous function
from X to Y.

6.3. We now prove the first basic result in the theory of measured lami-
nations.

Proposition. The map ¢ extends to a homeomorphism from the space
(R?/£)%1773 x R, to ML(X).

Proof. To show that ® from (Q?/4)397"=3 x QL, to ML(X) can be ex-
tended to (R?/4)3977=3 x R, — ML(Y), take any « in CS(¥), and a
Cauchy sequence {z,,} in (Q?/£)397"73 x QL,. Then by the inequality (6.1)
for z = @~ Y(a),y = zp, 2 = Ty, We see that I(®(zy,), ) is again a Cauchy
sequence in R. Thus it converges for all . Thus, by the definition of the
product topology on M L(X), we see that ¢(x,) is convergent in M L(X). By
lemma 6.2, this shows that ® can be extended to be a continuous function
from (R?/£)397773 x R, to ML(X).

Now by the continuity of the i-th Dehn-Thurston coordinate [z;, t;] (corol-
laries 4.4), we see that the i-th coordinate can be extended to be a homoge-
neous continuous function defined on M L(3). Thus we obtain a continuous
function ¥ : ML(¥) — (R?/£)3977=3 x RL, which is the continuous exten-
sion of the Dehn-Thurston coordinate on Q x ©(CS(X)). By definition, on
the dense subspaces (Q?/£)%97" 73 x QL, and Qxo x O(CS(X)), we have
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&V = id and Y® = id. Thus by the continuity, PV = id and ¥Y® = id on
the whole spaces (R?/4)3977=3 x RZ, and M L(X). This establishes the as-
sertion that Dehn-Thurston coordinate II is a homeomorphism from M L(X)
to (R?/£)%977=3 x RL,. Furthermore, the space of compactly supported
measured laminations M Lo(X) which is the closure of Qs> x O(CSy(X)) is
homeomorphic to R%727=6 x (0, .., 0) under the Dehn-Thurston coordinate.

6.4. Finally, we show that the intersection pairing I extends to a continu-
ous homogeneous map from M L(X) x M L(X) to R. By lemma 6.2, it suffices
to show that for any Cauchy sequences {z,} and {y,} in Q>o x O(CS(Y)),
the sequence I(xy, yy) is convergent. Indeed, by the continuity of the Dehn-
Thurston map II, both sequences ¥(z,) and ¥(y,) are convergent and in
particular bounded, say by M. Thus, we have

< 3[W(@n) W (yn) = W(ym)| + 31 (Ym)[ |V (2n) — ¥ (2m)|
< 3M (¥ (yn) = ¥ (ym)| + [¥(zn) = U(zm)])-

This shows that I(x,,y,) is still a Cauchy sequence. Thus by lemma 6.2,
the pairing I extends continuously to the product space ML(X) x ML(X).
We remark that by continuity, the inequality (6.1) still holds for all z,y, z €
ML(S).

Appendix: A Proof of Theorem 2.4.

We reproduce a proof of the basic property of the multiplication of curve
systems in this appendix for completeness. We begin with the following
lemma which shows that the multiplication is well defined.

Lemma. (a) If a and b are curve systems with |a Nb| = I(a,b), then the
submanifold ab obtained by resolving all intersection points between a and b
from a to b is a curve system.

(b) Suppose a, b and ¢ are curve systems in ¥ so that |a Nb| = I(a,b),
lbNel = I(b,c), |cNnal = I(c,a) and lanbnNe| = 0. If there are no
positive triangles or positive quadrilaterals in the ordered triple (a,b,c), then
lab N e| = I(ab,c)| and |aNbe| = I(a,bc)|.

Proof. (a) If ab is not a curve system, then there exists either (1) a simple
closed curve s in ab and an annulus D with 0D = sUd where d is a boundary
component of ¥ or (2) a simple closed curve s in ab bounding a disc D in
¥, or (3) there exists an arc component s in ab and a disk D in the surface
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so that 9D = sUd where sNd = 0s = 0d and d is an arc in 0X. By
replacing s and finding another component of ab in int(D) if necessary, we
may assume that abNint(D) = (). Take a small regular neighborhood N (aUb)
of aUb to be N(a)UN(b). We assume the resolutions are taken place inside
N(a)NN(b). Thus int(D) contains a finite number of connected components
Ry, Ry, ..., Ry, of X—int(N(a)UN (b)). These regions are so labeled that they
satisfy the conditions below, (i) if i > 1 then R; # () and R;NIY = 0; and (ii)
Ry =0 in the case (2), and in the cases (1) and (3), Ry is the region which
intersects 0%; (iii) the region Ry is a disc if D is a disc intersecting 0% and
Ry is an annulus if D is an annulus. Each region R; (i > 1) is a disc since
otherwise there would be at least two boundary components of R; in int(D).
This would contradict the assumption that int(D) N ab = (). Call a point in
ON(a)NON (b) a corner of N(aUb). Each point p in aNb corresponds to four
corners in ON (p) where N(p) is the connected component of N(a) N N (b)
containing p. These four corners form two pairs of opposite corners in the
quadrilateral 9N (p). Join opposite corners in ON (p) by an arc in int(N(p))
so that it avoids one of the resolutions of aNb at p. We call the arc a bridge
between the corners. A corner of 9N (aUb) in a region R; is called a vertex of
R;. Vertices of R; decompose OR; into edges. Each edge is either in ON (a),
or in ON(b), or in 9¥. There is at most one edge in Ry which is in 0% in
the cases (1) and (3). If two edges have a vertex in common, they cannot
be both in N(a) (resp. in N(b)). Thus for ¢ > 1, there are even number
of edges in R;. Each region R; with ¢ > 1, must have at least four edges
since |a N'b| = I(a,b) (if there were regions with only two edges, then the
region provides a Whitney disc for a Ub). More importantly, the definition
of the resolution implies the following alternating principle: if v and v’ are
two vertices joint by an edge in R; (i > 0) so that the edge is either in N (a)
or in N(b) then exactly one of the bridges from v or v’ still lies in D (see
figure A1(Db)).

Form a graph G in D by putting a O-cell in each int(R;), i > 0. Joint two
0-cells of int(R;) and int(R;) by a 1-cell in D if there are opposite vertices in
R; and Rj so that their bridge is in D (the 1-cell is an extension of the bridge).
These 1-cells are chosen to be pairwise disjoint except at the end points. By
the construction, if D is a disc, the graph G is homotopic to D since each
region R; is a disc; if D is an annulus, the region Ry is an annulus, thus the
graph G is again homotopic to a disc. In both cases, G is a tree. Therefore
either GG is a point or G contains two O-cells of valency one. However by
the construction, each region R; (i > 1) has at least four edges and thus
corresponds to a O-cell of valency at least two by the alternating principle.



Dehn-Thurston Coordinates for Curves on Surfaces 37

c a b c
T LT L Y
a 6% 8y 5

(al) (a2) (@3) (a4)

corners bridges

b 4 . resolution \.
vertex R. 7 \% \'d
1 R.
edges the graph G

®) ©

Figure Al

Thus the graph G must be a point. Therefore, there is only one region Ry
which has at most one vertex by the alternating principle. This contradicts
the condition that |[a Nb| = I(a,b). (b) Suppose the result is false, say that
lab N ¢| > I(ab,c). Then there is a disc D C X so that either (1) 9D is a
union of two arcs s and ¢t with sNt = Js = 0t, s C cand t C ab, or (2) 9D is
a union of three arcs s, ¢, u so that each pair of arcs intersect at one end point
and s C ¢, t C ab, and u C 9X. By taking the inner most disc if necessary,
we may assume that int(D) N (¢ U ab) = 0. Let N(ab) = N(a) U N(b),
N(anb) = N(a) N N(b), and Ry, Ry, ..., R, be the set of components of
Y. — (¢cUN(a)UN(b)) which are contained in D. We set Ry to be the region
so that RyNe # 0. Then RyNu # 0 if u # (). Furthermore, R;N(cUJY) = ()
for i > 1. By the assumption that int(D) N (¢ U ab) = 0, each region R;
is a disc. Use the same argument as in (a), each region R; (¢ > 1) has at
least four sides and adjacent vertices in OR; (i > 0) satisfy the alternating
principle. Form the same type of graph G in D based on the combinatorics
of the regions R; as in (a). Since each region R; is contractible, and D is
also contractible, the graph G is a tree. Thus G is either a point or contains
two vertices of valency one. Since each R; (i > 1) corresponds to a vertex
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of valency at least 2 in the graph G, the graph G must be one point which
corresponds to the region Ry. Since Ry has valency 1, by the definition of
valency, this shows that the region Ry must be a triangle or a quadrilateral
in ¥ — (aUbUc). By exam the resolution, we see that Ry must be one of
the three types listed in figure Al (al), (a2), and (a3) (the last type (a4)
does not occur for the intersection |(ab) Nc| but it occurs for |aN(be)|.) This
contradicts the none-existence of positive triangle or positive quadrilateral
in the ordered set (a,b,c). QED

Now we come to the proof of theorem 2.4.

Theorem. The multiplication CS(X) x CS(X) — CS(X) sends CSp(X) x
CSy(X) — CSp(X) and has the following properties.

(1) It is preserved under the action of the orientation preserving home-
omorphisms of the surface.

(2) (commutativity) If I(e, B) = 0, then aff = Pa. If af = Pa and
a € CSy(X), then I(a, 3) = 0.

(3) (associativity) Suppose «, 3, and v are in CS(X) so that the ordered
set (e, B,7) contains no positive triangles and positive quadrilaterals, then
a(By) = (af)y.

(4) (inverse) If a is in CSp(X) and each component of « intersects 3,
then a(fa) = (afB)a = B. Furthermore, I(a, 3) = I(a, af) = I(a, fa).

(5) For any integer k € Z~q, (af)F = o g*.

(6)(triangle inequality) I(c, Bv) < I(a, B) + I(c,y). The inequality be-
comes an equality if (o, B,7) contains no positive triangles or quadrilater-
als.  Furthermore, if § € CSy(X), then |I(«, y) — I(a, )| < I(a, 3) and
‘I(a,’yﬂ) - I(a,’y)‘ < I(avﬁ)'

Proof. Properties (1) and (5) follow from the definition. See figure A2(b).
Property (3) follows from the second part of the previous lemma. Indeed,
take a, b, c to be the representatives of «, 6 and 7 so that the condition in
previous lemma (b) holds. Then, by the lemma, both multiplications a(37)
and (af)y are obtained from a U b U ¢ by resolving all intersection points
from a to b and from b to c.

To see part (4), take a € « and let a’ be a parallel copy of a so that
ana’ = (. Take b € 3 so that it has minimal intersection with both a and a’.
Then we note that there are no positive triangles or positive quadrilaterals
in the ordered set (a,b,a’). Thus by the part (b) of the previous lemma, we
have [(ab)a'] = [a(ba’)] and I(a,ba’) = |an (ba’)| = |aNb| = I(a,b). Also we
have I(a,b) =|aNb| =|ana'b] = I(a,ab).

To see the equation [a(ba)] = [b] when each component of a intersects b,
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we use the part (b) of the previous lemma again. By the lemma a(ba’) is
obtained from a UbUa’ by resolving all intersection points in aNb from a to
b and all intersection points a’ Nb from a’ to b. Thus these two resolutions
canceled all the twists made on b (see figure A2). Thus the result follows.

The first part of (2) follows from the definition. To see the second part,
suppose otherwise that o € CSy so that aff = fa but I(a,3) > 0. We
decompose « as a disjoint union ajay where I(a1,3) = 0 and each com-
ponent of ao intersects B. Now since «q is disjoint from both as and g,
we have B(ai1ae) = ai1(faz) and af = aj(aef). Thus, by af = fBa, we
obtain asf = PBas. Since each component of as intersects G, by property
(4), B = az(Bag) = az(azB) = (az)?B where the last equality follows from
property (3). Now by property (4) again, I(8, 8) = I(5, (03)8) = 1(3,a3)

= 2I(0, a9)# 0. This is a contradiction.

%

5 ab:(ab)5

part (a)

) |
5 7) =\

]

o o
jn /y ! /\/\ —
a a’ a(ba’) b

part(b)

Figure A2
To see property (6), the triangle inequality I(«, 57v) < I(a, 3) + I(a, )
holds by the definition of the resolution. Furthermore, part (b) of the pre-
vious lemma says that the inequality I(c, 5v) < I(a, 3) + I(c, ) becomes
an equality if («, 3,7) contains no positive triangles and positive quadri-
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laterals. To see the last part of (6), we need to show that I(a,7y) <
I, B) + I(e, By) and I(a,7y) < I(ey, B) + I(a,y3). For simplicity, let us
prove the first inequality that I(a, ) < I(«, ) + I(c, 57). A similar ar-
gument proves the second inequality. Note that by the triangle inequality
I, B) + I(ev, By) > I(cx, (B7)3). Now write 3 = 3132 where (1 consists of
components of § disjoint from « and By consists of components of § which
intersect . Thus by property (4), (87)3 = (81)?y where I(31,7) = 0. Thus
I(a, (B7)8) = I(a, (£1)?) + I(cr,y) > I(cv,7y). This ends the proof.
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