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The colored Jones polynomials of the figure-eight knot and
the volumes of three-manifolds obtained by Dehn surgeries

by

Hitoshi Murakami (Tokyo)

Abstract. I describe how the colored Jones polynomials of the figure-eight knot de-
termine the volumes of the three-manifolds obtained by Dehn surgeries along it, according
to my joint work with Y. Yokota.

1. Introduction. In 1995 R. Kashaev defined a series of complex-valued
link invariants parameterized by a natural number N by using the quantum
dilogarithm [7]; in 1997 he also proposed a conjecture that for any knot
his invariants would give the hyperbolic volume of its complement if it pos-
sesses a complete hyperbolic structure [8]. J. Murakami and I proved that
Kashaev’s invariant parameterized by N is the absolute value of the colored
Jones polynomial associated with the N-dimensional irreducible represen-
tation of sla(C) evaluated at an Nth root of unity [16]. We also generalized
Kashaev’s conjecture to the following Volume Conjecture.

CONJECTURE 1.1 (Volume Conjecture [16]). Let K be a knot in S* and
JN(K;t) its colored Jones polynomial associated with the N-dimensional
irreducible representation of sla(C). Then

or lim log |Jn (K ;exp2my/—1/N)|

3
= K.
N—oo N U3||S \ H

Here ||S3\ K| is the Gromov norm (or simplicial volume) [2]. Tt is the
sum of the hyperbolic volumes of the hyperbolic pieces of S\ K divided
by wvs, where vs is the volume of the ideal regular ideal tetrahedron. So if
S3\ K itself is hyperbolic then v3|S3\ K| is equal to its hyperbolic volume.
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270 H. Murakami

For more information about the volume conjecture and its further gen-
eralizations, see [3, 5, 6, 9, 12, 14, 17, 21, 24-27].

Given a knot and a rational number one can define a closed three-
manifold by Dehn surgery. For an integral Dehn surgery, one can calculate
the Witten-Reshetikhin-Turaev (WRT) invariant as a linear combination
of the colored Jones polynomials of the knot [20, 10]. In [13], I calculated
fake limits (optimistic limits) of the WRT invariants of three-manifolds ob-
tained by integral Dehn surgeries along the figure-eight knot and gave nu-
merical data giving the volumes and the Chern—Simons invariants of the
three-manifolds. This suggests that the colored Jones polynomials of a knot
could give the volumes and the Chern—Simons invariants of three-manifolds
obtained by Dehn surgeries along the knot.

In [15], I calculated the limit of the colored Jones polynomial of the
figure-eight knot evaluated at exp(27ry/—1/N) with 5/6 < r < 7/6. It
turned out that it gives the volume of a cone manifold with singularity
along the figure-eight knot. Moreover in [18], Y. Yokota and I proved that
this evaluation gives the volume and the Chern—Simons invariant even when
r is a complex number.

The purpose of this article is to describe the results in [18] with rough
proofs and a short introduction to hyperbolic geometry used there.

Acknowledgments. This article is prepared for the proceedings of the
conference “Knots in Poland 2003” held at the Stefan Banach International
Mathematical Center from 7th to 27th July, 2003. I would like to thank the
organizers and the Banach Center for their hospitality.

Thanks are also due to K. Masuda, who helped me in drawing Figures 20—
26 by using Mathematica.

2. Main results. Let E be the figure-eight knot 4;. According to
K. Habiro and T. Le, Jy(E;t) can be given as follows [4] (see also [11]):

N-1 1
In(Eit) =Y [N -tV -V,
=0 k=1

It is proved in [18] that the asymptotic behavior of Jy (E;exp(2rry/—1/N))
for large N determines the volume and the Chern—Simons invariant of the
three-manifold obtained from the three-sphere S3 by Dehn surgery along F
parameterized by a complex number r near 1.

THEOREM 2.1 ([18]). Put

H(z,w) := Lig(z 'w™) — Lig(zw™!) + log zlog w
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with

LIQ(Z) =

_§ log(1 — w) &

w
0
the dilogarithm function. Then there exists a neighborhood U of 1 € C such
that if r € (U \ Q) U {1} then
log J(E;exp(2rry/—1/N))
N
where y is the solution to the equation

y+y ! =exp(2rrv—1) + exp(—2rry/—1) — 1.
Here we choose y so that y = exp(—mv/—1/3) when r = 1.

27rr\/—1]\}im = H(y,exp(2mrv—1)),

REMARK 2.2. If r is rational with 5/6 < r < lor 1 < r < 7/6, it is
proved that the superior limit is H (y, exp(27ry/—1)) but the inferior limit
is 0 (see [15]).

Let u be the complex number near 0 parameterizing hyperbolic struc-
tures of S%\ E described in [19]. (To be more precise, u is the logarithm of
the holonomy of the meridian of the boundary torus of the regular neigh-
borhood of E. We also denote that of the longitude by v. See Section 5 for
details.) It is known [19, 28] that there exists an analytic function of u such
that if u determines a closed three-manifold F, after adding a geodesic 7,
to complete the hyperbolic structure in $2 \ E, then the volume and the
Chern—Simons invariant of E, can be defined by using the function and
some geometric invariants of -,

Putting u := 27rv/—1 — 27v/—1, we have the following corollary.

COROLLARY 2.3. Let E, be the three-manifold obtained from the figure-
eight knot by Dehn surgery corresponding to u near 0 such that —%— ¢ Q.

T/ —1
Then

Im(uv T
El ) _ 5 length(u),

where length(vy,) is the length of v, and y is a solution to the equation
y+y t=u+ul-1

Vol(Ey) = Im H(y,u) + mReu —

REMARK 2.4. The right hand side is the real part of the following com-
plex-valued function:
H(y,u) uv T
+7TU = - = )
with Re 0(7,) = length(y,). It can be shown that its imaginary part defines
the Chern—Simons invariant [18].
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3. Outline of the proof of Theorem 2.1. We first note that if t =
exp(2mry/—1/N), then

l _N+k N : 2w
kl_[l(l—t ) :exp{ﬁzWlog(l—exp(i2ﬂkr\/—_1/N—27rr\/—_1))},

k=1
which can be approximated by

2wl/N

exp {% S log(1 — exp(£sryv/—1 — 27rv/—1)) ds}

0

for large N, if r is not a rational number. (Note that if r is rational the
product may vanish.) Putting u := exp(£sry/—1 — 27ry/—1), we have

27l /N

S log(1 — exp(£srv—1 —2nrv/—1)) ds
0
exp(£2nlry/—1/N—2mr\/—1)

+1 log(1 —u)

= ———du
v—1 S U

" exp(—27mry/—1)

+1

= ﬁ {Lig(n™1) — Lisg(¢T'n~1H)}.

Here we put n := exp(27ry/—1) and q := exp(27nry/—1/N).
Therefore for large N,
N-1 N
M(E) ~ 3 o e {5 ™) ~ i)
-N P P
X exp {7 (Lig(n™1) — Liz(¢"'n 1))}
27ry/—1

N (Lig(q'n ) — Lia(g'n™) + (log ') (log n>>}

l

e [N

Now since the residue around exp(27ly/—1/N) of the function 1/(z(1—2z"))
is 1/N, from the residue theorem we have
N 1

N T
JN(E;q)N1+27r\/—_1§z(1—z—N) exp{zﬂr\/__lH(z ,n)}dz
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5_08 {2777“]3_ HE n)}dz

(H(2",n) — 2mv/—1log zr)} dz

N 1 N

1 CS_ z(zV —1) eXp{27rr\/—_1
where C':= Cy U C_ with

Cip:={z€C||z|=14¢,n/N <argz<2r—7/N}

U{texp(mv/—1/N)€C|1—-e<t<1+e}
U{texp(—mvV—1/N)€C|1—e<t<1+¢},
_:={2z€C||z|=1—-¢,7/N <argz<2mr—n/N}

for small € > 0. Then by the saddle point method we see that

(3.1) C§+ %exp {%H(ﬂ, n)} dz ~ P(N)exp {#H(g n)},

where P(N) is a function of N that grows polynomially (N — oo) and

n—1+n"t—y/(n—1+n12-4

5 :
Here the square root is chosen so that y = exp(—my/—1/3) when n = 1.
Note that y'/" is a solution to dH (2", n)/dz = 0 since

OH(z",n) r , . 1
o —Zlog(n Z"+z2T")+nT).

is the unique maximum of Im H(z",n) on C}.

N S { N
2V 3 ) P amrv 1
+ 2my/—1

(H(z",n) + 2mv/—1log zr)} dz,

In fact y'/"

REMARK 3.1. A discrete version of (3.1) can be understood as follows.

Let us consider the summation 0_ LeNf(F), Suppose that Re f(k) takes
its unique maximum at k = ¢. Then

1 Nf(k
Z—) <l vretr@—s@) o el VRe(re-se) |4
1eNf(e) = a| le — 1]
el Nretsern @) oy 1 N Re(r0)- ()
e+ 1] B
N—oo 1
Therefore



274 H. Murakami

It can also be proved that

Re(H(z’“,n);;f;_il—_llog zr> ) Re( % )

for z € C'y if r is near 1. Therefore the absolute value of

+1 N ) i
CS 2(1—2FN) P { 27rr\/—_1(H(Z ;) F 2mv/~1log 2 )} dz

+

is strictly smaller than that of exp (#H(g, n)) times Q+(N), where

Q+(N) is a function of N with polynomial growth. So we finally see that
log(Jn(E3q))  H(y,n)

N 2mry/—1

_ JIn(E;q)
—los <exp (gmj%ffr(y, ") >/ N

~tog(exp( 5 HOn) ) + 5 (PV) + QoY) +Q- () ) v

N—o0
— 0.

4. Volume calculation. In this section I will calculate the volume of
the figure-eight knot complement S® \ E with a (complete or incomplete)
hyperbolic structure.

First note that one can decompose S3 \ E into two hyperbolic ideal
tetrahedra [22, Chapter 1], [23, Example 1.4.8]. Here an ideal tetrahedron is
a tetrahedron without vertices. Let H? be the three-dimensional hyperbolic
space modeled on the upper half space R:i ={(x,y,7) | x,y, 7 € R, 7 > 0}
with metric ds? = (dz? + dy? + dr?)/7%. Note that in H?, a “flat” plane is
either a (usual Euclidean) plane perpendicular to the zy-plane or an upper
hemisphere centered at a point on the xy-plane, and that a “straight” line
is either a (usual Euclidean) line perpendicular to the zy-plane or an upper
semicircle centered at a point on the zy-plane. The group of isometries of
H? can be regarded as PSL(2,C), where (%) € PSL(2,C) acts on H? as

follows. First (‘cl Z) acts on C or rather its one-point compactification C by

az+b
cz+d’
action of (¢ %) on H? is the natural (Poincaré) extension.

Now by an isometry, we may assume that any ideal hyperbolic tetra-
hedron can be put so that a vertex is oo € C = oH3. (Note that every
vertex of an ideal hyperbolic tetrahedron is on the sphere at infinity (@)
Then an ideal hyperbolic tetrahedron looks like Figure 1; it is bounded by
three planes perpendicular to the xy-plane and one hemisphere. It can be

Z = Regarding the xy-plane as C and C as the boundary of H?, the
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Fig. 1. An ideal hyperbolic tetrahedron.

1-

1
Tz
A
042 1 ol== 1 0= 1

Fig. 2. Three triangles represent the same ideal hyperbolic tetrahedron.

Nj—

Fig. 3. Three complex numbers z, 2’ := 1 — 1, and 2" := ;& define the same ideal
hyperbolic tetrahedron.

shown that the isometry class of an ideal hyperbolic tetrahedron is deter-
mined by the similarity class of the triangle appearing in the intersection
of the three planes and a plane parallel to the xy-plane. Putting a triangle
on C so that two vertices are at 0 and 1, and the other at z with Im z > 0,
we see that the isometry classes of ideal hyperbolic tetrahedra are parame-
terized by complex numbers with positive imaginary parts. Note that there
are three ways to parameterize an ideal hyperbolic tetrahedron; z, 1 — %,
and ﬁ See Figure 2, where arg z = «, arg(l — %) = (3, and arg li—z = .
1

We associate to vertices complex numbers z, 2’ := 1 — %, 2" = = asin

Figure 3. We can also associate to three edges of the tetrahedron z, 2/,
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Fig. 4. Two truncated tetrahedra parameterized by z and w. The triangles with labels
a,...,h correspond to the removed vertices.

N
Aa] \p
D & °

\V7] A d

Fig. 5. Glue C and C’. The face D is the Fig. 6. Arrange Figure 5.
unbounded region.

c

Fig. 7. Glue B and B’. The triangles c Fig. 8. Arrange Figure 7.
and f make a tube.

and 2”. By putting other vertices at co, we associate to each edge one of
z, 2/, or 2”. Tt can be proved that opposite edges share the same complex
parameter as in Figure 4. See [22, Section 4.1].

We prepare two ideal hyperbolic tetrahedra parameterized by z (with
faces A, B, C, and D) and w (with faces A’, B’, C/, and D’) as in Figure 4.
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C

Fig. 9. Glue sides of the triangles b and Fig. 10. Divide A (A’, respectively) into
g to make a tube. A; and A; (A} and Aj, respectively).

Fig. 11. Glue Az and Aj. Fig. 12. Glue sides of d and f. The re-
gions A; and A} become smaller.

Fig. 13. Glue A; and Aj. Fig. 14. Arrange Figure 13.
g
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Fig. 15. Arrange Figure 14. Fig. 16. Glue sides of a and h to make
a tube.

Fig. 17. Arrange Figure 16. Fig. 18. Glue D and D’. The result-
ing torus is the boundary of the regular
neighborhood of the figure-eight knot.

We consider the corresponding truncated tetrahedra, where triangles labeled
with a,...,h appear. Then glue them so that A is identified with A’, and
so on. See Figures 5-18 to see this gives the figure-eight knot complement.
In these figures dots stand for the vertices corresponding to z or w.

Now the eight triangles corresponding to the eight vertices of the tetra-
hedra make a torus (cusp torus) as in Figure 19.

Since the product of the parameters corresponding to the angles around
a vertex, which correspond to the dihedral angles around an edge in the
tetrahedron decomposition of S3 \ E, should be 1, we have the following
equations:

22?0 (w")? =1 and 2%2w?uw =1,
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Fig. 19. The torus corresponding to
the boundary of the regular neigh-
borhood of the figure-eight knot,
where the thick line indicates the
meridian and the dotted thick line
indicates the longitude. Note that
here we are watching the torus from
outside the figure-eight knot com-
plement.

which is equivalent to the single equation

Juw = (1-2)201 -2

Let us introduce a parameter n := w(1 — z). Then 2’ and w’ satisfy the
equalities

2 n 1 , 1

—+—==n—-1+—-, nw+-—=n—-1+—.

n 2 n nw' n

We put y :=n/z' =1/(nw'). Then y satisfies
1 1
y+—-—=n—1+—.

y n

Note that y, z, w (and so 2’, 2", w', and w") are all functions of n.

We will calculate the volume Vol(n) of the figure-eight knot complement
corresponding to the parameter n. It is well known (see for example [22,
Theorem 7.2.1]) that the volume of the ideal hyperbolic tetrahedron param-
eterized by z is JI(arg z)+JI(arg ')+ JI(arg z”), where JI is the Lobachevsky

function
(7

JI(0) = — S log |2 sin | de.
0
Therefore we have

Vol(n) = Jl(arg z)+JI(arg 2’)+JI(arg 2”)+JI (arg w)+JI (arg w')+JI (arg w").

We want to express the right hand side in terms of n and y using log and
Liy. (Note that y is determined by n.)
We use the following two identities:

ImLis(¢) = J(arg¢) + JI(arg¢’) + JI(arg ") — log[¢| arg(1 — ¢)
for Im ¢ > 0 (see for example [19, p. 324]), and

7T2
Lia(Q) + Lia(¢ ™) + T+ S (log(—¢)) = 0
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for ¢ € C\ [1,00) (see for example [29, p. 134]). Here the branch of log is
assumed to be so that log1 = 0. Therefore

Vol(n) = Im Liz(2") + log |2’ arg(1 — 2’) + Im Lig(w") + log |w'| arg(1 — w’)
= ImLiy(w') + log |w'| arg(1 — w') — Im Lig(2' ")
—log |2 Marg(1— 2"
= ImLis(y 'n™1) — Im Lis(yn ')

InHarg(l—y 'n~t) —log|yn ' arg(l —yn 1)

+log |y~
= ImLiy(y *nt) — ImLig(yn 1)

1

-1 1— v (1 =uyn~1) +1 Loyn
o Iyl arg (1~ y~'n ) (1~ yn ™) + log | axg 7
= ImLis(y'n!) — Im Lig(yn ')
1— -1
~loglylarg (n'(n+ 0" —y —y™)) + loglnlarg T Fr—
= ImLiy(y *n~ ') — ImLis(yn ') + log |y| argn
-1
+ log |n| arg W
Since n is near 1, and y is near exp(—m/—1/3), we have
-1 -1
y—n y—n
1_yn—1 argy—argl_in_l lf arg 1— n_l < O,
Arg T~ =y = y —yn_l Y —yn_
y argy — arg ———— + 27 if arg —— > 0.
1—yn-t 1—yn!
We also have .
y—n_
since
(y—n"H(A—yn") =yn"".
Putting
u := logn,
-1
._ _ —yn
V= 210g(2(1 — Z)) = 210g m,
we have

(4.1)  Vol(n)

_ {ImH(y,n) — log|n|arg(z(z — 1)), arg(z(z —1)) <0,
Im H(y,n) — log |n|(arg(z(z — 1)) — 27), arg(z(z —1)) > 0,
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_ {ImH(y,n) —log |n|(arg(z(1 — z)) — 7), arg(z(z — 1)) <0,
Im H(y,n) — log |n|(arg(z(1 — 2)) + ® — 27), arg(z(z—1)) > 0,

— Tm H(y, n) — log n| (arg(=(1 — 2)) — )
1
=ImH(y,n) + mReu — 3 ReuImw.

5. Geometric interpretation of the volume formula. In this sec-
tion I will prove Corollary 2.3.

First I describe a geometric interpretation of u and v appearing in (4.1).
See [1, 22] for details.

Let K be a hyperbolic knot in 2, that is, $%\ K has a complete hyper-
bolic structure. We assume that the complement S3 \ K is decomposed into
hyperbolic ideal tetrahedra. Note that all the (removed) vertices of these
tetrahedra are identified to the “point at infinity” X. Since the regular
neighborhood of each ideal vertex is homeomorphic to (a triangle) x [0, c0)
(0o corresponds to the vertex), the regular neighborhood £ of X is homeo-
morphic to T x [0,00) with T a torus. We call £ the end of S\ E and
T the cusp torus. The torus T has a Euclidean structure coming from the
complete hyperbolic structure in S\ K. We orient T as in Figure 19, that
is, by using the meridian-longitude pair (u, A). If we change the hyperbolic
structure slightly, we get an incomplete hyperbolic structure in S®\ K and
a similarity structure on 7T

Let D: T — C be the developing map, where T is the universal cover
of T, which is homeomorphic to R?. Geometrically D can be described as
follows. Note that T" is decomposed into triangles each of which is determined
up to similarity. Cut T into a quadrilateral S consisting of triangles. Map
each triangle in S into C preserving the similarity structure so that the edges
fit in C. Then the image D(S) of S is defined as a polygon with four sides
corresponding to the four sides of S. Noting that each pair of opposite sides
can be identified by a similarity transformation, we can paste copies of D(S)
side by side on C, defining D: T — C.

ExXAMPLE 5.1. Let us consider the case when K is the figure-eight knot.
Figures 20-23 show an example when the translations of D(S) give a tiling
of C\{0}. Figures 24 and 25 show another example of such a case. Figure 26
shows an example when translations of D(S) are dense.

We also denote by D: & — H? the developing map from the universal
cover of £, which is homeomorphic to R? x [0, o), where the point at infinity
X is sent to oo.

We assume that 7 has a similarity structure. Let Sim(R?) be the group
of similarity transformations of R?, which is equal to the group of affine
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S

Fig. 20. D(S) of the (3, —2)-Dehn surgery along the figure-eight knot. Here a dot indicates

0eC.

Fig. 21. The arrow indicates §(u)d(\)~". Note that §()35()) ™2 is the rotation by 2.

Fig. 22. Copies of D(S) define a tiling of C*.
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NS

/1N
4‘(/4' g{?

L,
AV

=K
<

J

Fig. 23. Fundamental domains of Figure 22.

Fig. 24. D(S) of the (6,0)-Dehn surgery along the figure-eight knot. A dot indicates 0 € C.

transformations of C. Then the holonomy H: m1(T) — Sim(R?) is defined
as follows. An element 1 € m(T) acts on T as a covering transformation
oy. We define H(n) so that D o o,, = H(n) o D holds. By changing the
developing map by a translation if necessary, we may assume that H(n)
fixes {0,000} € C for any n € 71(T) since 71(T) is abelian. Then H(n) acts
on C as

Note that 6: m1(T") — C* (:= C\ {0}) is a homomorphism.
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Fig. 25. Copies of D(S) for the (6,0)-Dehn surgery along the figure-eight knot.

Fig. 26. Copies of D(S) corresponding to irrational p/q.

The Poincaré extension of the holonomy H(n) to H? is given by

H(n)(z,7) = (6(n)z,[6(n)|T).

Therefore we can choose € so that the image of the developing map D(€) is
a cone C centered at the 7-axis minus the axis:

DE)=C:={(z,7)|T>¢clz], z# 0} (c>0).

EXAMPLE 5.2. We describe ¢ in the case of the figure-eight knot. The
meridian p and the longitude A are indicated by the solid arrow and the
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dotted arrow respectively in Figure 19. Note that we view the torus from
the outside of the knot complement.

CW W’B

D “—2A

Fig. 27. The meridian  is indicated by the arrow.

Then &(u) can be read as follows. In Figure 27, multiplying BA by 27!
— — — —
we get BD and multiplying BD by w” we get C'D. Since §(u) takes BA to
—
CD,
S(p)=z"tw" =271 (1 —w) P =w(l - 2).

Similarly from Figure 19, the longitude is the arrow along the right side of
the left picture, which equals the right side of the right picture and twice
the meridian. Therefore

5()\) — w/(zn)—1w//(zl)—1w/(zu)—1w//(z/)—1 % 5(#)2
_ (wl)2(w//)2(zl)—2<z//)—2w2(1 _ 2)2
(= wh)2(1 = 2)tw?

1—w?21l-—z12 S -2

Hence we have
u=1logdo(u), v=1logd(\).

We will study the completion & of £. Note that since D(&) is C, a cone

minus the axis, its completion D(€) is the whole cone C.
As in the case of the figure-eight knot (Example 5.2) we put

u:=logd(p), v:=logd(N).
Let p and ¢ be the unique real solution to the equation
pu+ qu = 2w/ —1.

Note that it is equivalent to the following system of equations:

{pReu—f—qRev =0,

plmu+ gImov = 27.
Suppose first that p/q is irrational. In this case the set
b
(5.1) {s(* 6N [ a,b € Z}

is dense in Ry := {7 € R | 7 > 0}, since a Reu + bRew can be arbitrarily
close to 0. Considering the geodesic in H? starting at the point &(u)?6(\)° €
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C* and going along the semicircle centered at 0 and perpendicular to the
xy-plane, we can associate each point in

(5:2) {8()*6(N)" | a,b € 2}

with a limit point on the 7-axis. If we regard the lattice (5.2) as the vertices
of “quadrilaterals”, copies of D(S)s, the points in (5.2) are identified in T
and the associated limit points (5.1) are dense in R . So we see that € is the
one-point completion of £. Note that in this case the completion of S3\ K
is not a manifold. See Figure 26 for the figure-eight knot case.

Next we assume that p/q is rational. Let p’ and ¢’ be coprime integers
such that p/q = p'/q’. Then there exist integers s and ¢ satisfying tp’ —
sq¢" = —1. Now we see that the subgroup (additively) generated by u and
v is the same as the subgroup generated by p’u + ¢’v and su + tv. Putting
d=p/p =q/q, we have

pu+qu  2m/—1

/ o _
puU+qu= P d

So Image§ is generated by &(u)*6(\)! and the 27 /d-rotation.

Therefore we can assume that a “fundamental domain” of the developing
image of the cusp torus is a sector of an annulus between the circles centered
at the origin with radii 1 and |exp(su + tv)|, and with central angle 27 /d.

Let us consider examples for the figure-eight knot case.

ExXAMPLE 5.3. (1) Consider the case (p,q) = (3, —2) (Figures 20-23). In
this case (s,t) = (1, —1) and so Image(log d) is generated by 3u—2v and u—wv.
We calculate by using Mathematica u = —0.723043 ... 4+ /—1-0.179545 . ..
and v = —1.08456... — /—1-2.87228. ... Therefore 3u — 2v = 27v/—1 and
u—v = 0.361522... + /=1 -3.05182... and so Imaged is generated by
exp(u —v) = —1.42973... + v/—1-0.128696 . ... Note that |exp(u — v)| =
1.43551 ... and argexp(u — v) = 2w - 0.485712. . ..

(2) Let (p,q) = (6,0) (Figures 24 and 25). Then u = 2my/—1/6 and v =
—log(7 + 4v/3). Therefore Image § is generated by enlargement by 7 4 41/3
and rotation by 27/6.

We will calculate |exp(su + tv)| = exp(s Reu + ¢ Rev). Since

P\ 1 Imv —Rew 0
q ~ ReuImv—ImuRev \ —Tmu Reu o]’

R dR
sReu—I—tRev:i,(p'Reu—l—q'Rev)— e/v:_ ey
p p p
d(Reulmv —ImuRev)  dIm(ud)

we have

2 2
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REMARK 5.4. We have chosen the signs of s and ¢ as above since — Im uv
> 0. The reason is as follows.

By a translation we assume that H(u) and H()) fix two points ¢ and oo
in @, that is,

HO): 20 6(\)z + (1 —8(N)).

Therefore the vertices of the developing image of a fundamental “quadrilat-
eral” are S:=1, T := () + C(1 —(w)), U :=d(u)d(N) + ¢(1 — 6(u)d(N)),
and V :=6(\) +¢(1 —d(N\)). Now we consider the limit when the similarity
structure goes to a Euclidean structure, that is, both §(u) and §(\) go to 1.
Since the element of PSL(2, C) corresponding to a Euclidean structure has
only one fixed point in C, we also take the limit ¢ — oo so that the fixed
point is co. Then

SV S\ +C(1=0(N) cmoo 1—8(N) sw—1,60—1 logd(A) v

{Hm): 2 8(u)z + C(1 = 6()),

ST 6(w) +<(1 = d(w)) 1—6(u) logd(u) — u’
Let S, T, U, and V approach Sy, Tgy, Up, and Vj respectively. Since we have
chosen the orientation of the cusp torus so that m / ﬁ is represented
by a complex number with positive imaginary part, we have

Im wo = Tm — lv|*> < 0.
v

Now we consider the completion of £. We again assume that H(n) (n €
7m1(T)) acts on C* as z — 0(n)z (z € C*). Then this action can be extended
to H3 \ 7-axis = C* x Ry as H(n): (2,7) — (8(n)z,|6(n)|T). Therefore we

have
H#X): (2,7) (exp<27r\/__1> :, r>,

d
HeA):  (2,7) <5<u)sa<A)fz,exp<_‘”2L7@>T>.

If d = 1, then we may assume that a “fundamental domain” for &£ is the
truncated cone minus the 7-axis:

{(Z,T) 1<r7 SeXP<¥(UE)>, T > clz], 27&0}.

T
Then the completion & is just the whole truncated cone with top and bottom
identified. Topologically it is homeomorphic to a solid torus D? x S'. The
added axis becomes a loop 7, with length

exp(— % Im(uv))

T 1 _
§ — = —%Im(uv).
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Therefore S\ E with incomplete hyperbolic structure defined by u = expn
is completed by adding a geodesic loop ~, with length —% Im(uw). This is
nothing but the (p, ¢)-Dehn surgery of S? along the knot K, since the loop
represented by pu + qv becomes null-homotopic.

So if d =1, we have

1
Vol(n) =Im H(y,n) + mReu — §Reu1mv

1
=Im H(y,n) + mReu — 1 Im(uv) — g length(7s,).

Recalling that n = exp(27rv/—1) and u = logn, this completes the proof of
Corollary 2.3. (Recall also that we take the branch of log so that logn =0
when n = 1.)

REMARK 5.5. If d > 1, a “fundamental domain” for £ is a sector of the
truncated cone minus the 7-axis:

{em)

So the completion & is topologically a solid torus, but geometrically it has
a singularity along the added loop, called cone-singularity with cone-angle
27/d.

—d 2
1<7r< exp<2—1m(u5)>, T>cz|,2z#0,0<argz < g}
T
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