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Abstract

In this dissertation, we consider four cases of Boyd’s conjectures for
the Mahler measure of polynomials. The first case involves a polyno-
mial defining a genus 1 curve, two other cases cover genus 2 curves,
and the final case deals with a genus 3 curve.

For the case of the genus 1 curve, we study an identity conjectured
by Boyd and proven by Boyd and Rodriguez-Villegas. We find an
expression of the Mahler measure given by a linear combination of
some values of the Bloch-Wigner dilogarithm. Combining this with the
result proven by Boyd and Rodriguez-Villegas, we can establish some
identities among different values of the Bloch-Wigner dilogarithm.

For the problems related to the genus 2 curves, we use the elliptic
regulator to recover some identities between Mahler measures involving
certain families of genus 2 curves that were conjectured by Boyd and
proven by Bertin and Zudilin by differentiating the parameter in the
Mahler measure formulas and using hypergeometric identities.

For the case involving the genus 3 curve, we use the elliptic regulator
to prove an entirely new identity between the Mahler measures of a
genus 3 polynomial family and of a genus 1 polynomial family that was
initially conjectured by Liu and Qin.

Since our proofs for the cases of genus 2 and 3 curves involve the
regulator, they yield light into the relation of the Mahler measures of
the genus 2 or 3 families with special values of the L-functions associ-
ated to the genus 1 families.

Keywords: Mahler measure, L-function of elliptic curve, reg-
ulator, Bloch-Wigner dilogarithm, volume of a hyperbolic 3-

manifold.
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Résumé

Dans cette these, nous considérons quatre cas de conjectures de
Boyd pour la mesure de Mahler de polynomes. Le premier cas concerne
un polynome associé a une courbe de genre 1, deux autres cas couvrent
des courbes de genre 2, et le dernier cas traite d’'une courbe de genre
3.

Pour le cas de la courbe de genre 1, nous étudions une identité
conjecturée par Boyd et prouvée par Boyd et Rodriguez-Villegas. On
trouve un expression de la mesure de Mahler donnée par une combinai-
son linéaire de certaines valeurs du dilogarithme de Bloch-Wigner. En
combinant cela avec le résultat prouvé par Boyd et Rodriguez-Villegas,
nous pouvons établir certaines identités entre différentes valeurs du
dilogarithme de Bloch-Wigner.

Pour les problemes liés aux courbes de genre 2, nous utilisons le
régulateur elliptique pour récupérer des identités entre les mesures de
Mahler des certaines familles de courbes de genre 2 qui ont été con-
jecturées par Boyd et prouvées par Bertin et Zudilin en différenciant
le parametre des formules de la mesure de Mahler et en utilisant des
identités hypergéométriques.

Pour le cas impliquant la courbe de genre 3, nous utilisons le régulateur
elliptique pour prouver une identité entierement nouvelle entre les mesures
de Mahler d'une famille polynomiale de genre 3 et d’une famille poly-
nomiale de genre 1 qui a été initialement conjecturée par Liu et Qin.

Comme nos preuves pour les cas des courbes des genres 2 et 3 im-
pliquent le régulateur, elles éclairent la relation des mesures de Mahler
des familles des genres 2 ou 3 avec des valeurs spéciales des fonctions

L associées aux familles de genre 1.
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Mots clés: mesure de Mahler, fonction L de courbe elliptique,
régulateur, dilogarithme de Bloch-Wigner, volume d’une variété

hyperbolique 3D.
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Chapter 1

Introduction: Mabhler
Measure and Boyd’s
Conjectures

1.1 Boyd’s Conjectures

The logarithmic Mahler measure of a nonzero rational function P €
C(xy,...,x,)" is defined by

1 1
m(‘P) _/ / 10g|P(627FZ'91’.” 7627Ti0n)|d91"' den
0 0
1

(1.1)
d d
/ log |P(z1, - 7%)’&... 2”7

- (27i)n s .
where T" is the unit torus given by
Tn:{(217«~.72’”)6@”"21’:...:’2n’:1}.

The Mahler measure of P is then defined by
M(P) = P,

For a nonzero rational function P € C(x1,...,x,)”, the integral
converges, and furthermore, if P is a Laurent polynomial with integral
coefficients, then m(P) > 0 (see |13, Lemma 3.7, p. 57| in detail). For
a one variable polynomial



by Jensen’s formula, the Mahler measure of P has an equivalent ex-
pression given by

M(P) = |aq| Hmax{l, ||} (1.2)

If a polynomial P € Z[z], then from its Mahler measure M (P)
is an algebraic number and M(P) > 1. A well-known conjecture,
Lehmer’s Mahler measure problem, claims that there exists a real num-
ber r > 1 such that for any polynomial P € Z[z]|, the Mahler measure
satisfies M (P) > r or M(P) = 1. In addition, it is known that for a
nonzero primitive P € Z[z|, M(P) = 1 if and only if all the zeros of P
are roots of unity or 0 (see [13, Theorem 1.33, p. 28]). As M (P) is ac-
tually an algebraic number, Lehmer’s problem involves the distribution
of algebraic numbers and is still an open question.

For the two-variable case, the Mahler measure is more complex.
In favorable cases, one finds a relationship with special values of L-
functions. For instance, consider the following formula due to Smyth
(see [5] and [32])

m(y+z+1)=L'(x_3 —1),

where L(x,s) is the nontrivial Dirichlet L-function defined in Sec-
tion and x_s is the Dirichlet character of conductor 3 (see the no-
tation x_ in Definition and the conductor f in Definition [2.3.4)).
In 1997, Deninger [10] expressed the Mahler measures of certain Lau-
rent polynomials without vanishing points on the unit torus in terms
of a regulator from a higher K-group to a cohomology group. From
this connection and the conjectural relationships between the regulator
and special value of L-function (Bloch-Beilinson conjectures), Deninger
predicted that under some conditions, the Mahler measure is related to
an L-value. These connections of Mahler measure with special values
of L-functions attract considerable research interest. Many formulas of
this type of relationships have been conjectured and some have been
proven.

In order to understand and generalize the relationship of Mahler
measure with L-functions, Boyd [5] conducted a systematic study of
certain families of two-variable reciprocal and tempered polynomials of
the form (the definitions of reciprocal and tempered polynomials are

given in Section [2.2)):
Pu(x,y) = A(2)y” + Bi(z)y + C(2), (1.3)

where k is a parameter. In Section we will give a brief description
of Boyd’s polynomials.



When the curve Py(z,y) = 0 has genus 0 or 1, Boyd [5] found some
numerical examples of the form:

m(P) =Y rydy, (1.4)

J
where 7; € Q and

f3/2
df = L/(X_f, —1) = EL(X_JC, 2), (15)

where L(x_y, s) is the Dirichlet L-function with the quadratic Dirichlet
character x_¢ of conductor f. We will use the question mark to indicate
conjectural identities that have been verified numerically up to at least
20 decimal places. In this dissertation, we will be particularly interested
in the following identity, conjectured by Boyd [5] and proven by Boyd
and Rodriguez-Villegas |6]:

m(Q) = gdis,

where
Qz,y) = (2 + 2+ 1)y* +3x(z + Dy + o(2* + 2+ 1).

Note that Q(x,y) = 0 defines a genus 1 curve. We study this identity

and find an expression for the Mahler measure given by a linear combi-

nation of special values of the Bloch-Wigner dilogarithm. Combining

our findings with the result proven by Boyd and Rodriguez-Villegas,

we can establish some identities among different values of the Bloch-

Wigner dilogarithm. The results will be discussed in Chapter [3]
Consider a family of genus 1 curves Py(z,y) = 0, with

Pi(z,y) = (z + 1)(y + 1)(z + y) — kzy,

where £ is an integer, and consider the elliptic curve Ej, corresponding
to the zero locus of Py(z,y), given by

Ey:Y?+ (k—2)XY + kY = X°. (1.6)
Then, Boyd [5] found some numerical examples of the form:
m(Py) = rp L (Ey, 0), (1.7)

where 7 is a rational number and L(E},s) is the L-function of the
elliptic curve Fj.



’ k ‘ g ‘ Ny, ‘ Proven by ‘
—4] 2 [ 36 | Rodriguez-Villegas [34] |
2 | 1/2 | 36 | Rodriguez-Villegas [34]
~8| 10 | 14 | Mellit [25]
1| 1 | 14 | Mellit [25]
6 | 14 | Mellit [25]
—2 | 3 | 20 | Rogers—Zudilin [30]
4| 2 | 20 | Rogers—Zudilin [30]

Table 1.1: Proven cases corresponding to g = 1 of formula (1.7). Here Ny
is the conductor of Ey.

Rodriguez-Villegas [34] studied these identities in the context of
Beilinson’s conjectures and was able to prove those related to elliptic
curves of conductor 36, which have complex multiplication. Subse-
quently, other cases were proven involving conductors 14 and 20 (see
Table .

Boyd [5] also investigated some families of curves of generic genus
2 such as

Qr(z,y) = (@ + .+ 1)y° + ka(z 4+ Dy + z(2* + 2 + 1),

Ri(x,y) = (2*+x+ 1)y + (' +ka* + (2k—4)2* + ko +1)y+2* (2> +a+1),

and
Se(z,y) = y* + (x* + ka® + 2k2? + kax + 1)y + 2*.

In Boyd’s polynomials, the parameter k is a real number. Especially for
the direct computation method, the Mahler measure is differentiated
respect to the parameter £ € R. For this reason, in this dissertation
we focus on Boyd’s polynomials for a real parameter k. We will see
in Example that Qx(z,y) = 0 defines a curve of genus 2 for k €
R\ {=£3,0}, genus 1 for k € {—3,3} and genus 0 for k£ = 0. By Example
2.2.3] Ri(z,y) = 0 defines a curve of genus 2 for k € R\ {—1,2,5,6},
genus 1 for k € {—1,2,6} and genus 0 for k¥ = 5. By Example 2.2.1]
Sk(z,y) = 0 defines a curve of genus 2 for k € R\ {—1,0,4, 8}, genus 1
for k = {—1,4}, genus 0 for £ = 8 and has two irreducible components
of genus 0 for k& = 0. In Section 2.2 we will see that the curves
corresponding to Qk(z,y) = 0, Rg(z,y) = 0 and Sk(z,y) = 0 are
hyperelliptic and by some quadratic changes of variables, these genus
2 curves can be seen to have factors corresponding to genus 1 curves,
i.e., the Jacobians associated to the genus 2 curves have an elliptic
curve factor. In particular, the Jacobian associated to Si(x,y) = 0 is
isogenous to a product of two elliptic curves, one of which is Ej given



by (1.6). Boyd found numerical relations of the type
m(Sy) = si.L'(Ey, 0).

Similarly, the Jacobians associated to Qg(x,y) = 0 and Rg(z,y) = 0
are isogenous to the products of two elliptic curves, with a common
factor, and Boyd found that the corresponding Mahler measures are
numerically related to the L-function of an elliptic curve isomorphic to
the common factor.

The above findings led Boyd to conjecture relationships between
the Mahler measures of P, and S, and between the Mahler measures
of Qr and Rj. These results were eventually proven by Bertin and
Zudilin [1,2] and are summarized as follows.

Theorem 1.1.1. |1/ For k taking real values, we have

m(Sk) =

Theorem 1.1.2. 2] For real k > 4, we have
m(Qr) = m(Rap).

Bertin and Zudilin proved these results by studying the correspond-
ing Mahler measures as functions on the parameter k£ and by differen-
tiating respect to k. The equalities were then established by using
several identities of hypergeometric functions.

The family Sk(z,y) was also studied by Bosman in his thesis [4].
He considered the relationship with the regulator and proved exact
formulas for m(Sy) in the cases k € {—1,2,8}. The genus 1 case of
k = 4 can be proven by techniques of modular unit parametrizations
[1,37].

Bosman [4] used the regulator to relate the Mahler measure of the
family Sk(z,y) to a combination of elliptic dilogarithms. A proof of
Theorem [1.1.1] could be achieved by relating those elliptic dilogarithms
to the ones corresponding to the Mahler measure of Py (z,y). This is
essentially the strategy of Lalin and Wu [20], who provided further clar-
ification by reproving Theorems [1.1.1| and [1.1.2] by using the regulator
theory. The proof of Lalin and Wu will be presented in Chapter [4]

We also consider a problem involving a genus 3 curve.

Liu and Qin [23] extended Boyd’s ideas (particularly allowing more
general expressions for By(x)) to obtain many more conjectural families
generically corresponding to genus 2 and genus 3 curves. The polyno-
mials are still of general type , and they are still endowed with

5



the automorphism o : (z,y) — (1/x,1/y), as Boyd’s polynomials (see
Section in details). They have hyperelliptic models that are covers
of at least one common genus 1 curve.

Lalin and Wu [21] proved the following result conjectured by Liu
and Qin [22].

Theorem 1.1.3. Let
Pu(z,y) =9* + (2% + ka® — 2 + (2 - 2k)2® — 2* + ko + 1)y + 2°
and
Qr(z,y) = 29> + (kv — 1)y — 2% + .
Then, for k > 2,

The proof will be presented in Chapter

The curve defined by Py (z,y) = 0 has genus 3, except for k = £2,
when it has genus 2 (see Example [2.2.4]), while the curve defined by
Qr(z,y) = 0 has genus 1 for all k.

More precisely, Liu and Qin conjectured that the common value of
m(Q) and m(Py) is given by rpL'(E),0), where

Ep:Y?=X?+ (k* —4)X? - 8kX + 16.

The first few values for 1/r; are given in Table (Here we list
1/ry because it has the tendency to be an integer.)

k 2 [ 3] 456 7 8 9 [ 10
rg | —1/2 =1 =2 -4 6 | 14 | —18 | 36 | 52
N || 37 | 79 [ 197 | 469 | 997 | 1907 | 3349 | 5497 | 8549

Table 1.2: Numerical values of 1/r for the conjectural formulas m(Qy) =
m(Py) = rpL/(E),0) found by Liu and Qin [23]. Ny indicates the conductor
of Ek.

For k = 2, Fy: Y2 = X3 — 16X + 16 is the elliptic curve 37al in
Cremona’s classification given by

v —y =2 — .

To our knowledge, Theorem is the first result shedding light
on the Mahler measure of a genus 3 curve. Our method of proof is
similar to the one employed in [20], establishing identities between the
regulators, but the regulator of the genus 3 curve is more difficult to



evaluate and we employ a few strategies to simplify it before compar-
ing it to the regulator of the genus 1 curve. The major new idea for
evaluating the regulator of the genus 3 curve is to use equation
as opposed to to simplify the evaluation of the diamond opera-
tor on (1) ¢ (y1) (we will explain how this works in Section [1.2)). This
simple idea has potential for other cases. Another interesting feature of
this example is that the regulators are supported in powers of a point
of infinite order in the elliptic curve. The majority of the examples
that have been proven so far have the regulators supported in torsion
points.

1.2 Approaches to Boyd’s Conjectures

Here, we briefly introduce some approaches for proving Boyd’s conjec-
tures and some techniques used in these methods.

1. Direct computation of m(Fy) for a family of polynomial P, by
studying the Mahler measures as functions on the parameter k
and differentiating with respect to the parameter k£ in order to
find relations among different values of k£ or between the Mahler
measures of different families. This was the method employed
by Bertin and Zudilin in [1] and [2] to prove Theorem and
Theorem [[L.1.2]

Of all the methods, direct computation is often the first approach
to be considered. Sometimes the proof by the direct computation
may be gratifyingly straightforward and it can be achieved just
by applying complex analysis and properties of special functions.
Recently, Ringeling and Zudilin [29] used this method to prove
another identity conjectured by Lin and Qin |23, Eq (3.22)]. The
identity proven by Ringeling and Zudilin looks quite complex and
involves Mahler measures of three different families. But the proof
is very concise.

2. For some cases where the curve P(x,y) = 0 has genus 0 or 1,
the term %/FQL(X_ £,2) can be obtained from the hyperbolic vol-
ume of an oriented hyperbolic three-manifold (see Section for
details). Meanwhile, the Mahler measure may be expressed as
m(P) = > . r;D(ay) with r; € Q, where D(a;) is the Bloch-
Wigner dilogarithm defined in Section[2.4l In favorable cases, the
Bloch-Wigner dilogarithm D can be expressed as a hyperbolic vol-

ume (see Section for detail). If those volumes are consistent



between %/:L(X_f, 2) and ), 7;D(e;), then we can conclude the

relation between m(P) and the L-value. This technique will be
studied further in Chapter [3

. Boyd’s conjectures can also be proven by using the requlator map
on the second K-group K,(C') of an algebraic curve C'. The theory
for this method can be found in Section [2.5| Here, we briefly
summarize this method as follows.

Let C: P(z,y) = 0 be an algebraic curve over Q , where P is a
polynomial over Q of the form:

P(x,y) = P* () (?J - yl(x)) (y - y2($))

with algebraic functions y;(z). Suppose that by a change of vari-
ables z = x(X,Y) and y = y(X,Y), we obtain the standard form
Y? = h(X?) of a hyperelliptic curve, where E: Y2 = h(Z) is an
elliptic curve. On the unit tours T2, if [{z | |x| = 1,|y;(z)| > 1}]
can be seen as an element in the homology group H;(C,Z), then
for the case where |y;(x)] > 1 and |yo(z)| < 1 (or |yi(z)] < 1
and |yo(z)| > 1) on |z| = 1, we can construct the requlator map
(described in Section in detail) rg from the second K-group
K5(E) of E to the cohomology group H'(E, R) with a relationship
of the form:

m(P) ~ m(P) = ~rp({r,yD)l] (19

where {z,y} is the Milnor symbol (defined in Section in
K>(Q(E)) of the function field Q(E) of E over Q with two rational
functions z(X,Y),y(X,Y) € Q(E)* and [y] is a generator of
the homology group H; (E(C),Z). Meanwhile, one may find a

function: DF: E(C) — R with a relationship of the form:

re({z,y})] = cDF((z) < (y)), (1.9)

where c is a constant depending on the cycle [y] in H;(E(C),Z
and ¢ denotes the diamond operator (described in Section [2.5.3
in detail). Formulas and provide tools for the com-
putations and comparisons in the proof of Boyd’s conjectures.
For instance, consider two polynomials P(xy,y;), Q(x2,y2) over
Q. From certain changes of variables (z1,y1) — (Xi,Y1) and
(w2,72) + (X5, Y3), we obtain two elliptic curves Ey: Y = hi(Z))
and Ey: Y7 = hy(Z,) with Z; = X? and Z, = XZ2. By and



(L.9). .
m(P) — m(P*) = S DP (1)
* Co ~
m(Q) —m(Q") = == D ((w2) o (1)
If the curves Fj, Fs are isomorphic and (z1) ¢ (y1) = (x2) © (y2),
we have the following desired result:

m(P) — m(P*) = 2—;( m(Q) — m(Q")).

This is the idea of proving Boyd’s conjectures by the regulator
method. We will discuss how to find (1.8) and (1.9 in Chapter [2|

Lalin and Wu [20,21] used the regulator approach to prove the
identities in Theorem (1.1.1, Theorem and Theorem [1.1.3]
The proofs will be presented in Chapter [4 and Chapter [5]

&
—~
<
[y
~—
SN—"

. Computations of Boyd’s conjectures are always difficult. In many
cases, we obtain an elliptic curve E: Y? = h(Z) with Z = X?
from the curve P(x,y) = 0 by the certain change of variables:
(z,y) — (X,Y), that is to say: our curve is a 2-cover of an
elliptic curve. In such cases, we may not be able to compute x Ay
or (z) o (y) directly, where x A y is an element in A’ (C(E)™)
and (x) < (y) is the diamond operation of two divisors (z) and (y)
with z,y € Q(F)*. In order to make the computations feasible,
Bosman in his thesis [4] introduced two rational functions a(Z,Y")
and b(Z,Y’) such that

a(X2Y)r(X,Y) +b(X%Y)y(X,Y) = 1. (1.10)

Then, we perform the computations (wedge products or diamond
operations) in terms of the functions a(Z,Y’) and b(Z,Y). Some-
times, we are unable to get the appropriate functions a(Z,Y") and
b(Z,Y) from (L.10). Then, we may get them from an equation of
the form

y(X,Y)

a(X?,Y)z(X,Y) + b(X?, Y)W

=1 (1.11)

with some integer m. Notice that

y(X,Y)
(z(X,Y))"
The functions a(Z,Y) and b(Z,Y") obtained from Eq (1.11)) have

the same effect as the ones from (1.10). This technique will be
used for all our results in Chapter [3] Chapter [l and Chapter

(X, Y)ANy(X,)Y) =z(X,Y)A



Chapter 2

Some Background and Basic
Results

In this chapter, we will introduce the necessary background that will
be needed to attack Boyd’s conjectures. We will explain how those
techniques work.

2.1 Two Properties of Mahler Measure

Here, we introduce two properties for the Mahler measure that are at
the basis of many computations.

Proposition 2.1.1 (Properties of the Mahler measure, [13, p. 51-52]).
The following properties for the logarithmic Mahler measure hold.

1. For any rational functions P,Q € C(xy,--- ,x,)%,
m(PQ) = m(P) +m(Q).

2. Let
P(x) =) cmX™ € Clai!, -+ 2]

n

be a Laurent polynomial, where x™ = xi" ---x". Let A be an
nxn integral matriz with det A # 0. Define P (x) = 3. cppx™A.
Then,

m(P) = m(PW).

Proof. Property 1 follows directly from the definition of Mahler mea-
sure and the property of the logarithm: log|PQ| = log|P| + log|Q|.
We will prove Property 2.

10



aipr ... QAip

Consider A= | : ..t [ . Notice that
Ap1 ... Qpnp
1 0 0]
aip ... Cllj/dj ... Qip 0
A= : : d; ,
Ap1 .- - an]/d] ... App .0
_0 B | 1_

where d; = ged(ayy, ..., anj). By LU-factorization and the Euclidean
algorithm, the matrix A is a product of n x n integer matrices L, U
and D with nonzero determinant, where L is a lower triangular matrix
with 1’s on the diagonal, U is a upper triangular matrix with 1’s on
the diagonal and D is a diagonal matrix. From composing the changes
of variables, it suffices to prove that

m(P) = m(P(U)), m(P) = m(P(L)), m(P) = m(P(D)).

1 ap Q1n
. 0 ... Qop
Write m = (my,...,m,) and U = |, . .| € GL(n,Z).
0 0 1
Then,
1 19 ... Qip
0 1 ... Qop
0o o0 ... 1
= (M, aramq +ma, ..., a1,My + -+ + Qo1 0 Mp_1 +My,)
Then,

1 1
m(p(U)) :/ / 10g|p(U)(627ri91’... ™0 dg, -+ d6,
0 0

1 1
_ 01+02a12++0nain)2wim 0, 2mim
_/ / 10g|§ Cme(l 2a12 nain) 1., gbn w6y - -+ db,.
0 0

Let ¢1 = 01 + Oa12 + - -+ + Opa1p, 2 = Os + O3a93 + -+ - + Opaon, ...,
On = en Then, en = ©n, enfl = Pn-1 — Pnln—1,n, -+ (91 =1 — (902 -

Ce— PpQop)G12 — - — Ppag,. The Jacobian is then
o01,...,0,) )
8(901,...,g0n) '

11



We obtain that
m( pu ))

1 1
_ . log Cme(gl+92a12+..-+9na1n)2mm1 . 69n2m'mn d@l . d&n
| eSS
1 1+ f1(p2,.0n) ‘ 3(9 0 )
=/ ... log ‘ Con €T L 2T imnen | L T G g,
~/O /f1(<p2, Z 8(9017 LI gpn)
1 1+f1(<P2 ----- L.Dn) A
= / e / log |P(e*™#t ..., e*™#)|dy; - - - dpp,
0 fl(§027"'7<pn)
where
filea, .o yon) = bsa1a + ...+ Opar, = (p2 — ... — Ppaop)a12 + . . . + OpGin,
fn72(90n717 Spn) = enflanflnfl + enaan,n
- ((pn—l - Spnan—l,n)an—Q,n—l + Pnln—2n,
fn71<90n) = enaan,nfl = Pnlpn—2n—1,
fn—l = 0.
Notice that for each ¢;, the function P(..., p;,...) = P(e*™#1 . ¢*mien)
has period 1. Hence,
1+fj (QOJJrl: 75071) . 1 .
/ log P77, e¥#)| gy = [ log [P ... 7] d,
fj(@j+l,---,‘ﬂn) 0

This gives the desired result:

Similarly, one can show that

m(P®) = m(P).

Now, write D = with integers d; # 0. Then,
d

dr

mD = (my,...,my,) = (mydy,...,mud,) .

12



and

1 1
m(P<D>):/ / log | P (e*™ ... e*™)| df; --- db,
0 0

1 1
— / . / lOg ’ E :Cm€27rzm1d101 . €2mmndn9n| d91 . den
0 0

Let m = d191, ey = dnen Then,
an dl . i 4 d
m P(D) — / Ce / lo Cme2ﬂlm17]1 e ezﬂ-lmnnn i e "In
POy = [T [T 3 <

d,
.o » oy dmd
= 1 P 27”7717‘”72#1177,, ﬂ 77n
| el e )| b

Notice that d; € Z with d; # 0 and for each j, the function P(...,n;,...) =
P (e*mm .. e¥™m) has period 1. Thus,

d; ‘ 1 '
/ 10g|P(€2mm7.__7€2mnn)‘ dn; _ dj/ log‘P(62’”’71,...,62”’7")‘ dn;
0 dj 0 dj

1
= / log }P (62”’71, e ,62””7")’ dn;.
0

This gives the desired result:
m(PP)) = m(P). O

2.2 The Curves Appearing in Boyd’s Conjectures

An algebraic plane curve over C is defined by
C={(z,y) € C*| Pa,y) = 0},

where P(z,y) € Clz,y| is a nonconstant polynomial with no repeated
factors. A complex curve C': P(z,y) = 0 is often called an affine plane
curve (for distinguishing them from projective curves defined below).
An affine plane curve in C? is never compact (see |18, p. 46]).

Note that we can identify C? with the open subset {[z,y,z] €
P2 | 2 # 0} of the projective plane P? = {[z,y,2] | (z,y,2) € C3\
{(0,0,0)}}, where [z,y,z] in P? is the equivalence class of 3-tuples
(z,y,2) in C*\ {(0,0,0)} under the equivalence relation ~ defined by
(x,y,2) ~ (Ax, \y, Az) for all A € C\ {0}. Then, a plane curve C' can
be defined on the projective plane P? by

C={[z,y,2] € P*| P(x,y,2) = 0},

13



where P € Clz,y, 2] is a homogeneous polynomial. Every projective
curve C': P(x,y, z) = 0in P? is compact and Hausdorff (see |18, Lemma
2.30, p. 42]). A projective curve C: P(z,y,z) = 0 in P? may be ob-
tained from an affine plane curve P(x,y) = 0 by homogenization of
P(z,y) to P(z,y, 2).

A smooth algebraic projective curve in P? can be seen as a compact
Riemann surface. A compact, connected, orientable surface without
boundary is homeomorphic to a sphere with g handles. The number
g > 0 is called the genus of the surface. For a nonsingular projective
plane curve C : P(x,y,z) = 0 in P?, the genus of C' can be obtained
by (see [18, p. 85])

g:%(d—l)(d—2), (2.1)

where d is the degree of the polynomial P. Inspired by the definition
of genus of a surface, one can obtain an invariant ¢ in the classification
of algebraic curves (with singularities or without singularities). This
invariant ¢ is called the genus of a curve. For the rigorous definition
of genus of a curve, we refer the reader to standard algebraic geometry
or Riemann surface textbooks (e.g. [14,/17,24]).

A curve of ¢ = 1 with a rational point is an elliptic curve. It can
be defined by the Weierstrass form .

A curve C of g > 1 with a double covering of P!, i.e., such that there
exists a finite morphism 7: C' — P! of degree 2, is called hyperelliptic.
A hyperelliptic curve can be written in the canonical form (see [24,
Proposition 4.24, p. 294]) as

y* = f(x), (2.2)

where f € C|x] of degree d with d distinct roots. For the hyperelliptic
curve ([2.2)), the genus is given by (see [24, Proposition 4.24, p. 294]
or [4, Lemma 15, p. 35])

g=——, ifdisodd,
2 (2.3)

g=——, ifdiseven.

In [5], Boyd considered some specific algebraic plane curves C' :
P(z,y) =0, where P € C[z,y] of the form:
P(x,y) = A(x)y® + B(x)y + C(x) (2.4)

with A, B, C' € C[z]. In this section, we discuss some fundamentals of
plane curves and give some precisions about the curves appearing in
Boyd’s conjectures.

14



Example 2.2.1 (cf. [4, Lemma 17, p. 43]). Consider the family
Se(z,y) = v* + (2" + ka® 4+ 2k2® + ko + 1)y + 2.

In Section the curve Si(z,y) = 0 will be written in the form (2.2))
by
Vi = hi(X7),

where

hi(Z)) = (K* + k) Z3 + (—2K* + 5k + 4) Z7 + (k2 — 5k + 8)21 —k+4.

The discriminant of hy(X?) is 222k%(k — 8)%(k — 4)(k + 1). By (2.3),
the curve Y* = hi(X?) has genus
6—2
= - 2
977

for k € C\ {-1,0,4,8}. When k = —1, hy(X?) = =3X{ + 14X} + 5.
So, Y = hy(X?}) is a curve of genus 1 for k = —1. When k = 0,
hi(X?) = 4(X?+1)2 So, Y = hy(X?) has two irreducible components
of genus 0 for k = 0. When k = 4, hy(X?) = 4X?(5X{ —2X?+1). The
genus can be obtained from the curve Y = 5X{ — 2X? + 1, which is a
curve of genus 1. When k = 8, hy(X?) = 4(3X? — 1)%(2X? — 1). The
genus can be obtained from the curve Y = 2X? — 1, which is a curve
of genus 0.

Example 2.2.2. Consider the family
Qi(z,y) = (2% + & + 1)y* + ka(z + Dy + x(2® + 2 + 1).

In Section 4.2 the curve Qy(x,y) = 0 will be written in the form (2.2)
by

Yy = ha(X3),
where

ho(Zs) = (K* — 9) 735 — (2k* — 3) 23 + (K> +5)Zy + 1.
The discriminant of hy(X2) is 222k*(k — 3)(k + 3)(k* 4+ 16)2. By (2.3),
the curve Y;? = hy(X32) has genus
6—2
= — = 2
77

for k € C\{=£3,0,+4i}. When k = £3, hy(X3) = —15X3+14X2+1 =
—(15X2+1)(X2—1). So, Y7 = hy(X3) is a curve of genus 1 for k = +3.
When k = 0, hy(X2) = —(X3 — 1)(X5+1)(3X2+1)%. So, Y2 = hy(X2)

is a curve of genus 0 for £ = 0.
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Example 2.2.3. Consider the family

Ri(v,y) = (2* + 2+ Dy + (2" + k2’ + 2k — 4)2* + kx + 1)y
+ 23 (2® + o+ 1).

In Section [4.2] the curve Ry (x,y) = 0 can be written in the form (2.2)
by
Yg = h3(X§)a
where
hs(Z3) = (K* — k — 2)Z5 + (—2k* + 11k — 2) 73
+ (k* — 11k + 26)Z3 + k — 6.

The discriminant of h3(X3) is 222(k—6)(k—5)*(k—2) (k+1)(k*—4k+20).
By (2.3)), the curve Y = h3(X2) has genus
6—2

g=—5 =2
for k € C\{—1,2,5,6,2+4i}. When k = —1, hy(X2) = —15X% +
38X2 — 7= —(3X2 — T)(5X2 — 1). When k = 2, hy(X2) = 4(3X2 +
2X2—1) =4(X2+1)(3X2 —1). So, Y2 = h3(X%) is a curve of genus
1 for k € {~1,2}. When k = 5, hg(X2) = (2X2 — 1)(3X2 + 1). The
genus can be obtained from the curve Y = 2X2 — 1, which is a curve
of genus 0. When k = 6, h3(X?) = 4X2(7X3 — 2X3 — 1). The genus
can be obtained from the curve Y = 7X§ — 2X2 — 1, which is a curve
of genus 1.

Example 2.2.4. Consider the family
Pu(z,y) = y* + (2% + k2® — 2* + (2 — 2k)2® — 2* + ka4 1)y + 2°

In Section the curve Py(z,y) = 0 can be written in the form ({2.2))
by
Y? = h(X?),

where
h(u) = (k + 2)u* + 4(k* + 3k + 3)u® — 2(4k* — 3k — 16)u?
+4(k* — 5k +5)u+ k — 2.
The discriminant of h(X?) is 248(k—2)(k+2)(k* — k3 —8k*+ 36k —11).
By (2.3)), the curve Y2 = h(X?) has genus

89
:—:3
9= 73
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when k # +2. For k = 2,
h(u) = 4u* + 52u° + 12u® — 4u = 4u(u® + 13u® + 3u — 1).

The genus of the curve Y2 = h(X?) is equal to that of Y2 = X% +
13X* + 3X? — 1. So, the curve has genus

6— 2
:—:2
9= 73

when k = 2. For k = —2,
h(u) = 4u® — 120 4 T6u — 4 = 4(u® — 3u® + 19u — 1).

So, the curve has genus

when k = —2.

Furthermore, the polynomials in Boyd’s conjectures are recip-
rocal and tempered. We now explain what these conditions mean.

We say that the polynomial P(z1, ..., x,)is reciprocal if P(xq, ..., x,)
equals £P(1/z4,...,1/x,) multiplied by a monomial.

Let

P(z,y) = Z a(m,n)x™y" € Clz*™', ™',
(m,n)eJ

where J is the finite subset of Z? with a(m,n) # 0 for all (m,n) € J.
Define the Newton polygon of P, denoted by C(P), to be the convex hull
of J. For each side 7 of C(P), let 7(j) be the lattice points (enumerated
clockwise by 7 =0,1,2,...) on the side 7. Let

P.(t) = Za(T(j))tj € C[t].

The polynomial P; is said to be a face polynomial of P. A polynomial
P(z,y) is tempered if for every side 7 of the Newton polygon C(P), the
zeros of the face polynomials P.(t) are roots of unity.

Example 2.2.5. Consider the polynomial Qx(z,y) in Example [2.2.2

Qr(z,y) = (@ + 2+ 1)y +ka(z + Dy +z(2® +z+1)
= 2% + ay? + v + kaPy + kay + 2% + 2% + w

17



The Newton polygon is the convex hull of J represented by

Pi(t)=1+t+1
Py(t) =1+t
Py(t) =1+t + 12
Py(t)=1+t.

We thus conclude that the polynomial Q(z,y) is tempered.
Observing Boyd’s polynomial (2.4)), we have that

Pi(z,y) = A(z)y® + Bi(a)y + C(z)

_ (24(2)y + By())” — (B}(x) — 4A(x)C(x))
4A(x) '

The curve Py(x,y) = 0 is given by
j? = Bi(x) — 4A(2)C(x),
where
§ = 2A(x)y + Bulr).
Let
Dy(z) = Bi(z) — 4A(z)C ().
In order to apply the approach used in Chapters [3], ] and [5], we need

write the curves Py(z,y) = 0 in the form (2.2)). This may be realized
by the change of variables

X:x—i—l’ YZQA(x)y—l—BkI)’
x—1 y(z)(x — 1)™
X+l A E)Y-nEw ®F
“x-1v Y7 24 (X1

with some appropriate polynomial v(z) and integer m. Then, we obtain
the curves:

W:cmm+mmf Bi(x) —4A@)C(x) _ (X = 1™ Dy %ﬂ_

Y@ —1m ) T R - zm T e (XX

18



From some specific curve Py(z,y) = 0, if
X +1 X +1 A
X-1""D,[=—=) /== ) = h(X?
- () 1t () = hee)
with h € C[X], then we obtain a hyperelliptic curve in the form:

Y? = h(X?). (2.6)

Note that for our cases in Chapter 4] and Chapter [, Dy is a recip-
rocal polynomial such that

1 D
nt)-2s
x x
with even degree d. Write Dy(z) = Zj:o cjal. Then ¢q = ¢y, 41 =
. Let 2m = d. Then,

X +1 X +1\" X +1

— 2m - — J— d [ PR JE—
d
X +1 X +1\° X+1\2

_1 CzZ(( ) +(—X—1)>+Cg(—X—1>

Observe that for ¢ < d/2,
X +1\“
Y
o ((322)

_l’_
X+1 y4 X—f-l d—2¢
. o d
— (X -1) <—X_1) ( —X—l) +1
—2¢

= (X? -1 (X + 1)

since d is even, and in addtion,

/2
-1 () = e - )

We thus conclude that

(X —1)*"D, (%) = h(X?)

for some polynomial h. We then obtain a hyperelliptic curve 1} by
setting vy(z) = 1.
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Here we only deal with the families of the curves from Chapters 3], [4]
and . All these curves can be rewritten in the form by the change
of variables . From 1) we see that the transformation x — %,
Yy — i may lead to X — —X, Y — 4+Y. In order to successfully prove
the conjectures with our methods, we should have that

1 1
r——andy— - <= X—>—-XandY —Y.
x (Y

2.3 A Review of L-Functions

Boyd’s conjectures are some numerical identities that show a relation-
ship between the Mahler measure of a given polynomial and the L-
function of the corresponding elliptic curve. For this reason, we review
some definitions and concepts of L-functions. The content of this sec-
tion can be found in standard textbooks on elliptic curves (e.g. [19]).

2.3.1 Dirichlet Series and Euler Products

A series Y7, %2 with a,,s € C is called a Dirichlet series.

Proposition 2.3.1 (cf. [19, Proposition 7.2, p. 192]). Let »_° | %2 be
a Dirichlet series.

1. If the series is convergent for s = sg, then it is convergent uni-
formly on compact sets for Re s > Re sq, and the sum of the series
1s analytic in this region.

2. If the series is absolutely convergent for s = sy, then it is uni-
formly and absolutely convergent for Res > Re sq.

3. If the series is convergent for s = sqg, then it is absolutely conver-
gent for Res > Re sy + 1.

4. If the series is convergent at some so and sums to 0 in a right half
plane, then all the coefficients are 0.

Consider a formal product

H (1_i_appfs_i_..._i_apmp*ms_'_...)_ (27)
p prime
If this product is expanded without regard to convergence, the result

is the Dirichlet series -

Qn

3
ns
n=1
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where
_ _ : Y | Tk
a; =1, an—apgl---apzklfn—pl---pk.

If an absolutely convergent Dirichlet series >, 92 has the prop-
erty that all its coefficients are multiplicative, i.e.,

a; =1, amn = ama, whenever ged(m,n) =1,

then the Dirichlet series Y -, 9 can be expressed as (2.7). In this
case, the product (2.7) is called the Fuler product of the Dirichlet series
S>> % In particular, if the coefficients are strictly multiplicative, i.e.,

n=1 ns
a1 =1, amp = apa, for all m and n,

then we have a,m = (a,)™ for all m. Consequently, the Dirichlet series
has a first degree Euler product:

e § B e e | s

n=1 p prime p prime P

In Section [2.3.3] we consider the Euler product for the L-function of an
elliptic curve. The expansion is called a k™™ degree Euler product
if for each prime p, there is a polynomial P,(X) € C[X] of the degree
< k and zero constant term such that

1

1 XS4 ... mX TS =
+ aq + o tay + 1—P,(X)

As C is a closed field, we may factor 1 — P,(X) over C as
1-PB(X)=(1-rVX) - (1-r{PX).
The complex numbers rfoj) are said to be the reciprocal roots of 1 —
Bp(X).
The properties of Euler products can be found in |19, VIL.2, p. 192—
199].

2.3.2 Dirichlet L-Series

Definition 2.3.2 (Dirichlet character). A Dirichlet character modulo
d is a function y: Z — C that has the following properties.

1. For all n € Z, x(n) = x(n + d).
2. For all n € Z, x(n) = 0 if and only if ged(n, d) > 1.
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3. For all m,n € Z, x(nm) = x(n)x(m).

We write x to be y_4 if the modulo d should be emphasized. The
principal Dirichlet character modulo d is defined by

1 if ged(n,d) =1
0 .0 — ) )
X(n) = xZa(n) {o if ged(n,d) > 1.

One can easily verify that x° is a Dirichlet character modulo d.

From Definition [2.3.2] we can deduce the following properties for
the Dirichlet character.

Proposition 2.3.3. Let x: Z — C be a Dirichlet character modulo d.
Then:

1. x(1) =1.
2. If m=n mod d, then x(m) = x(n).

3. Let ¢, denote a primitive n'™ root of unity. Let k be a positive
integer such that ged(k,d) = 1. Then,

X(k) = Ca)

for some integer t which depends on k, ¢ and x, where ¢: Z, —
Z,U{0} is the Euler’s ¢-function. It follows that x: 7 — STU{0}
given by

ze€ S8t if ged(n,d) =1,
x(n) = .
0, if ged(n,d) > 1.

This implies that the number of Dirichlet characters for a given
modulo d is finite.

Proof. Part 1 and part 2 are the direct corollaries of Definition [2.3.2]
Part 3 follows from

X(R)?@ = x (kD) = x(1) = 1,
by Euler’s theorem: a®® =1 mod b if ged(a,b) = 1. O

Notice that the multiplicative group of integers modulo d is given
by
(Z)dZ)* = {k € ZJdZ | gcd(k,d) = 1}.
Thus, the Dirichlet character y_; can be viewed as a group homomor-
phism
x: (Z/dzZ)" — C*,

t
kv—>§¢’zd).
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So, the Dirichlet character modulo d is a character of (Z/dZ)”* which
has order ¢(d).

Definition 2.3.4 (Conductor of associate characters. cf. [19, p. 213]).
Two nonprincipal Dirichlet characters xy_4 and x’ , are said to be as-
sociate if x_q(p) = x4 (p) for all but finitely many primes. One can
easily verify that the associate relation is an equivalence relation. The
conductor of an equivalence class is the least d” such that x” ;, is con-
tained in this class.

Definition 2.3.5 (Primitive Dirichlet character. cf. |19, p. 213]). A
Dirichlet character modulo d is primitive if its conductor is d.

Definition 2.3.6 (L-Series). A Dirichlet L-series is a series on C given
by

L(x,s)=Y_ Xg),

where s € C such that Res > 1 and y is a Dirichlet character as in
Definition 2.3.2

In particular, the Riemann zeta function

)=

ns
n=1

can be thought of the Dirichlet L-series corresponding to the principal
character yg modulo 1.

Remark 2.3.7. In Definition|2.3.6} since Re s > 1 and x(n) € S*U{0},
we see that the Dirichlet L-series is absolutely convergent. This implies

that for a fixed Dirichlet character y, the Dirichlet L-series L(x, s) is
an analytic function on the open subset U = {s € C| Res > 1} of C.

Proposition 2.3.8 (cf. [19, Proposition 7.10, p. 202]). Fiz an integer
d > 0. Let x be a Dirichlet character modulo d.

1. In the region Res > 1, the Dirichlet L-series L(x,s) is given by
a first degree Euler product:

1
L(X,S): H 1_@'

p prime ps

2. If x is not principal, then the series L(x,s) is convergent for the
region Res > 0, and the sum is analytic in that region.
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3. Let x° be the principal Dirichlet character modulo d. In the region
Res > 0, L(x° s) has a unique pole at s = 1 and the pole is
simple. Furthermore, L(x°,s) is given in terms of the Riemann
zeta function ((s) by

Lo =t IT (1- )

S
p prime p
pld

Remark 2.3.9. By analytic continuation, the Dirichlet L-series L(, $)
can be extended to a meromorphic function on the complex plane C.
This extended function is called a Dirichlet L-function and also denoted

by L(x, s).

2.3.3 L-Function of an Elliptic Curve

A smooth projective plane curve of genus g = 1 with a specified point
O is called an elliptic curve. The specified point O in the elliptic
curve is called the base point, which represents the unique point at
infinity. Every elliptic curve F defined over the field C can be written
by the following Weierstrass equation (see [19, Theorem 10.3 (Néron),
p. 292)):

E: y?2 4+ a1ayz + asyz? = 23 4+ a0x’z 4+ agxz® + ag?®, (2.8)

where a; € C. The base point in the Weierstrass form is given by
0 =0,1,0].

Now, consider an elliptic curve E over QQ given by with dis-
criminant A, where, with some admissible change of variables, we can
assume all coefficients a; € Z (see [19, Proposition 10.2, p. 292]). Let
E, be the reduction of £ modulo p with a given prime p. The reduction
E, is given by a Weierstrass form written by with the coefficients
a; € F, :=Z/pZ. The discriminant A, of E, is given by

A, =A mod p.
This implies that E), is nonsingular if and only if p { A. Denote
ap =p+1—#E,(F,),

where E,(IF,) is the set of projective solutions of E,.
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Definition 2.3.10 (L-Function of an elliptic curve). The L-function
of E' is the product of the local L factors, given by

1 1
L<E7 S) - H <1 _&pp—s> MI_A[ (1 _dpp—s +p1—25) '

plA

By the Euler product expansion described in Section [2.3.1], we have
that

o0 ~
n
L(E,s) = E —,
nS
n=1
where
a, =1,
an, = ap, when n = p, for all prime p,
apm = GpGym—1, when p | A, for a prime p,
apm = ApQym-1 — Paym-2, when p{ A, for a prime p,

Apmn = Ay, when ged(m,n) = 1.

Theorem 2.3.11 (Hasse’s Theorem, cf. [19, Theorem 10.5, p. 296]).
Let E be an elliptic curve defined over Q with integer coefficients. For
each p ¥ A, let E, be the reduction of the curve E modulo p. Then,

|ap| = [p+ 1 = #E,(Fp)| < 2/p.
By Hasse’s Theorem, the L-function L(E,s) = >.°° | 4 converges

n=1 ns
absolutely when Re(s) > 3/2 (cf. [19, Corollary 10.6, p. 296]).

During the process of proving Fermat’s Last Conjecture, Wiles and
Taylor proved a modularity theorem for all semistable elliptic curves
over Q. Then, some mathematicians worked to extend and generalize
Wiles’ ideas. In 2001, Breuil, Conrad, Diamond, and Taylor completed
the proof of the modularity theorem for all elliptic curves over Q (see
the history in [31, p. 443]). Here, we present the following theorem as

a corollary of the modularity theorem.

Theorem 2.3.12. Let E be an elliptic curve over Q. The L-series
L(E,s) has an analytic continuation to the whole complex plane.

Remark 2.3.13 (A brief description of the modularity theorem). Re-
call that a cuspform f for the congruence subgroup T'o(N) of weight
2 is a modular form of weight 2 whose Fourier expansion is given by
(see |11, p. 4, p 6 and p. 13] for the definitions of modular form, cusp-
form and T'g(N)):

F)=>"au(f)"™,  alf)eC, g=e".
n=1
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There is a family of Hecke operators {7;} acting on the C-vector space
of cuspforms for I'g(N) of weight 2. For a cuspform f, if f is an
eigenvector for all T,, then f is called an eigenform. In addtion, f
is normalized if a;(f) = 1 (see |11, p. 196]). The L-function of a
normalized eigenform f for I'y(IV) is defined by (see |11} p. 201])

Lf s =3 =)

/rLS
n=1

The modularity theorem consists of the following two statements.

Theorem [2.3.13F1: Let f be a normalized eigenform for I'y(N) of
weight 2. The L-function L(f,s) has an analytic continuation to the
whole complex plane C.

Theorem [2.3.13}2: Let E be an elliptic curve over Q of conduc-
tor Ng. There is a normalized eigenform f for I'g(Ng) of weight 2 such
that

L(E,s) = L(f,s).

Theorem [2.3.12 follows.

2.4 The Dilogarithm

2.4.1 Bloch-Wigner Dilogarithm

In many cases, Mahler measure can be expressed as a finite sum
Tm(P) = Z riD(z),
where r; € Q, z; € C with |z] = 1, and D(z) is the Bloch-Wigner
dilogarithm of z (see Definition[2.4.2|given below). For example (see [6,
p- 7)),
orm(z +y+ 1) = D(e™/?) — D(e™™/3) = 27/ (x_s, —1).

This gives us motivation to study the Bloch-Wigner dilogarithm in or-
der to prove Boyd’s conjectures. Here we introduce the definition, and
some basic notions and properties of the Bloch-Wigner dilogarithm.
Recall the Taylor series for the logarithm:
o0 Zn
log(l —2) = — —, for |z| < 1.
gl-2)==) — 2]

n=1
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Definition 2.4.1 (Polylogarithm). We define the polylogarithm as
o Zn
Lin(z) =Y =,  forlz|<1, m=1,2...
im(2) ;nm or |z] m

The polylogarithm Li,,(z) is continuous and analytic on |z| < 1 for
m > 1. For m > 2, we have that

d _. 1.
Ele(z) = ;le_l(z) for |z] < 1.
Then, the dilogarithm Lis(z) can be given by (see [35, p. 5])
“log(1 —
LM@:—/-§L—3m. (2.9)
0

-
This gives an analytic continuation to C\ [1,00). Recall that
log(l1 —7) =log|l — 7| +iarg(l — 7).

For 7 € (1,00), arg(l — 7) = —m. So, when the integral path in
crosses (1,00), the dilogarithm Lis(2) will jump by 2milog |7p], where
Tp is the crossing point of the integral path passing the interval (1, 00).
This implies that the function log |z| arg(1—z)+Im Liy(z) is continuous
on C. This leads to the following definition.

Definition 2.4.2 (Bloch-Wigner Dilogarithm). For z € CU {co}, we
define

D(z) =log|z|arg(l — z) + Im Lis(2), for z € C,

D(o0) =0,
the Bloch-Wigner dilogarithm of z, where the dilogarithm Lis(z) is
given by (2.9).

Remark 2.4.3 (cf. [3, Corollary 6.1.2, p. 44]). The function D: C U
{00} — R is well-defined.

Proposition 2.4.4 (Properties of the Bloch-Wigner Dilogarithm. [35,
p. 10]). Let D(z) be the the Bloch-Wigner Dilogarithm of z. Then, we
have some properties as follows.

1. The function D(z) is continuous on CU{oo} and real analytic on
C\{0,1}.

2. For z,w € CU{oo}, we have the five-term relation:

<M@+Dwo+Dﬂ—w0+D(1_Z)+D(1_w):0

1—zw 1 —zw
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3. One has the following 6-fold symmetry:

D<z>zp(1—§)=0(1iz)=”(3)

:—D(l—z):—D< - )

1—1=2

D(z) = —D(z), in particular, D(z) =0, for z € R,

5. For z € C, we have that

o-3o6) o (=2 0 ()

Notice that |2 = |:=2] = |#5=3| = 1. S0, D(2) = D(e),

D (tiﬁ) = D(e") and D (%8:2) = D(e") for some a, 3,7 €
R. Hence, the function D: C — R can be expressed as a sum of

functions of a single real variable.

3
—

D(z")=nY D(ze™ /M),
0

e
Il

Here we give an example which will be used in Chapter [3

Example 2.4.5. We have that

2D <3+i‘/ﬁ> +2D <3H‘/ﬁ) ~1p (—w?) = 3D (—w),

3—iV3 34+iv3 3
where
—1+124/15
w=—"
4

Proof. By Proposition 5, we obtain that
3+iV15 (3 4+4v/15)(3 4+ iv/3)
oD ————=| =D
3—iV3 (3 —iV15)(3 — iV/3)

3 —iV15 3—iV3
+D<_3+z‘\/ﬁ> +D<_3+z‘\/§)
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and

34+iV3 V15)(3 +iv/3)

3-i/I5 D 3+iV3
3+1iV15 3—iv3 )’
By Proposition [2.4.4}4,
D _3—1\/5 ‘D _3—|—2\/§ _o.
3+iV/3 3 V3
In addition,

3+iV15| | 3

- <3+i\/1_5> . ((3+i\/1_5)(3—i\/§)>
(3 —iv15)(
+D

—ivVI15|

3_iv3| |3+iv3|

We have that
3+ivIs _ —1+iVI5 o 3-iVIE 14V
3—iV15 4 T 3+iV15 4 ’
34+iv3 _14+iv3 _ e 3-iV3 1B s
3—iV3 2 T 344V3 2 '
Then,

g
w3

5 ((3—1—2\/_)(3—#2\/5;) b <<3+i\/ﬁ)(3—z\/§>)

(3 —iV15)(3 —iV3 (3 —iV15)(3 +iv/3)
= D(we's) 4+ D(we™'3)
= Im Lis (wl i Zﬁ) + Im Lis (wl _2“/3> .

We conclude that
op 3+ iv15 oD 34115
3—iv3 3+iv3

3+2\/_ 3+2\/— 3—iV15
D( _Z\/_ )—i—D( _Z\/_ >+2D<_3+i\/ﬁ>
= D (we' i)+ D (we‘i%) +2D (—w).
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By Proposition [2.4.4}6, we have that

Thus,

3+ V15 3+ V15
Y (m) 2P (m)
=D (welg) + D (we™'3) — 2D (~w)
= éD(wG) —D(—w)—D(w)—D <wei%ﬁ) - D (wei4?w> —2D (—w)

1 6y 1 3
— ED(W ) — gD(w ) — 3D (—w).

Again, by Proposition [2.4.4}6, we have that

%D(wﬁ) = Z D(w?e*™/?) = D (w*) + D (—w?) .

Thus,
3+iv15 34iV15
2D<3—i\/§) +2D<3+i\/§)
= §D6") = 3D() =3D (=) = 3D (=) =3D (). O

2.4.2 The Elliptic Dilogarithm

Let A = Z + 77Z be a lattice in the complex plane C. Let C/A be the
quotient group given by

C/A={z+A|z€C}.
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The group C/A is also a Riemann surface with the quotient topology
induced by the projection C — C/A given by z — z+ A (see [14} p. 4]).
Denote the group of K-rational points on an elliptic curve E over a
number field K by E(K). Then, we have an isomorphism of Riemann
surfaces that is also a group isomorphism given by (see |31, Proposition
3.6, p. 170])

C/A— E(C), 2z [p(2),¢'(2),1],

where p is the Weierstrass function relative to the lattice A, defined by
the series

o) =M =5+ (oo~ )

Let ¢ = €™ where 7 € H = {z + iy | z,y € R with y > 0}. Let
C*/¢* be the quotient group given by

C*/q" = {2¢" | z € C*}.
Now, let A = Z + 77 with 7 € H. Define ¢: C/A — C*/¢% by
o(u+A) = ¥ ug?,

Notice that e“e” = e“*? for all u,v € C. So, ¢ is a group homomor-
phism. Since the function z = e* has the inverse image: u = log |z| +
i Arg 2 = Log z, we see that ¢ is a bijection. Thus, ¢: C/A — C*/¢*
is a group isomorphism. Then, we conclude that we have the following
isomorphisms:

o o

E(C) = C/(z+17Z) = C*/¢" (2.10)
Pz(p(u),p’(u)) — u mod A = 2T,

From ([2.10f), every point on C of an elliptic curve E corresponds to an
element in C* /¢Z. In this context, Bloch |3] gave following definition.

Definition 2.4.6 (Elliptic Dilogarithm. 3, p. 61]). The elliptic dilog-
arithm is a function DF on an elliptic curve E(C) defined by

DP(P) =" D(g"z) = 3 D(e¥im), (2.11)

nez ne”L

where ¢ = €™ 7, u and z = €™ are given in (2.10)).
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Remark 2.4.7 (cf. |3 Lemma 8.1.1, p. 61]). The expression in Defi-
nition 2.4.6 defines a continuous function D¥: E — R.

In Section [2.5.3] we will see the relationship (2.15)) between the
regulator and the elliptic dilogarithm D¥ for an elliptic curve E. Our
proof strategies in Chapters [ and [5] are based on the relationship
(2.15]).

2.4.3 The Bloch Group

Let F be a field. Let /\2(F ) be the set of all formal linear combinations
z Aw with z,w € F* subject to the conditions

2N\ z=0,

(z120) Nw =21 Aw+ 23 Aw, 2z A (wjws) =z Awy + 2 A ws.
Let z,w € F*. Since I ANz=(1-1)Az=1Az+ 1A z, we have that
INz=0.

Since
0=(zw) A (zw) =z A (zw) + w A (zw)
=zAz+zZzANWtWAZFWAW=2zAWF+WAZ,

we have that
AW =—wA z.

Since

z 1
O=1ANw=-Aw=zANw+ - ANw,
z z

we have that ]
- ANw=—zANw.
z

Let A(F') be the additive abelian group of formal sums
ny(zi] 4 - N [2]

with n; € Z and z; € F'\ {0, 1} such that

anZj N (1 — Zj) =0.
7j=1
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Proposition 2.4.8. Let F' be an algebraic number field. For all z,w €
F\{0,1} with zw # 1, the elements

z 1—2zw 1—zw
(2.12)
are in A(F).
Proof. We have that
Au—zy+(1 (1—1)>
()
=zAN(1—-2)+1A(2 —2zA(z=1)—1Az+2zAz

= 0.

We thus conclude that

We also have that
ANl=2)+(1-2)A(1-(1-2))=0.
We thus conclude that
[2] + [1 — 2] € A(F).
Finally,
ANl=2)+wA(l—w)+(1-zw)A(1-(1-zw))
()0 (- (=) (=) - (=0)
=zA(1=2)+wA(l—w)+(1—z2w)A (2w)
) () =) ()
=2AN1-2)+wA(1l-w)+(1—-z2w)Az+ (1 —z2w) Aw
A=Az +1-)A1-w)—(1=2)A(1—z2w)—(1—2w) Az

—(l=z)ANl=w)+(1—-w)Aw+ (1 —w)A(1—2)
—l-w)ANl=-zw)—(1—zw) Aw — (1 —zw) A (1 —2)
= 0.
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We thus conclude that

11—z 1—w
1-— F). ]
[2] + [w] + [ zw]—i—[l_zw]—{—[ }GA( )

Let C(F) be the subgroup generated by the elements in (2.12)). The
Bloch group is defined by

B(F) = A(F)/C(F).

From Proposition the Bloch-Wigner function D can be extended
to a linear map

D: B(C) — R,
ni[z1] + 4 nplzm] = i D(z1) + - D (zn).

2.4.4 Volumes of Hyperbolic 3-manifolds

As we mentioned before, the Mahler measure can be expressed as a
finite sum of special values of the Bloch-Wigner dilogarithm. In this
section, we will see that in some cases the Bloch-Wigner dilogarithm
can be expressed as the volume of a tetrahedron in a hyperbolic space.
Meanwhile, in some special cases, the L-function corresponding to the
curve is also related with the volume of a hyperbolic manifold. This
gives a way to prove Boyd’s conjectures by showing relations between
certain hyperbolic volumes.

Let H? = C x Ry be the upper half-space model of the hyperbolic
3-space with the standard hyperbolic metric:

B Vv da? + dy? + dt?

ds ,
t

With this metric, H? is a complete metric space. For the upper half-
space model, the volume element is given by

dx dy dt

The boundary of H? is given by 0H? = C U {oo}, where C U {oo} is
the Riemann sphere with the topology of one point compactification of
C ~ R

A geodesic segment connecting two points in the hyperbolic space is
the shortest path between these two points obtained by the hyperbolic
metric. A subset Y of a hyperbolic space is convex if the geodesic
segment between each two points in Y is contained in Y. A tetrahedron

dVv
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(a} (b)

Figure 2.1: Hyperbolic tetrahedron. This figure can be found in [35] p.14.

T in HB is a convex polyhedron whose boundary consists of 4 vertices,
6 edges and 4 faces. An edge of T is the geodesic segment between
two vertices and a face of T is the convex hyperbolic plane bounded by
three edges. Figure (a) illustrates a tetrahedron in H3. An ideal
tetrahedron is a tetrahedron T in H? such that all vertices of T' are in
OH? = CU {oo}. Figure (b) illustrates two ideal tetrahedra, one
has four vertices in C and another has three vertices in C and another
vertex is oo.

Remark 2.4.9. For the rigid definitions of convex polyhedron and its
sides, faces, edges, vertices, we refer the reader to standard hyperbolic
geometry textbooks (e.g. [28]).

Theorem 2.4.10 (Lobachevsky Theorem [35, p. 13-14]). The hyper-
bolic volume of an ideal tetrahedron T can be found by

VOI(T) - D(ZO7 21y %2, 23),

where

D(z0, 21, 22, 25) = D (<Zo —2)(a - z;»,))

(20 — 23)(21 — 22)
1s the Bloch-Wigner Dilogarithm of the cross-ratio of 4 elements 2y, 21, 22, 23 €
CU{oo}. Now, let T, be the ideal tetrahedron with vertices 0,1, 00, z.
Then,

Vol(T,) = D(0,1,00,2) = D (1 - Z) — D(2),

-z
by Proposition [2.4.4}-3.

Theorem 2.4.11 (Triangulation for 3-manifold. [35, p. 14-15]). A
complete oriented hyperbolic 3-manifold M with finite volume can be
triangulated by ideal tetrahedra niT,,, ..., n,T., for some positive in-
tegers n; such that

anZj A (1 — Zj) = O,
j=1
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where the vertices of T, are 0,1, 00, z;. For such triangulation,
an [ZJ] € B(C)
j=1

Then,
Vol(M) =Y “n;Vol(T.)) = Y n;D(z).
j=1 Jj=1

If the Mahler measure m(P) for P € C[z,y] is given by
m 1 m
m(P) =Y rD(z) = . > n;D()
=1 =1

for some r;,r € Q and n; € Z such that
> nylz) € B(C),
j=1
then by Theorem [2.4.11},
L Xm: D(2) = “Vol(M)
r s J J r
for some hyperbolic 3-manifold M. Consequently,

Tm(P) = %VOI(M).

Let I" be a group acting on a metric space X. The orbit space of
the action is the set of I'-orbits given by

X/T={Tz|xe€ X}
with the quotient topology. Define a distance function dr: X/T" x
X/T'— R by
dr(Tz,Ty) = dist(T'z, T'y) = inf{dist(u,v) | u € T'z,v € T'y}.

Theorem 2.4.12 (cf. [28, Theorem 6.6.1, p. 232]). Let I' be a group
of isometries of a metric space X. Then, dr is a metric on X/T" if and
only if each I'-orbit is a closed subset of X.

Notice that every discrete group I' of isometries of X = E”, S", or
H" admits a proper fundamental region R, and all the proper funda-
mental regions for I" have same volume (see [28, Theorem 6.7.2, p. 244]).
This leads to the following definition.
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Definition 2.4.13 (cf. [28, p. 245]). Let I be a discrete group of isome-
tries of X = E", §", or H". The volume of X/T" is the volume of a
proper fundamental region for I" in X.

Remark 2.4.14. For the definition of fundamental region for a group
I' of isometries of a metric space X, we refer the reader to standard
textbooks (e.g. [28, p. 233]). A fundamental region R for a discrete
group I' of isometries of X = E", S", or H" is said to be proper if
Vol(0R) =0 in X.

Let Oy be the ring of integers in the imaginary quadratic field
F = @(i\/ﬁ), where d is a square-free positive integer. Now, let
' = PSL(2,0,). Then, the group I' acts discretely on the hyper-
bolic space H?. This implies that each I'-orbit is a closed subset of
H? (see 28, Corollary 1, p. 232]). Moreover, PSL(2,C) is the group
of orientation preserving isometries of H?. It follows that H?/T is a
metric space and then an oriented hyperbolic 3-manifold (see |28, The-
orem 8.1.3, p. 337-338]). For Boyd’s conjectures, we are particularly
interested in how to calculate the volume of H?/T" since some Mahler
measures are related to Vol(H?/T)). Here is an example which will be
used in Chapter [3

Example 2.4.15 (cf. [6, p. 14]). Let
Qs(z,y) = (2° + 2+ 1)y* + 3z(z + )y + (2 + z + 1),
Boyd’s conjecture

7 15%2

m (Q3) = Y L(x-15,2)

for the Dirichlet character x_15 of conductor 15 can be written as

2

m (Q3) = =Vol(H?/ PSL(2, Os5)).

3 |
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In [6], Boyd and Rodriguez-Villegas showed that for ¢ = %ﬁ,

m (@) = 3 (3D (Cf’) +2D(c— 1) +2D(c+ 1) + 4D (g))

+2D(3+;\/1_5> <1+2\/_>
:1(3D(1+i\/1_5> ( 1+2\/_5>

3 2
+2D(3+;\/1_5>+ <3+2\/_5>
)=

(smce D(z

o(i))

s son(59)

Then, Boyd and Rodriguez-Villegas found that
§ = 3[c] + 4[(c + 1)/3] + 2[c + 1] + 2[c — 1] € B(Q(iV15)),

and that the hyperbolic manifold H?/ PSL(2, O;5) can be triangulated
into ideal tetrahedra with shape parameter 26. It follows that

c+1
m (Q3) = <3D( )+2D(c—1) +2D(c+ 1) +4D ( 3 >)
= Vol(H?/ PSL(2, O15)).

One has the following theorem.

Theorem 2.4.16 (Humbert Formula, cf. 33, Theorem 7.4.1] and [36,
Section 1.1]). Let Oy be the ring of integers in the field Q(iv/d), where
d is a square-free positive integer. Let I' = PSL(2,Oy). Then,

623/2 d3 /2
Vol(H?/T) = ﬂ(@(if)( )/C(2) = C oGiva)(2),

where ¢ is the Riemann zeta function, C@(z\/&) is the Dedekind zeta
function of the number field Q(in/d) and

{d if d = 3(mod 4),

4d  otherwise.

d/\:
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This volume can be found by (see (35, p. 169])

Vol(H?/T) = 1% > A (%d) I (wk/d) :
k mod d

where 11(0) is the Lobachevsky function defined by
0
I1(0) = —/ log |2sint| dt,
0

and (‘n—d> is the Jacobi quadratic symbol determined by the following

properties.
1. If n=py---p; with primes p;, then <’Td> = (;—f) (;—j).
2. (‘Td> = +1 and if p | d, then (—?(Z> = 0.
3. If p is an odd prime, then

(—d) B {—1—1 if —d=m?mod p for some m,

P —1  otherwise.

—d\ _J+1 if —d=1mods,
2 ] ]1-1 z’f—a?szodS.

The Lobachevsky function has the Fourier series expansion:

1 <= sin(2n6)
n=1

For the Bloch-Wigner Dilogarithm D(z), we also have the following
expansion:

, =1 sin(nf)
D(e"?) = ., el
(¢) Z:l 5
Thus, for 8 € R, we have
1 )
I1(0) = 5D(eﬂ@).

Then, Humbert’s formula is given by
i L y
3 _ - 2mki/d
Vol(H'/T) = Z(k,)D(e )
k mod d
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The following formula gives a relationship between the Dirichlet
series and the Dedekind zeta function of the algebraic number field

Q(ivd).
Proposition 2.4.17 (Hecke’s Formula, cf. [33, p. 168]). We have that
CQ(“/E)(S) = C(S)L(Xa 8)7

where ¢ 1s the Riemann zeta function, CQ(i\/E) 18 the Dedekind zeta
function of the number field Q(iv/d) and L(x, s) is the Dirichlet series

defined by )
L(x,s) = Z (%) n-°.

n=1
Recall @) that dy = %L(X,f, 2). In particular,

153/2 3 x 153/2
dis = ?C@(i\/ﬁ)(m/(@) = 2—71_3<Q(i\/ﬁ)<2)'

Here we give an example which will be used in Chapter [3]

Example 2.4.18. For d = 15 = 3(mod 4), we have that d = d = 15
and

dis  15%2
= = v (2/62)
= Vol(H?/ PSL(2, 0s3)) = 15 > (_—15> D (e*mki/19)
24 k mod 15 k
_ g(D (e2m'/15) +D (€4m'/15) +D (€8m/15) - D (614772'/15)
+ D (elﬁm'/li)) - D (622m‘/15) - D (6267ri/15) - D (628m‘/15))
_ g(D (62m/15) +D (647ri/15) +D (esm'/us) - D (6147ri/15)
+D (6—147ri/15) - D (6—87ri/15) - D (6—471'2'/15) - D (6—27ri/15))
5

= (D) D () 4 D (E705) - p (7)),
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2.5 The Regulator

In algebraic K-theory, a regulator is a homomorphism from a K-group
to a cohomology group. The idea of the regulator approach for proving
Boyd’s conjectures is described in Section|1.2] The regulator map used
in Chapters {4 and 5| is defined on the second K-group K»(C) of a
smooth curve C. Quillen [27] defined higher K-groups for schemes.
This gives the definition of K5(C') since a smooth algebraic curve C' is
a scheme.

In Section [2.5.1] we introduce the definition of K(F) for a field F
given by Milnor [26] and a relationship between K»(C) and K, (F(C)),
where F'(C) is the function field of the curve C' over the number field
F. In Section 2.5.2] we show how to define the regulator map that will
be used for proving Boyd’s conjectures. In Section [2.5.3] we explain
how this approach works for our cases in Chapters [4] and [5]

2.5.1 The Second K-Group
First, we introduce the basic notion of the Ky-group of a field.

Definition 2.5.1 (Steinberg Symbol - [26] p. 94]). Let F be a field and
let A be an abelian (additive ) group. A Steinberg symbol {z,y}s on F'
is a bimultiplicative mapping o: F* x F* — A: (z,y) — {x,y}s € A,
subject to the following relations:

e Bilinearity: {z2’,y}s = {z,y}s + {2/, y}s, {z,vv'}s = {z, y}s +
{z,y'}s;

e Steinberg identity: {z,1 —z}g =0 for all x € F* \ {1r}.

By bilinearity, we have {Lr, y}s = {1r, y}s-+{1r, y}s and {z, Lp}s =
{z,1r}s + {x,1r}s. This implies that

{z,1p}s =0, {lp,2}s=0, Ve F~.

Then7 0= {1F7y}5 = {x_1x7y}s = {x_17y}s + {x7y}5' We thus
conclude that

{x_lvy}s = —{:E,y}s, {Jf,y_l}s = _{xay}s'

Note that —z(1p —27') = 1p — 2. Hence, (1p —2)(1p —271)™t = —z.
We have that {z,1p — 27'}5 = —{x_l,lp —27'}s = 0. Thus, we
obtain that
{z, —a}s = {o,(lp —2)(1r —27)'}s
={z,1p—2}s—{z,1p —27'}5=0, VreF*
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Now,

{z,y}s ={z,y}s +{z,—a}s —{ay, —ay}s +{y "~y '}s
={z, —yats —{zy, —zy}s +{y " —y ' }s
={y " e+ {y -y}
={y Y a}s=—{y,z}s, Va,y € F*.
Let F be a field. Milnor |26] defined a canonical homomorphism
¢: St(F) — GL(F'), where St(F) is the Steinberg group defined in |26,

p. 39]. The kernel of ¢ is denoted by Ks(F') (see [26, p. 39]). We
usually call Ky(F') the ¢ Milnor’s second K group of F”.

Remark 2.5.2. The generators of Steinberg group are different from
the Steinberg symbols. In fact, Ko(F') = ker ¢ C St(F'), but the Stein-
berg symbols are defined in an abelian group A. We will not describe
the definition of Milnor’s second K group of F' in detail, since we will
exclusively work with Matsumoto theorem (Theorem [2.5.6)).

Definition 2.5.3 (Milnor Symbol - |26, p. 67]). From the construction
of Ky(F'), there is a canonical map ¢: F* @z F* — Ky(F) (see |26,
p. 67]). For z,y € F*, )(x ® y) is called the Milnor symbol, denoted

by {z,y}.

Proposition 2.5.4 (Properties of Milnor Symbol - [26, p. 74]). We
have that

o forze F*, {z,—x}=0;
o forz,y € F* {y,z} = —{x,y};
o forx e F*\{lp}, {z,1p —2} =0.

Theorem 2.5.5 (cf. |26, Corollary 9.13, p. 78]). Let F' be a field. Then
the second K -group Ko(F') is an abelian group that is generated by the
set of Milnor symbols {x,y} with x,y € F*.

Theorem 2.5.6 (Matsumoto Theorem - [26, Corollary 11.3, p. 94]).
Let F be a field and let A be an abelian (additive) group. Then, there
18 a unique homomorphism

{z,y} = {z,y}s

for all x,y € F*, where {z,y}s is a Steinberg symbol in A.

42



The Matsumoto theorem implies
Ky(F) 2 (F*@z F){t@(1—x):xe F*\{1}).

This gives an alternative definition of Ks(F'). In particular, this gives
the definition of K,(F(C)) as F(C) is the function field of the curve
C over F.

Recall that a complete nonsingular curve over an algebraically closed
field F is an integral scheme of dimension 1 over F'. Quillen [27] defined
the K,-group of X for a scheme X. We will not provide the formal
definition of the second K-group K»(C) of a curve C' in details. Note
that our goal in this section is to deduce the relationships and
(1.9). For this purpose, we just give the definition of tame symbol from
an exact sequence below.

Let C' be a smooth connected plane curve in C and let C be the
compactification of C’. Then, C! = C'\ S with a finite subset S of
C. Quillen showed a localization theorem for the K-groups (see [27,
Theorem 5 and Corollary, p. 113]). Applying this localization theorem,
we have following exact sequence (see |8, p. 86]):

= Ko(C) = K (C(O) B P T =
pec’
with the tame symbol T whose P-component is given by

) fordp(g)

eifigh = (ORI L hee e,

P
where ordp(f) is the order of zero or pole of the function f at P € C

(positive for a zero and negative for a pole). One can show that 7p{f, g}
is a Steinberg symbol (see Lemma 11.5, [26, p. 98]). We will denote it

by {fvg}P = TP{f7g}‘

2.5.2 The Regulator Map

Let C be a compact Riemann surface (i.e., a smooth algebraic curve).
Denote the function field of C' by C(C). For f € C(C'), denote the set
of zeros and poles of f by Sy. Let f,g € C(C)* and let S = S;US,.
Define a real analytic differential 1-form n(f,g) on C'\ S:

n(f,g) =log|f|dargg —log|g|darg f, (2.13)

where d denotes the differential operator. Then, n(f, ¢) is bilinear, and

n(fag):_n(g7f)7 n<f7f):07
n(fife,9) = n(f1,9) +n(f2 9).
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Denote the R-vector space of real analytic 1-forms on C\ 'S by M(C\S).
Notice that M(C'\ S) is a Q-vector space. Then, by identifying fAg =
(f A\ g) ® 1, one has following canonical map:

(C(O)*AC(C)) @2 Q— M(C\ S),
fng=n(f,g).
Proposition 2.5.7. We have that
dD(z) = n(z,1 - z),
where D(z) is the Bloch-Wigner dilogarithm of z.
Proof. Recall that

“log(1 —
D(z) = log|z| arg(l — z) — Im/ log(1 = 7) dr
0 T

= log |z|arg(1 — z) — Im/ log(1 —7)dlogT.
0

Then,
dD(z) = (dlog |z|) arg(l — z) + log |z| d arg(1 — z) — Im (log(1 — 2) dlog(z))
= (dlog|z|) arg(l — z) + log |z| darg(1l — 2)
—Im ((log|l — z| +iarg(l — 2))(dlog|z| +idarg 2))
= (dlog|z|) arg(1 — z) + log |z| darg(1l — 2)
—log |1l — z|darg z — arg(1 — z) dlog | 7|
=log |z|darg(l — z) —log |1 — z|dargz = n(z,1 — 2). O

From f = |f|e’®#/ we have that log f = log|f| +iarg f. Then,

dlog f = de = dlog|f| + idarg f.

This gives
dargf:Idef,
_pedf_L(df df
dlog|f|—Re7—2(f + f)

Then, we obtain that
dn(f,g) = d(log|f|dargg —log|g|darg f)

o (L(4f df\  dg 1/(dg dg\  df
_Im<2(f+f)Ag 2(g+g)Af>

i (& 549
= <f/\g>'
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In local coordinates, this says

(gt -

since dz A dz = 0. Hence, n(f, g) is a closed 1-form. This implies that
for a closed path v in C'\ S, the integral f,y n(f,g) only depends on the
homology class [y] of 7 in the first homology group H;(C'\ S,Z). This
determines an element r(f, g) € H'(C'\ S,R) as a map r(f,g): H;(C\
S,7Z) — R, defined by

r(f.9)(b]) = /n(f, 9). (2.14)

o

This induces a map r: K»(C) — H'(C,R) given by {f, g} — r(f,g).
This map is called the requlator map.

2.5.3 The Diamond Operation

Let C' be an algebraic curve over C. Denote the group of divisors of
C by Div(C), i.e.,

Div(C) = {Z np(P)

peC

np € Z and np = 0 for all but finitely many P € C} :

Each element in Div(C) is called a divisor of C'.
Assume that the curve C' is smooth. Let f € C(C)*. Define the
divisor of f by
div(f) = ) ordp(f)(P),

pPeC
where ordp(f) is the order of zero or pole of the regular function f

at P € C (see |17, p. 15-16 and p. 130-131] or [31, p. 17-18| for the
rigorous definition). Normally, we also use the notation:

() = div().

For a smooth curve C, ordp(f) # oo for all P € C' and there are only
finitely many P € C such that ordp(f) # 0 (see [31, Proposition I1.1.2,
p. 18]). Hence, div(f) is a divisor of C, i.e., div(f) € Div(C).

Now, let E/ be a smooth elliptic curve given by a Weierstrass form.
Then, the points of F satisfy a group law +. Consequently, if Py, P, €
E, then P, — P, € E.
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Definition 2.5.8 (Diamond Operation). Let
s t
Dy =) ni(P), Dy=)» m;(Q;) €Div(E)
i=1 j=1

for a smooth elliptic curve E. Define the diamond operation as a func-
tion ¢: Div(E) x Div(E) — Div(FE) by

D1 <>D2 = Zanm](Pl — QJ)

i=1 j=1

Notation 2.5.9 (Plus and negative parts of Hy). Let C' be a complete
nonsingular curve over Q. Denote the subgroup of H; (C((C), Z) con-
sisting of the homology classes that are invariant (resp. anti-invariant)
under the action of complex conjugation by

Hl(C’(C),Z)+ (resp. H,(C(C),Z) ).

Let E be an elliptic curve over Q and let u € Ky(F) ® Q. By
Theorem uw=>Y_.{fi, g} for some rational functions f;, g; on E.

Let
n(u) = Z n(fi, gi)-

Brunault [7] showed the following theorem.

Theorem 2.5.10 (cf. |7, Proposition 19, p. 555]). For every v €
Hy(E(C),Z), we have

/n(U) = —(ypev) D¥ (Z(fi) o (gz-)) : (2.15)

v

)

where e is the intersection product on Hy (E(C), Z), v} is the generator
of Hl(E((C),Z)Jr corresponding to a chosen orientation of E(R) and
D¥ is the elliptic dilogarithm on E(C) given in Definition .

For an algebraic curve C, the intersection product v, ey, on H; (C’ (C), Z)
is computed from the number of intersection points of the closed paths
~v1 and 7y, on C'. The rigorous definition of intersection product can be
found in some standard intersection theory textbooks (e.g. [12,/15/16]).
Notice that in Boyd conjectures, we only consider polynomials P(x, )
in Q[z,y] of degree 2 on y. Now, write

2

P(z,y) = Z a;j(x)y’ = P*(z)(y — n(2)) (y — y2(2)), (2.16)

J=0
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where y; (), y2(x) are algebraic functions. For some specific cases, one
may give an explicit formula where the Mahler measure of an elliptic
curve F is determined by the diamond operations (z) ¢ (y) with z,y €

Q(E)™.
In fact, we have
m(P) — m(FP)

1 dx dy 1 dr dy
= —— [ 1 — ——t+— /| 1 — —_——.
o L ol =SS o [ el S

By Jensen’s formula, fol log |a —e*™| dt = log max{1, |a|}, and we have

1 dy
— log |y —y,(x)] — = logmax{1, |y;(x)|}.
i ], ol =@ {11y (o))
Then,
m(P) —m(P")
1 dzx 1

dz
= log [y (2)|— + 5~ log Jya ()|~

T Ja|=1, |y (z)[>1 r T Ja|=1,ly2(x)[>1 z
(2.17)

For |z| = 1, z = €'*8% and then logz = i(arg x + 2nm) for some integer
n. Hence, for |z| =1,

dx
dargxr = —,
i

is well defined, independently of the branch of log. Then,

n(z,y;(z)) = log x| darg y;(z) — log |y;(z)| darg x

1 dx
= —log|y;(z)|dargx = ] log |y](x)|?

Thus, (2.17) becomes
m(P) —m(P")

1 1 (2.18)
= — 5 77<55>y1)__ U(x’yz)
27 Jjal=1,pn ()11 27 Jjal =1,y ()11

When the set {z | || = 1,|y;(x)] > 1} can be seen as a cycle in
H,y (E(C),Z)_, from (2.15)), the Mahler measure of P may be deter-
mined by the diamond operations (z) ¢ (y) for z,y € Q(E)*. In par-

ticular, when we encounter the case where |y;(z)| > 1 and |yo(z)| < 1
on |z| =1, we have

m(P) —m(P*) = -D”((x) o (1)), (2.19)
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for x,y € Q(E)*, where ¢ is a nonzero integer which only depends on

the cycle {z | |z| = 1, |y1(x)| > 1} in H,(E(C),Z) . The conditions
to get (2.19) have to be examined on case by case.

Remark 2.5.11. Usually, the set {z | |z| =1, |y;(x)| > 1} can only be
seen as a cycle in H; (C’ (C), Z). By an appropriate transformation f of

variables, we obtain an elliptic curve E from the curve C': P(z,y) =0,
and the cycle [yg] € Hy(E(C), Z) from [yp] € H1(C(C),Z) by

[f(vp)] = alvel,

with a constant a. Then we have
/ ne(x,y) = &/ ne (fo{z,y}).
YP YE

If, moreover, [yg| € H; (E((C), Z)_, then we have the formula (2.19)) by
replacing ¢ with ac.

Formula provides a strategy for the proof of some specific
Boyd’s conjectures, in particular, for the cases in Chapters [4 and [f
More precisely, suppose that the Mahler measure of the polynomial ()
can be expressed by

m(Q) ~m(Q") = =D (') (1)),

with an elliptic curve E’' and a nonzero integer ¢’ (depending on the
cycle) for 2/, ¢y € Q(E')*. If E and E’ are isogenous with the isogeny
¢: E — E', then for P’ € E'(C), we have (see [7, Lemma 23, p. 557])

D¥(PY=d, Y DH(P)

Pep=1(P’)

where d,, is the topological degree of E(R)? — E'(R)° and the notation
()% means the connected component of the origin. If p: £ — E’ is an
isomorphism of two curves, then d, = 1. In addition, if ¢((z) ¢ (y)) =
(') o (y'), then we obtain the desired result:

c

m(P) = m(P) = 5 (m(@Q) - m(Q")). (2.20)

For the case of Theorem the elliptic curves £ and E’ are iso-
morphic. For the cases of Theorem [1.1.2] and Theorem [1.1.3] £ and
E’ are same curve. We thus have following two steps for the regulator
proofs of Boyd’s identities in Chapters {4| and [5¢ (1) show the relation-
ship between the regulators by computing the diamond operation at
torsion points for both curves, and (2) show the relationship between
the cycles to determine ¢/c.
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2.6 Methods for Genus 0 Curves

Consider an algebraic curve C: P(z,y) = 0, where P(x,y) € Qlz, 1]
given by (12.16)). Notice that if we can write

Ay =)0z, A= 2,), (2.21)
Jk

in C(C)* AC(C)*, then

2
. 1
m(P) — m(P") = —o— DY D=ty @z, (2:22)

J=1 Jk

where D(z) is the Bloch-Wigner dilogarithm of z, defined in Defini-
tion 2.4.2] For a curve of genus 0, the polynomial P(z,y) can be
parametrized. This gives solutions to . In order to write the
form (2.21]), we need the following lemma. (Its proof is given by a
direct computation, see [9, Lemma 7, p. 10].)

Proposition 2.6.1 (cf. [9, Lemma 7, p. 10]). Let a,b,¢,d € C and let
t be a variable. Suppose that ad — bc # 0. Then, in (C()* A (C(t)X)Q,
we have that

(at 4+ b) A (ct + d)
act +bec  act + ad act + be
~wd b ad—pe TN T

—cA(ct+d)—(at+b)Na—cAa.
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Chapter 3

A Case of a Genus 1 Curve

In [5], Boyd showed numerically the following identity:

m (Q3) = %, (3.1)

where d;5 is given by @ cdy=L'(x_yr,—1) = %/TQL(X_J:, 2) and Q3 is
given by setting £ = 3 in the following family

Qr(r,y) = (@* + 2+ 1)y + kx(z + Dy + 2(2* + z + 1),
In Section [2.4.4] we discussed that

7Td15 153/2

G 7(@@@)(2)/5(2) = Vol(H’/ PSL(2, O15)).
Thus, the conjectural formula becomes
7m (Q3) = Vol(H*/ PSL(2, O13)). (3.2)

Recall Example [2.4.15] Boyd and Rodriguez-Villegas [6] have shown
Boyd’s conjecture (3.2)):

m(Qs) = 3% (8D(c) + 4D ((c +1)/2) + 2D(c + 1) + 2D(c — 1))

L (8D ((c+3)/4) + 4D (¢/2) + 2D(c + 1) + 2D(c — 1))

- 3
1 d
= ~Vol(H?/ PSL(2,015)) = —
T 6
where ¢ = %ﬁ

The goal of this chapter is to provide other expressions for m (Qg).
We prove the following formula.
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Theorem 3.0.2. We have that

2 3 +iv15 3+iv15
m(Qg)_”<D(3—i\/§>+D<3“\/§>> (3.3)

= D)~ 2D (),

where a = %ﬁ € Q(iv15) and b = a® € Q(iv/15).

Combining (3.3) with Examples [2.4.15/ and [2.4.18, we establish the
following identities.

dis 1532

m (Q3) = o " s L(x-15,2)

2 3+1iv15 3+iv15 1 4 3
:;<D(W>+D<W)>:37D(“)—;D<“>
L (THiVIBY 2 1+z\/_
=20\ T ) TP

3+iv15\ 4 _(1+iV15
SHE

D

3 2
— % (D (627ri/15) + D (647ri/15) + D (687ri/15) - D (6147ri/15) )
(3.4)

3.1 Changes of Variables

Equation Q(z,y) = 0 gives generally a hyperelliptic curve of genus 2.
In order to get the standard form Y? = h(X?) of a hyperelliptic curve,
we proceed to make changes of variables x = z(X,Y),y = y(X,Y) as

follows.
From Qx(z,y) = 0, we have that

0= (2> +a2+ 1)y +ka(x+ 1)y +z@®+z+1)
1

T A2z +1) ((2(902 + x4+ 1)y + kx(z + 1))2 K22z + 1)

+4x(z® +z + 1)2> :

This allows us to write

7 = k2% (x +1)? — da(2? + o+ 1)?, (3.5)
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where
§ =22+ x+ 1)y +kx(z+1).
Boyd made a change of variables (see [5, p. 68]):

X +1
=———, 2V =(X -1
T= ( )’y
Then, we obtain the transformations:

Y —kX(X2-1)

YT IXC1DExzr )
X:x+17 Y:(X—1)3g:8($2+x+1)y+4kx(m—l—1)'
r—1 2 (x—1)3

Now, we can write the curve (3.5)) as
Yi=kKX*(X?-1) - (X?-1)(3X?+1)* = h(X?),
where
WZ)=KZ(Z -1~ (Z—-1)(3Z + 1)
=(K*—9)72% - (2k* = 3) 2% + (K* +5)Z + 1.
Fix k= 3. We have a genus 0 curve:
Y= 1527 + 147 + 1, (3.6)

where Z = X?, with the change of variables:

X410 Y -3X(XPo1)

X1 YT X onBx i)

x4+l Y_8(1:2+x+1)y+12x(x+1)
r—1 (x —1)3 '

X

Now, we want to write

o () (@peern) 60

in the form . The genus 0 curve can be parametrized by
(Z(t),Y(t)). But X*> = Z. So, the parametrization X () will cause
problems at branch points. Consequently, it is not evident how to make
a direct computation x Ay by the equation . In order to make the
computation feasible, Bosman [4] introduced a method involving two
rational functions a(X?,Y") and b(X?,Y) such that

a(X?Y)x(X,Y) +b(X?Y)y(X,Y) = 1. (3.8)
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These two functions a and b can be taken as

Y -327+3
ZY)=—>2"°
—64 —2
b(Z2,Y)= —5——.
(2.Y) Y +3Z-3

For these two rational functions a(X,Y) and b(X,Y’), we have that

a(X2Y)2(X,Y) AB(XL Y )y(X,Y)
=a(XLY)ABXEY)+a(X%Y)Ay(X,Y) (3.9)
+z2(X,Y)Ab(X2Y) +2(X,Y) Ay(X,Y).
Notice that the transformation of x — 1/x and y — 1/y leads to
X - —X and Y — Y. This yields
CL(X27 Y)Jf(—X, Y) N b<X27 Y)y(_Xa Y)
1
2(X,Y) y(X,Y) (3.10)
=a(X?Y) AWX?Y) = a(X?Y) Ay(X,Y)
—o(X,Y)AB(X2Y) +2(X,Y) Ay(X,Y).

Adding Eq (3.10) to (3.9) gives

a(X2Y)2(X, V) AB(XEY)y(X,Y) +a(X2 Y)z(=X,Y) AbX2, Y )y(—X,Y)
=2a(X2Y) AB(X2Y) +22(X,Y) Ay(X,Y).

=a(X%Y) Ab(X2Y)

(3.11)
By (3.§), we have that
a(X%Y)2(X,Y) Ab(X2Y)y(X,Y) (3.12)
— a(X2Y)a(X,Y) A (1 - a(X%Y)z(X,Y)) ’
and
a(X*,Y)a (=X, Y) AW(X? Y )y(—-X,Y) (3.13)

=a(X%Y)2(-X,Y) A (1 —a(X?Y)z(—X,Y)).
From with and (3.13)), we obtain
(X, V) Ay(X,Y)
= —a(X%Y)A(X?Y) + % (a(X?Y)z(X,Y) A (1 —a(X?Y)z(X,Y)))
+ % (a(X*Y)z(=X,Y) A (1 — a(X*Y)z(—X,Y))) .
(3.14)
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Recall the arguments for (2.21]) and (2.22)). If xAy has a term fA(1—f)
with f € C(Qg), then m(Qg) has a term D(f)|a{|$‘:17|y(x)|21}. So, for

the term a(X? Y)z(X,Y) A (1 — a(X?Y)2(X,Y)), it integrates to

D(a(X?Y)z(X,Y))

Nz|=1,|y(x)[=1}’

and for the term a(X?,Y)z(—X,Y) A (1 — a(X?,Y)2z(—X,Y)), it in-
tegrates to

2
D(a(X*,Y)2(=X,Y)) o/t o) 511

3.2 Parameterization

We are back to considering the curve Y2 = —1522 + 14Z + 1. We can
rewrite the equation as a circle given by

(7%) +(=-5%) - (%)

Pick (Z,Y) = (1,0) to be the base point. We can parametrize the
curve by

_ —16t
2415
el (3.15)
2415
Then,
Y -3Z+3 t-—3
a(Z,Y) = + = ,
Y +3Z—-3 t+3 (3.16)
NZY) = —6Z—-2  t*+3 ‘
Y 43Z-3 2t+3)
We obtain

a(Z,Y)ANW(Z,Y)
_t=3 +3 _t=3 (t+iV3)(t—iV3)
t+3 2(0t+3) t+3 2(t+3)
—(t=3)A(t+iV3) +(t—3)A(t—iV3)— (t—3) A (2t +6)
—(t+3) A +iV3) = (t+3)A(t—iV3) + (t+3) A2,

since (t+3)A(t+3) = 0. For every term f(t)Ag(t) in a(Z,Y)Ab(Z,Y),
we need an expression of the form (2.21): f(¢) A g(t) = >_; ah;(t) A
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(1 — h;(t)). This can be realized by Proposition as follows.

(t—3)/\(t+z’\/§):if/§_j3 :\J/F_ZJ\F/; (iV3 +3) A tﬂj_

—IA(+iV3) —(t—3)A1—1A1,

(t—B)A(t—iﬁ):_ii/iigAji;zfg (—iv/3 +3) A —zj_
— 1At —iV3)—(t—=3)A1—1A1,

2t —6 2t+6 2t — 6

t— 2t = — 12

(t=3)A2t+6) === A5 AT
—2A(2t4+6)—(t—3)AN1—-2A1,

(t+3)/\(t+i\/§)=i\t/;_33 :}“/; (i\/_—?))/\t:—:jg

—IA(E+iV3) = (t+3) AT —1AT,

t+3 t—iv3 t+3
t+3)A(t—iV3) = A — (=iV3=3) A
(3 A ( ) —iv3-3 —ivV/3-3 ( ) t—iV3
—IA(t—iV3) = (t+3)AT—1AT1
Combining the above equations, a(Z,Y) Ab(Z,Y") can be expressed as
a sum of the form: 3 a;h;(t) A (1 — hy(t)) as follows.

—a(Z,Y)Ab(Z,Y)

= —(t—=3)A(t+iV3) — (t—=3) A (t —iV3) + (t —3) A (2t +6)
+(t+3) A (t+iV3) + (t+3)/\(t—z'\/§)—(t+3)/\2
o t=3 43

s it +(iV3+3) A Z\/_+1/\(t+2\/_) (t—3)A1
t—3 t—iV3
__Z_\/§+3 S 313 + (- z\/_—i—3) \/_+1/\(t—2\/_)
+(t—3)/\1+2t 6 2t+6 2t

CI2A—— 2N (2 1

5 A T /\2t+6 A2t46)—(t—3)A

t+3 t+

L Y Y

iv3—3 3—-3 t—H\/_
t+3 t—iV3 t+3

—(t+3) A1+ A iv3—3

( ) —iV/3 -3 —iv/3-— 3( ) t—iv3

—IA(t—iV3) = (t+3)A1—(t+3) A2

—2AN1+

— 1A (t+1iV3)
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Noting that 2A (2t +6) = 2A2(t+3) = 2A24+2A(t+3) = —(t+3) A2,
we have that —2 A (2t +6) — (t+3)A2=0. Then,

(iV3+3) A Z\/_ + (=iV3+3) A _13_—12/\;—2—2/\(2t+6)
(@f 3) A itjé_(_iﬂ_g)Attjjg_(t+3)A2

= —2(iV3+3) A (t +iV3) +2(iV3 + 3) A (t — iV/3)
— 12 A (t —iV3) + 12 A (t +iV3)
— (=D A(E+3)+ (=1) A (t—iV3).

In addition, f(¢) A1 = {f(t),1} = 0 for any function f(t) by Defini-
tion [2.5.1} We eventually obtain that

—a(Z.Y)AB(Z,Y)
_t-3 t+@\/_ t-3 t—iV3 Lt=3 143

iV3+3 zf+3 —iv3+3 —iv/3+3 6 6
L t+3 t—i—Z\/_ t+3  t—iv3

z'\/_—3 V3-3 —i3-3 —i3-3
Thus, by (3.14 - (X,Y) Ay(X,Y) can be expressed as a sum of the
form: > 5 azh;(t) A (l—h (t)). Write

Qs(z,y) = (2 + 2+ 1)(y — y+(2)) (v — y-(2)).

From (2.22]), we obtain

m(Qs) = m(Q3) — m(z® + z + 1)

:_%< (2\/_+3> D<—2f+3)+D(%)
() (5s)
+ 5D (a(X?Y)2(X,Y))

! (<X2,Y>x<—X,Y>)) ,

HN{z|=1,]y(x)[>1}

where D(z) is the Bloch-Wigner dilogarithm of z. By (3.15)),

)—\[\.’)I)—\

\V)

X4+1 VP14V +15 4T+ -1 +15)

x(t —
() = X—-1 Ve2_1-Vee+is 8

(3.17)

o6



and by (B.10),
t—3

t+3
From Formula (2.18)), we need to determine the integration path |z| = 1
and |y| > 1 in the computation of the Mahler measure of @)3. For z(t)
to be a complex number with |z(¢)] = 1, we need —15 < ¢ < 1. Then,
the path of integration can be described at the level of ¢ by

t € [—iv/15,0]U[0,1] U [=1,0] U [0,iV15],

a(X?Y) (3.18)

where [—iv/15,0] and [0,i/15] are intervals in the imaginary axis, and
the sign of ¢ should be chosen so that |y| > 1. Now, set

04 o(555) »(5) ()

o(ias) e (555)

4D (a0t a7 + 2D (e Ve x ) )

Since z(X,Y) = 1/x(=X,Y) and (X, Y)z(X,Y) = |z(X,Y)|* = 1,
for t € R we have that

t—3——— t—3 1
X2 Y)x(X,Y) = X,Y)= =a(X%Y)z(—X,Y).
XTI Y) = o) = 1 () = o Vel x.)
By Proposition 2.4.4) D(z) = —D(z). Thus, we conclude that f(t) =0

for a real t. Assume that ¢ is purely imaginary. Then, —¢ = ¢ and from

D(z) = —D(z), we see that

0o () e () o (5)

D (a(X*,Y)z(X,Y)) + Ip (a(X?,Y)z(—X.Y)) )

* 2

N | —

We first concentrate in ¢t = iy/15. This corresponds to z = 1 by (3.17).
Then,

3D (40X Y)2(X.)) + 5D (0(X*, V) (=X, 7))
iv/15 — 3 L +iV15
=D (m) - (T) |
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Since

1 I 3+4/1H
Co+i/15 6
4
we have
— i1 1+1v1
D 3—1v15 D +1V15 _o
6 4
Then, we consider t = —i4/15 and obtain similar result by complex

conjugation. Finally, we conclude

o =2 3+ V15 3+iv15
0= s =2 (o (3205 (313081

By Example [2.4.5]

2 3+iv15 3+iVIBY\ _ 1 o s 3o
m(Q3)—;<D(3_—N§>+D<m)>—3—WD(w) 7TD( )

= (D)~ 9D (@),
(3.19)
where
oo TLEIVID e QUVTR), b= (—w) € QYD)

4
Together with Examples [2.4.15| and [2.4.18] we obtain ((3.4)).

Remark 3.2.1. From (3.19)), we can show that

m (Q3) = 3% (D (b) — 9D ((l)) = T'd15

for some r € Q.

In fact, we see that
bA(1—=b)—9%an(1—a)=a*A(1—-a*)—9an(l—a)
=a*AN(1—a)(l+a+a*)—9A(1—a)
=3aA(1—a)+3an(l+a+a*)—9aA(l—a)
=3aA(1+a+a*)—6aA(l—a)=3aA(l+a+a®)—3an(l—a)

o (3—32'\/1_5) i n (—3+3Nﬁ)

8 8
-1
— 3iV/1 — 3iV1
:3a/\<—3 38“/_5>+3a/\<——3 ?g\/_5> =3aN(-1)

=3aN1=0.

o8



Thus,

We thus conclude that

dis 1
6

for some r; € Q.

[b] — 9[a] € B(Q(iv15)).

= ;VOI(H?’/ PSL(2, 0y5)) = 3—7T(D(b) —9D(a)) =r m(Qs)
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Chapter 4

Regulator Proofs for Boyd’s
Identities on Genus 2 Curves

The goal of this chapter is to provide a proof of Theorems [1.1.1] and
by using the regulator theory. Here we rewrite Theorems [1.1.1
and [L1.2] as follows.

Theorem [1.1.1] For k € R, we have

where

Py(z,y) = (x + 1)(y + 1) (v +y) — kxy,

4.1
Se(z,y) =y* + (:v4—|—k:l:3+2ka:2+k:x+1)y+x4. (4.1)

Theorem [1.1.2| For real k > 4, we have
m(Qr) = m(Rayp),

where

Qulz,y) = (@* + 2+ D)y* + kz(x + Dy + 2(2 + 2 + 1),
Ry(z,y) = (#° + x4+ 1)y* + (2" + ka® + (2k — 4)2* + kz + 1)y
+ 222+ 1+ 1).
(4.2)
In the case of Theorem we finish the work started by Bosman

[4]. In the case of Theorem|[1.1.2] the development is entirely new. Our
proofs show the role of the regulator in these relationships, which is the
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key step to an eventual understanding of the conjectural relationship
of each of these Mahler measures to their corresponding L-value.

As discussed in Section [2.5.3] for the cases in Chapters [4 and [5
we consider P € Q[z,y] of degree 2 on y. Write P(z,y) = P*(z)(y —

y1(2)) (y — y2(x)), we have :

m(P) —m(P*) = -D”((x) o (1)),

for z,y € Q(F)*, where ¢ is a nonzero integer which only depends
on the cycle {z | |z| = 1,|y:i(z)] > 1} in Hi(E(C),Z) . This is
the fundamental formula to prove Boyd’s identity by using the
regulator theory. Here we introduce our proof strategy for Theorem

[.1.1] as follows.

1. From a change of variables x = z(X,Y),y = y(X,Y) given by
for the curve Py(x,y) = 0, we obtain a Weierstrass form
E): Y? = h(X). From a change of variables z; = z1(Xy, Y1), 51 =
y1(X1, Y1) given by for the curve Si(z1,71) = 0, we obtain
the curve Cy: Y = hy(X?) such that Ej: Y? = hy(Z;) is an
elliptic curve, where Z; = X? and h; is a cubic polynomial given
by (4.5 Note that if & € Q, then z,y € Q(Ey)* and z1,y; €
Q(Ck)*. Suppose that k € Q. We have the isogeny

Ok - Ek — E’;C
(X7 Y) = (Zla}/l)

given by (4.7). For P' € E'(C), we have that
D%(P) =d, Y  D"(P)
Pep H(P)
where d,, is the topological degree of Ey(R)" — E}(R)°. From
|D we have the isogeny ¢} : E;, — Ej given by ¢} (Zl,Yl) =
X,Y). Thus, ¢: Ex — E} is an isomorphism. Consequently,
dy, = 1.
2. We show that
pr ((m) o) = (@) o (y), (1) o (y1) = wr((@) (1))

This may be written as

(@1) © (41) = (2) @ (y).
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Since the variables of the Weierstrass form Y? = hy(Z;) are
(Z1,Yy) with Z; = X2, we cannot compute (z1) ¢ (y;) directly.
Bosman [4] built two rational functions a(Z,Y7), b(Z1,Y)) such
that

a(X7, Y1)a (X1, Y1) + 0(XT, YV )y (X1, V) = 1.

Then, one can show that

(xl(Xlayi)) < (yl(Xb}/l)) = —(a(Xf,Yi)) < (b(X127}/1))
So, we can compute (a(Zl, Yl))<>(b(Zl, Yl)) instead of (xl(Xl, Yl))<>
(yl(XhYl))'

3. Let w be the standard invariant differential of the elliptic curves
E. We show that for k € R,

2f\x|=1w = f%(m':l)w for 0 < k < 4,
Sz @ = Jo ooy for k< —L.

This implies Theorem for the case where k € Q. Since Q is
dense in R, Theorem holds for k € R.

We can prove Theorem [1.1.2| similarly.

The remainder of this chapter corresponds to Sections 3 and 4 of
the article [20] by Matilde Lalin and Gang Wu: Regulator proofs for
Boyd’s identities on genus 2 curves. Int. J. Number Theory, 15(5):945-
967, 2019 .

4.1 The Families from Theorem [1.1.1]

4.1.1 The relationship between the regulators
Recall that the family Py(x,y) is given by
Pi(z,y) = (x + 1)(y + 1)(z +y) — kay,
which is birational to the Deuring form
Ey: Y2+ (k—2)XY +kY = X3

The change of variables is given by

r+y+1 X-Y
X(zy) = kY y(XY) = A
o) =h = *Y)=%—% 43
Ckz 4yl Y4 (k—1)X +k :
Y(z,y) = km; y(X,Y) = X & :
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The torsion group of Ej for k € Q has order 6, generated by P =
(k, k), with 2P = (0,0), 3P = (—1,—1), 4P = (0, —k), 5P = (k, —k?).

Our first goal is to compute the diamond operation (z) ¢ (y) in Ej.
This will allow us to understand the differential form 7n(z,y) that is
involved in the computation of m(Fy). Thus, we proceed to compute
the divisors (z) and (y).

The diamond operation yields
(x) o (y) = —6(P) — 6(2P). (4.4)

Now we proceed to compute the diamond operation (z1) ¢ (y1).
Recall that

Se(z,y1) = yi + (af + kal + 2ka? + kzy + D)y, + 7.
Bosman ( [4], p. 47) considers the curve
Cr : Y = h(X7),
where

hi(Z)) = (K> + k) Z3 4+ (—2K* + 5k + 4) Z7 + (k* — 5k +8) 7, — k + 4.

(4.5)
We have an isomorphism
G B (S, =0}
<X17}/1) — (.’,Cl,yl),
where 1/1,;1 and 1, are given by
T + 1
X —
1(I17?/1) T — 17
Ayt — 1)
Yilx R = 9
1(z1,91) yi(xy — 1)3(zy + 1) (4.6)
Xi+1 '
X,V =—
371( 1 1) X, -1
2X,Y, — 2+ D)X+ (2k—6)X2 -1
(X1, Y1) = 4~ JXi )i

(X — 1)t ’
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respectively. We also have a map
¢
E, 3
(ZI ) Yi) — (Xl y )/1)

defined by ¢r(Z) = X2, ¢1(Y1) = Y1. The map ¢, has no inverse since
ér(Z1) = X?. This implies that we can not compute the diamond
operation between (z1(X1,Y7)) and (y;(Xy,Y1)) directly. Bosman [4]
resolved this problem by introducing the rational functions a(Zy,Y}),
b(Zy,Y)) that we will explain as follows.

The relationship between the rational functions Z;,Y; and X,Y in
E}. is given by the following transformations.

Yi(k* + k) =4(2Y + (k — 2)X + k),
(K> + k)Z, — (k* — 3k) =4X,

so that
Y_k((/c+1)Y1+(—k2+k+2)zl+(k2—5k+2))
_ : ,
42Y + (k—2)X + k)

Y, = 4.7
1 k’Q—f—k’ ) ( )
p _4X + K -3k

YT R4k

Our goal is to compute

ro, ({21 (X1, Y1), (X1, Y1) 1) [k 0 7],

where 7 is the path in {Sy = 0} defined by |z;| = 1,|y1| > 1 (for
certain choice of a root y), that will be made precise later. In order
to do this, we will consider the pushforward by ¢ to the regulator rg,
in Ek

Bosman does this by finding rational functions a(Z1,Y}), b(Z1,Y))
such that

a(X%a}/l)xl(Xb}/l> + b(XIQﬂ}/l)yl(XbY'I) =L

Then, he proves the following result, which we reproduce here for com-
pleteness.

Lemma 4.1.1. We have

ro, ({21 (X, V), 1 (X0, Vi) Dvkor] = —rp, ({a(Z1, Y1), 6(Z1, Y1) P [dkotron].
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Proof. 1t suffices to see the identity at the level of the diamond opera-
tor, namely, to prove that

(21(X1,Y1)) © (1(X1, Y1) ~ —(a(XF, Y1) o (b(XT, Y1)

Because of the triviality of the Steimberg symbol, (f)o (1 — f) ~ 0,
and
0 ~(a(X7,Y1)z1 (X1, Y1) © (b(XT, Y1)y (X1, Y1)
~(a(X7, 1)) o (0(XT, 1)) + (21(X1, 7)) o (D(XT, 1))
+(a(XT, Y1) © (1 (X1, Y1) + (21(X0, Y1) © (3 (X0, Y).

Now consider the automorphism of Si(z1,y;) = 0 given by z; — xi,
Yy — y_11 We remark that X; — —X; and Y7 — Y;. Then

0 ~(a(X7, V1)1 (= X1, 1)) © (B(XF, Y1)y (— X1, 7))
~(a(XT, Y1) o (B(XT, V1)) — (21(X1, 7)) o (b(X?, V1))
— (a(XT, Y1) © (11(X1, Y1) + (21(X1, Y1) © (31 (X1, Y1),
Combining the above expressions, we obtain the result. O
Following Bosman, we take
(=Z%2 —6Z, — )Y, + (4k +2)Z3 + 14722 + (—4k +14)Z, + 2
(Zy —1)((=Z1 —1)Y1 + 2k + 1) Z; + (—2k +6)Z; + 1)
XY + 4k2XY + (k' — 2k — )Y + (=3k —4)X?
+ (—Kk® + 2k) X* + (K + 2k*) X — k?
(X —k)((K2 = k)Y +2XY — (k4 3) X2 + 2kX)

a(Zla }/1) =

and
(Z - 1)
(—Z1— 1)1+ 2k+1)Z2 + (-2k+6)Z1 + 1
(X — k)
(k2 — k)Y +2XY — (k+3) X2+ 2kX’

b(Zla}/l) =

We proceed to compute the diamond operation for (a(X,Y)) and
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(b(X,Y)). Consider the following points on Fj.
P =(k, k),
k(—k £ Vk2 — 16k + 32) k*(k — 8 F VK2 — 16k + 32)
U:t — ) ’
8 16
(—k2—|—4k—3i(l€—|—1) k? — 10k + 9
V:t = )
8
Tk — k — 9 F (K% — 2k — 3) k2—10k+9>
16 ’

where we also have that Uy +U_ = P and V. + V_ = 2P. Thus we
write U for U, V for V., P —U for U_, and 2P —V for V_.
One can check that

(X — k) =(P) + (5P) — 20,
(K* = k)Y +2XY — (k+3)X? +2kX) =2(P) + (2P) + (V) + (2P - V) = 50,

and
(2X2Y +4E*XY + (k' = 2K° — B°)Y + (=3k — 4)X? + (=K% 4 2k) X
+ (k* + 2B X — k%)
=5(P)+ (U)+ (P —U) — 70.

In sum, this gives
(a(Zy, Y1) =2(P)+ (U) + (P - U) = (5P) — (2P) = (V) — (2P = V),
(b(Z1,Y7)) =2(5P) — (2P) — (V) — (2P - V) + O.

By applying Lemma [£.1.1],

—(21) o (1) ~5(P) +3(2P) + (U) + (P —U) + 3(P + U) +32P - U) + (V = U)
+@P-U-V)+(U+V—-P)+{U—-V+P)— (V)= (2P -V)
—3(V + P)+3(V +3P). (4.8)

Now we record other divisors.
(X+k)=(V-P)+(P-V)-20,

(kX +2Y + k%) =(5P)+ (U) + (P - U) — 30,
(Y) =3(2P) — 30.
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The above relations imply

(XTM> —=(V —P)+ (P -V)+0 —3(2P),
c**gy+ﬁ>:@PH4Ume—U%%@PL
an (_k();; k)) . <kX +2211//+k2)

—(P)+3(2P)— (U)— (P-U)=3(P+U)—32P -U) — (V- U)
—@P-U-V)=(U4+V—-P)—(U=-V+P)+(V)+ (2P -V)
+3(V + P)—3(V +3P).

Combining the above equation with we obtain
(z1) o (y1) ~ —6(F) —6(2P).
By comparing with Eq. , we conclude,
(1) o (1) ~ (x) © ().

4.1.2 The relationship between the cycles

We consider the integration cycle for the Mahler measure over P first.
It is convenient to make the change of variables + = z2 as well as
Yo = y/xo. In this case we have

(zo +x51)y§ + (x% +(2—-k) +x52)y0 + (o +x51) =0.

This gives
_ @+ 2 k) +207)
Yo 2(x0+x51)
n V(@2 =210 +2 — k — 225" + 1y ?) (@2 + 220 + 2 — k + 215" + 25 2)

2(zo + x5
Now write 2o = € with 0 < § < 7. We have

(k—4cos?0) £ /(k — 4cos?0)2 — 16 cos? 0
Yox = .
4 cos
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Further taking ¢t = cos®#, we have that the polynomial inside the
square root is 16t* — 8(2 + k)t + k% which has roots ¢ = %.

When this polynomial takes negative values, both roots are com-
plex conjugate of each other and both have absolute value 1. We are
interested in the cases that the polynomial takes positive values and
one of the roots has absolute value larger than 1.

When 0 < k < 4 this polynomial takes positive values for 0 <t <
M. We can see that in this case |yo,| > 1.

When £ < —1, the polynomial inside the square root has no real
roots and therefore it is positive for 0 < ¢t < 1. Both roots are then
real. We see that |yo_| > 1.

In order to characterize the homology class given by the integration
set, we integrate respect to the standard invariant differential w of the
elliptic curves. Recall that

B dXx
Y+ (k—-2)X + kK

W

By looking at the transformations, we have

k(k+1)(dz + dy)

dX = —
(z+y—k)?

By differentiating Py, we have,

2y+Dz+y*+2—ky+1)dz+ 2@+ 1y+22+(2—k)z+1)dy = 0.
Putting the above together, we obtain,

k(k+1)(y — z)dx

dX:(2(x+1)y+:v2—l—(2—k)m—|—1)(m—|—y—k)
_ k(k+1)y(y —x)dx
(+ D2 —2)(x+y—k)
Therefore
dX B dx B ydz
2Y + (k—2)X+k 2@+ Dy+22+2—-kz+1 (z+1)(y2—2)

le‘o
(2(zo + 25 yo + 23 + (2 — k) + 35%) 20

At this point, we either have to specify the choice of the root g
or leave the sign in front of the square-root undetermined. Since all
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the Mahler measures are non negative, and the integration sets are
connected, we can leave the sign to be determined later.

2 d6
V/(k —4cos20)? — 16cos?

w==+

Take t = cos? 0, then % = —2d6 and

=~
i
|
o+
=

idt
- V(1 —t)((k — 4t)% — 16t)

In sum, we must consider, for 0 < k < 4,

2+k—2VEF1L
4

/ I 2 dt
pu(lal=1) 0 V(1 =) ((k — 4t)2 — 16t)

and for k < —1,

! 2i dt
/mm:l) v /0 VT =) ((k — 4t)? = 16t)

In both cases, the extra factor 2 comes from changing 0 < 6 < 7 to
0<60<3.

Now we analyze the cycle for S;. Make the change of variables
Yo = y1/x%. This gives

Yo + (27 + kxy + 2k + kay + 27 )y + 1 =0

and
(2t kxy + 2k + ko 2?)
Yo+ = 5
N Vier+2+a ) (@ + k=24 27D (@2 + kay + 2k + 1) + ka4 277)
> .

By setting x; = € with 0 < 6 < 27, we have

Yor = — (2cos® 0 + kcosd + (k — 1))
+ /(cosf + 1)(2cos 0 + k — 2)(2cos2 0 + kcosf + k).
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Taking ¢ = cos @, the polynomial inside the square root is (¢t + 1)(2t +
k —2)(2t* + kt + k). The roots for the quadratic factor are given by

—hdvk?—8k V4k2_8k. As before, we are interested in the case when the polyno-
mial inside the square-root takes positive values.
When 0 < k < 4, the polynomial is positive for % <t<l1.

When k£ < —1, the polynomial is positive for =k=vh==8k sz_Sk <t<1.

In both cases, this leads to a root that has absolute value greater or
equal to 1 and another that has absolute value less or equal to 1. As
observed in the previous case, we do not have to determine the exact
sign of this root as long as each integral is done over a fixed root.

On the other hand, we have,

k(k+1)dz;,  k(k+1)X;dX, k(k+1)(x; +1)dzy

dX = = —
4 2 (.Z'l — 1)3

We also have

9 .4
oW+ (k—2)X + k= MEFDN K+ Dy = )

4 yr(zy — 13z + 1)
Therefore,
dXx _ (1 + 1)%y; dy _ (1 + 1)%y; dzy
2V + (k- 2)X + k (y3 — 1) (x1 + ka? + 2ka? + kay + V)yg + 22
Let yo = y1/2%. Then
dX (21 + 2+ 27 Hyoday

2V + (k—2)X +k (22 + kay + 2k + ko' +a72)yo + 2)a1

Writing z; = € with 0 < § < 27, this leads to

(1 + cos@)idd
V/(cosf +1)(2cosf + k —2)(2cos20 + kcosf + k)

w==

Take t = cos 0. Then —\/ld—_% = d6f and

idt
VA =)@t +k—2)22 + kt + k)

w==£

In sum, for 0 < k < 4, we must consider

/ ! 2i dt
w==+
o (|21]=1) 2k /(1 —1)(2t + k — 2)(2t% + kt + k)
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and for k < —1,

/ jE/1 2i dt
w = .
pulorl=1) —heviZsk /(1 — 1) (2t + k — 2) (262 + kt + k)

The result is completed with the following statement which covers
the necessary identities, except for the boundary cases, which can be
deduced by continuity.

Lemma 4.1.2. For 0 < k < 8, we have

—2vEkF1
s dt ! dt

2/0 VIO =0k — 402 —16t)  Jeze /=) 2t + k- 2)22 + Kkt + k)
(4.9)

For k < —1, we have

/1 dt B /1 dt
o VIO —0)((k—4)2 —161) J==viZ=se \ /(T —0)(2t + k —2)22 + ki + k)
(4.10)

Proof. First consider the change of variables t = % Then for
0 <k,

! dt _/1 ds
i I -2t + k= 2) 22+ kt+ k) Jo \/s(1—s) (k22 + k(4 — k)s +4)’

and for £ < —1,

! dt
/kk?gk V=)t +k—2)(212 + kt + k)

4

__/1 ds
heayiZsh |\ [5(1 — ) (k282 + k(4 — k)s + 4)

The right-hand sides of the above equations are related to the formulas
found by Rogers and Zudilin and Bertin and Zudilin , and this
allows us to use their changes of variables to manipulate those sides
of the equations. However, the left-hand sides do not appear in those
works. As we will eventually see, the connection between the two sides
are given by periods in two isogenous elliptic curves.
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Notice that we can modify the integration limits in the last integral

by the involution s = 11;—,;‘;, which gives for k < —1,

B /1 ds
EtyiZosk /s(1 — s)(k?s? + k(4 — k)s + 4)

k—44+vVk2—8k
2k dw

0 Vw(l —w)(B2w? + k(4 — k)w +4)

In sum, we have to prove, for 0 < k < 8,

e dt ! ds
2 =
/0 V(L —t)((k — 4t)% — 16t) /0 Vs(1—s) (k28 + k(4 — k)s + 4)
(4.11)
and for k < —1,
/1 Qi B /k4+;/km dw
o Vt(1—t)((k—4t)2 —16t) Jo Vw(l —w)(B2w? + k(4 — k)w +4)
(4.12)
First we concentrate on Eq. (4.12)). Consider the change t = 1+;4—“
2
Then the left-hand side of Eq. (4.12)) becomes '
/1 dt 1 /00 du
o V1 —t)((k—4t)2 - 16t) 2o \/u(u2+2(§—k—2)u+’f—§(k—8))
(4.13)

Consider w = HLU The right-hand side of Eq. (4.12) becomes

k—4+Vk2—8k
2k

dw
; Vool = w) (B + k(4 = ko +4)
1 o
W\/U@2_(%—k—2)v+k+l)

The integrals on the right-hand sides of Eqs. (4.13]) and (4.14))
correspond to the same periods in isogenous elliptic curves. We can

use the standard isogeny of degree 2 for the Weierstrass form y? =
x(z%+ ax +b) to describe the change of variables between them. More
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precisely, u = v — (% — k- 2) + E yields

/ du

0 \/u(uz_,_g(%_k— 2) u+ 5 (k- 8))
:/oo dv '
ﬁj@%ﬂgg\ﬁww_(%_k—@v+k+w

This concludes the proof of Eq. (4.12) and therefore of Eq. (4.10)).
For (4.11)), consider the following observation. If we set § = —%,

then

/‘ dt W{/ dt
VA =) ((k — 4t)2 — 161) VA =) (522 + B4 — B)t +4)

Applying the above transformation to Eq. (4.12)), we get, for 0 <
f <8,

ﬁ/ dt
4 Jo t(1—t)(B*2 + (4 — Bt + 4)
2+5-2/FF1
/ dw
‘5’ —w)((8 — 4w)? — 16w)’
which implies Eqgs. and . [

4.2 The Families from Theorem [1.1.2|

4.2.1 The relationship between the regulators

In this section we work with the families
Qr(w2,y2) = (3 + 2 + 1)y5 + kwa(xa + 1)ya + wo(25 + 25 + 1)

and

Ry (w3,y3) = (5+a3+1)y5+(a5+k w3+ (2K —4)a3+k w3+1)ys+a3 (a5 +az+1).
For Qi (z2,y2), Boyd [5] writes

Yy = ha(X5),
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where

ho(Zy) = (k* — 9)Z5 — (2k* — 3)Z3 + (K> +5)Zy + 1,

and
(L’Q—i—l
X =
2(x27y2) Ty — 17
4223 + 29 + 1)yg + kao(xg + 1
YVQ(ZL‘Q)?JQ) = ( ( 2 2 (IZ)_Ql)g 2( s ))7
Xo+1
X5, Y-
( 2 2) X2_1
Yo, — kX X2—1
Yo (Xs, Vo) =2 2 )

(X; — 1)(3X2+ 1)

By applying the transformation
Z=(k=9)(Z—1), W=(k-9)Y,,
we obtain
B W?*= 2%+ (K> —24) 7% — 16(k* — 9)Z.

Our goal as before is to compute (z3) ¢ (y2) in Fy. We will do this
by applying Lemma |4.1.1, Thus we take

—k(Zy—1) W —kZ

Za, Y =
( 2 2) YvZ_'_k(Zz_l) W—FkZ’
237y +1) 2(3Z + 4(k? — 9))
b(Z3,Ys) = — =—

and we can easily see that
a( X5, Y2)w(X2, Y2) + 0(X3, Va)ya(Xa, Yo) = 1.

Lemma still applies with the same change x5 — $—12 and y, — y%
that leads to X3 — — X5 and Y5 — Y5,
We consider the following points of Fy (in Z, W coordinates).
P =(0,0),
Sy =(d4k + 12, k(+4k + 12)),
( 4(k* —9) 4i(k —3)k(k + 3))
Tr=|- ’ )
3 3v/3
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where S, +S_ = P. Thus we rename S to be S, and P — .S to be S_.
Notice also that 2P = O
We compute some divisors.

(W —kZ)=(S)+(P—-295)+ (P) - 30,
(W+kZ)=(-S)+ (P+S)+ (P) — 30,
(3Z +4(k* = 9)) =(T) + (=T) — 20.
This leads to
(a(Z2,Y2)) =(S) + (P = 8) — (=5) — (P + 5),
(0(Z2,Y2)) =(T) + (-T) + O — (=5) = (P + 5) — (P),

and

(a(Z2,Y2)) © (b(Z2, Y2))
=2(S—-T)+2(S+T)—-2(P+S+T)—=2(P+S—-T)+4(S) —4(P+9).

Finally, by Lemma |4.1.1] we conclude,

—(z2)0o(y2) ~ 2(S=T)+2(S+T)—2(P+S+T)—-2(P+S—-T)+4(S)—4(P+5).
(4.15)
We now consider the case of Ry (z3,y3). We have

Y = hg(X3),
where

h3(Z3) = (K=K —2) Z3+(—2k>+11K' —2) Z3+(K*— 11K +26) Z3+k'—6,

and
T3+ 1

XB(x37y3> :xz_ 17

Vi ) CA(2(xF 4 x5+ V)ys + a5 + Kad + (2K — 4)zd + Kas + 1)

3\T3,Y3) = (ZE3—1)3(CC3+1) )

X3+1

x3(X3,Y3) :Xz_ 1
2X3Ys — (2K — )X+ 4+ (2K —10)X2 + 1

yg(X{J,,YE),): 313 ( ) 3 ( ) 3 .

(X3 —1)2(3X3F +1)

By applying the transformation
7 =(K*—k—2)Zs— (K* -5k —6), W= (K*—F —2)Ys,
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we obtain
W? =27+ (K? — 4k’ —20) 2% — 16(k"* — 4k’ — 5)Z.

Notice that this is precisely Fj_»
We proceed to compute the diamond operation (z3) ¢ (y3). Using

the usual strategy of Lemma we find
(Zs+1)Ys — (2K — 1)Z3 + (2K —10)Z3 + 1

A =
a( 3, W3) (23 — 1)Y3
W +2(K? = 3k — )W — (2K — 1) 27
2(k? — 5k — 10k’ — 4)Z + 16(k” — 3K — 9k’ — 5)
- W(Z —4(k' +1))
3Z;+1 37 +4(k? — 4k -5
b(Zs, W) = — ; =— ( o )
3

and one can easily see that
a(X3, Ya)rs(X3, Ys) + 0(XF, V3)ys(Xs, Y3) = 1.

Lemma still applies with the same change x5 — xig and y3 — y%

that leads to X5 — — X3 and Y3 — Ys.
We consider the following points (in Z, W coordinates),

P =(0,0),
A (—(k’2—4k’—20)+\/k’4—8k’3+40k/2—96k/+80 0)
- 2 ) Y
—(k"? — 4k" — 20) — VE'* — 8k + 40k™2 — 96K’
A+P:(( 0) —+ 28 +40 96 +8070)7
S =(4(k +1),4(K —2)(K + 1)),
25 =(16, —16),
- (_4(/4 —5) (K +1) 4i(k' —5)(K —2)(K + 1))
3 ) 3\/§ )

P — S =(4(5— k), —4(K — 5)(K' — 2)),
P25 =((5—K)(K +1),(K —5)(k +1)).

Notice that the points P, S,T are the same that were previously con-
sidered in Fy. The formulas are different since they depend on the

parameter k’.
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We then obtain

(W) = )
(Z — 4K + 1)) =(S) + (=S) — 20,
(3Z + 4(K' —5)(K' + 1)) =

and

(ZW 4 2(k? — 3K —4)W
— (2K = 1)Z% — 2(K”® — 5K — 10K’ — 4)Z + 16(k" — 3k — 9k’ — 5))
=3(5)+(P—-95)+ (P—-25)—-50.

This implies

(a(Zs,Ys))
(b(Zs,Y3))

2(5) + (P = 8) + (P = 25) = (P) = (A) = (A+ P) = (=9),
(T) + (~=T) + O — (P) — (A) — (A + P).

Thus,

—(x3) o (y3) =(a(X3, 3)) o (b(X3, ¥3))
=3(S—T)+3(S+T)+4(5S)—4(P+5)
—(P+S+T7)—(P+S-T)
+(25) = (P+2S)—(P+25+T1T)+(P—-25+4T)—-2(S+A)
+(2S+A)-2(S+A+P)+(25+A+P).

(4.16)
Now consider

(W —3Z — 4(k' —5)(K' +1)) =(S) + (P +8) + (P —25) — 30

and
(W—32—4(Vkv’—5)(k’+1)> —(S)+ (P+8)+(P—25)— (P) — (A) = (A+ P)
<3z+4(k:’1;/5)(k'+1)> —(T) + (~T) + O — (P) — (A) — (A + P).
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Combining the above divisors, we have

(W— 32—4(Vkrv’—5)(k’+ 1)) o (32+4<k’v_v5)<k/+ 1)) =(S-T)+(S+T)

+(P+S+T)+(P+S-T)+(P—-25+T)+(P—-25-T)+ (25) — (P +25)
—2(S+A)-2(S+A+P)+(25+A)+(2S+A+P).

By comparing with Eqgs. (4.15) and (4.16)), we get
(@2) © (y2) ~ (x3) © (y3)-

4.2.2 The relationship between the cycles

We start by considering ;. It is convenient to make the change of
variables xo = x3 and y, = yoxo. We then consider
(26 + 1+ 25)y5 + k(o + 25 )yo + (5 + 1+ 257) = 0.

In this case we have

—k(zo + 75")
222 +1+25%)
V= (222 — ko + 2 — kgt + 220?) (222 + kxo 4+ 2 + kgt + 225 7)

223 +1+15°) '
Write xy = ¢ with 0 < 6 < 7. We have
—kcosf £ \/k?cos?0 — (4cos20 — 1)2
4cos?f — 1 '

If we take t = cos? 6, the polynomial inside the square root is —16¢> +
(8 + k%)t — 1 and is positive when k > 4 for % VE2H16 < ¢ < 1. As
observed in the previous section, we do not have to determine which of

the roots has absolute value greater or equal than 1.
We evaluate w = Qd—V[Z/. First we have

Yo+ =

+

Yo+ =

Tro + 1
dZ = —4(k* — 9)m dzy.
Therefore,
E _ T+ 1 A,
2W 2(2(z3 + xa + Dya + kao(xe + 1))
o + ;1:51 dzg

222 + 1+ 2% yo + k(wo + 75") 20
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Writing zo = €, this leads to

cos 07 df

w==x .
k2 cos? — (4cos? — 1)2

Take t = cos?6 and df = ——L
24/t(1-1)

vdt
2¢/(1 —t)(k2t — (4t — 1)?)

We must consider for k£ > 4,

w==

1 .
/ N / idt
w =
e (jaal=1) sk ki2506 /(1 — ) (K2t — (4t — 1)

32

where the extra factor 2 comes from changing 0 < 6 <7 to 0 <60 <
We consider Ry. We write y3 = yox3. Then we have

ol

(wst+1+ay Jyo+ (w5 +K w5+ (2K —4)+K 257 +a37)yo + (w5 + 1+ a57) = 0.

— (22 + Koz + (2K —4) + K2zt +23?)
2(z3+ 1+ x5
(w3 +2+ 257 ) (w5 + (K —4) + 237
N x (23 + (K + 2)as + 2(k' — 1) + (K + 2)z5" + 237)
2(w3 +1+x3") '

Yoir =

Write z3 = € with 0 < 6 < 2,
_ —(4cos®0 + 2K cos 6 + (2k' — 6))
Yot = 2(1+2cos0)

V2(1 + cos0) (K — 4) + 2cos 0) (4 cos? 0 + 2(k' + 2) cos 0 + 2(k' — 2))
2(1+2cos0) '

+

Write ¢t = cos 6, the polynomial inside the square root is

21+ t)((K — 4) + 2t) (48 + 2(K + 2)t + 2(K' — 2)).

For k' > 6, we must consider —(K+2)+v 4kl2_4kl+20 < t <1 for the poly-

nomial inside the square root to be positive.

We evaluate w = %. We have

1'3—{—1

dZ = —4(k* — kK —2)——

d[[‘g.
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dz T3+ 2+ a:gl dzs

2W 2(2(w3 + 14+ 23 yo + 22 + Kas + (2K —4) + Kozt +237) 3

(14 cosf)idé
2(1 4 cos "—4) 4 2cos cos? 0+ 2(k" +2)cosO + 2(k' — 2
0) (k' —4 0)(4 cos? 6 k 0 k

w==x

Take t = cos @, then
1 dt
2/ (1 =) (K" —4) +20) (22 + (K + 2)t + (K — 2))

Therefore, we must consider

[
e (|z3]=1)

! idt
=+ ,
/<k'+zw;'24k'+zo VA=K —4) +20) 222 + (K +2)t + (K — 2))

where the extra factor 2 comes from changing 0 < 6 <27to0 <60 < 7.
Since we have k = k' — 2, we must prove for k > 4

/1 dt
ser2—ky/iZe16 /(1 — t) (K2t — (4 — 1)2)

32

_/1 ds
—Geeei2516 /(1 — ) (25 + k — 2)(252 + (k 4+ 4)s + k)
In fact, we can go from one side to the other by setting

(kE+1)s+Ek—-1
2(2s + k — 2)

(This change of variables can be deduced from [2].)

80



Chapter 5

The Mahler Measure of A
Genus 3 Family

The goal of this chapter is to provide a proof of Theorems con-
jectured by Liu and Qin [22] by using the regulator theory. Here we
rewrite Theorems [L.1.3] as follows.

Theorem [1.1.3] For a real k > 2, we have

m(Qr) = m(Fy),
where
Py(z,y) =y* + (2° + ka® — 2" + (2 = 2k)2” — 2 + ka + 1)y + 2°,
Qr(r,y) = zy° + (kz — 1)y — 2* + .
(5.1)
Our proof strategy is similar to the one described at the beginning
of Chapter 4l The major new idea for evaluating the regulator of the
genus 3 curve is to use a modified version of Bosman’s method (given
by equation ([5.4]) as opposed to ((5.3])) to simplify the evaluation of the
diamond operator on (1) ¢ (y1).
The remainder of this chapter corresponds to Sections 3 and 4 of
the article [21] by Matilde Lalin and Gang Wu: The Mahler measure
of a genus 3 family. Ramanujan J., 55(1):309-326, 2021 .

5.1 The regulator relationship

5.1.1 The genus 3 curve

We start by considering the regulator in

Ck: Pk(%;@/l) =0,
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where
Pi(xy, 1) = v2 + (a8 + kb — o] + (2 — 2k)2® — 22 + kay + 1)y, + 25,

A standard procedure to obtain a hyperelliptic equation from a
polynomial of type (1.3) is to complete squares and write (2A(z)y +

By(2))? = Bi(r)* — 4A(x)C(x) and set X = £,y = 2ALUERE) fo;

a conveniently chosen polynomial §(z,y). In our case, the following
birational transformation

T +1
X _
(xlvyl) T — 17
8(2y1 + (28 + kat — 2] + (2 — 2k)2? — 22 + kxy + 1))
Y(Ihyl) - (I’Q N ]_)(ZE N 1)4 )
1 1
leads to

V2 =(k+2) X%+ 4(k* + 3k + 3) X°® — 2(4k* — 3k — 16) X*
+4(k* =5k +5)X* + k —2
=(XO 4 (4k +5)X* + (11 —4k) X2 = 1) ((k +2) X2 + (2 — k)).
If we further set
4(X?-1)
(k+2)X2+(2—k)’
8Y
(k+2)X2+(2—k))%

we obtain the family of elliptic curves

B, W?= 2%+ (k* —4)Z* — 8kZ + 16. (5.2)

In sum, we have,

f : Ck — Ck/<0'> = Ek,

given by
41‘1
7z -
(Ihyl) l‘%—'—kl'l—f—l?
42y; + (28 + kb — a2t + (2 —2k)a — 22 + kay + 1
W(z1,y1) = (2y1 + (a7 1 1+ ( )z 1 1 )

(23 — 1)(2f + kxy 4 1)2
_ Ayt — a7) .
y1(z? — 1)(22 + kg + 1)2
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We can then write

[yp no (1, 91) = /f( ne, (fs({z1, y1}),

; vPy)
where

P, = {(xhyl) : |l’1’ =1, |y1’ > 1}7
and our goal in this section is to evaluate ng, (f.({x1,y1}). For simplic-
ity of notation, we will refer to (x1) ¢ (y;) but we will think of z1, y;
as functions on Z, W. However, x, y; are rational functions on X, W
and not on Z, W. Indeed, we have

X +1
X W)="0—
xl(’)X—l’

24+ k)X2 42— k)2XW —2(X0 + (8k+13)X* — (8k —19) X% -1
sy (2R ) (X° + (8k + 13)X" — (8k — 19)X* — 1)

2(X — 1)

In order to find their divisors in Ej, we follow a version of a modi-
fication of an idea of Bosman. First we recall Bosman’s original result
for completeness.

Lemma 5.1.1 ( [4], Lemma 7 [20]). Suppose that we have rational
functions a(Z,W),b(Z, W) such that

a(X2, W) (X, W) + b(X3 W)y (X, W) = 1. (5.3)
Then we have

ro ({21 (X, W), i (X W) H)(Ive) = —re, ({a(Z, W), 0(Z, W) 1)([f (vp,)])-

Proof. 1t suffices to see the identity at the level of the diamond opera-
tor, namely, to prove that

(21(X, W) © (y1 (X, W) ~ —(a(X?, W)) o (b(X*, W)).
Since the Steimberg symbol is trivial, (f) <o (1 — f) =0, and
0 ~(a(X% W)z (X, W)) o (b(X? W)y (X, W))
~(a(X?, W) o (D(X?, W) + (21 (X, W)) o (b(X?, W))
+(a(X*, W) 0 (yi (X, W) + (21(X, W) © (y1(X, W)).
Now consider the automorphism o of C} given by z; — i, Y1 — yil
We remark that X — —X and W — W. Then
0 ~(a(X% W)z (=X, W) o (b(X2 W)y (=X, W))
~(a(X*, W) o (W(X*, W) — (21 (X, W) o (b(X*, W)
— (a(X*, W) o (y1 (X, W) + (21(X, W) o (31 (X, W)).

We conclude by combining the above expressions. O]
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Instead of searching for an equation of the type (5.3)), we will search
for
X, W)
X2, W) (X, W) + b(x2, ) LV
a( ) )xl( ) )+ ( ) )xl(X W)3 )

where we have modified the y; component to yé in order to eliminate

(5.4)

as much as possible the number of monomials with odd degree in X.
Indeed, y; has the factor (X —1)% in the denominator, but this becomes

(X2 — 1)3 in the denominator of 4.
1

Lemma 5.1.2. Let a,b € Q(FE) satisfying (5.4)). We have

ro, ({1 (X, W), (X, W) ([ye) = —re.({a(Z, W), b(Z, W) })([f (ve.))-
Proof. From Lemma we have that

(a(Z.W)) o (B(Z,W)) ~ —(m (X, W) o (M) .
The result follows because
(21) (y—) ~ (1) o (). -

In our computations it will be convenient to introduce another vari-
able to name the even powers of X:

s (k=274
Zri= X0 = (k+2)Z —4

For simplicity of notation, we also let

A(Z) =(2+k)Z1 +2 — k),
B(Z)) =Z} + (8k +13)Z7 — (8k — 19) 7, — 1.

Then we write

AXW —2B

)‘ |/‘/ = —-———————
(X, W) 2(X —1)8
We have to solve

(X +17 AXW - 28
Tz 27 — 1)

=1,

which leads to

Cl(Zl + 1)(Z1 — 1)2 — bB = (Zl — 1)3,
4a(Zy — 1) + bAW = 0,

84



and then

(2. = (Z, —1)AW 4ZW
(2 + D)AW +4B 0 24— kZ2)W + Z3 +2(k2 — 4) 22 — 16kZ + 32
4(Z; —1)?
bzw)=— A1)

(Zy + 1) AW + 4B
ZS
42(4 — kZ)W + 23 + 2(k2 — 4) 22 — 16kZ + 32)

After ignoring constants, and grouping together terms, the diamond
operation gives
(a)o (b) =2(2) o (2(4 — kZ2)W + Z° + 2(k* — 4) Z° — 16k Z + 32),
— (W)o (204 — kZ2)W + Z° + 2(k* — 4)Z* — 16k Z + 32) + 3(W) o (Z).
(5.5)
If we proceeded as usual (see, for example, [20]), we would compute
the divisors (2), (W), (2(4 — kZ)W + Z3 + 2(k* — 4)Z* — 16k Z + 32).
With the exception of (Z), these divisors are supported in non-rational

points and it is difficult to find relationships among them. Instead of di-
rectly computing the divisors, we consider some further manipulations.

Notice from ([5.2)) that
20— kZ)W +Z° +2(k* —4)Z° = 16kZ + 32 = 24— kZ + W)W — Z°.
We consider the following trivial symbol (trivial because it is of the
form (g) o (1 —g)):
24— kZ + W)W Z3 =204 —kZ+ W)W
0~ 73 o 73
~A—kZ+W)o(2U—-kZ+ W)W —Z% 34— kZ+W)o(2)
+(W)o (24— kZ+WI)W — Z%) = 3(W) o (Z)
—3(Z)o (24 —kZ + W)W — Z%).
Combining with (5.5)), we have,
(a)o(b) =2(Z) o (24 —kZ+WYW — Z3) — (W) o (2(4 — kZ + W)W — Z?)
+3(W)o(2)
~N2Z) o (24 —kZ+W)W —Z3) + (4—kZ+W)o (24— kZ+ W)W — Z7)
—34—kZ+W)o(Z)=3(Z)o (24— kZ + W)W — Z?)
4—kZ+W
Z

) o (QU—kZ+WI)W = Z3) = 3(4d—kZ + W) o (2).
(5.6)
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The advantage of working with as opposed to is that
we do not have to consider the divisor (W) anymore. Instead, we will
compute the divisor (4 — kZ + W), supported on rational points.

The family Ej, given by has a point P = (0,4) of infinite order
that satisfies 2P = (4,4(k — 1)), 3P = (4(1 — k), 4(k* — 3k + 1)).

(Z) =(P) + (—P) — 20, (5.7)
(4—kZ + W) =2(—P) + (2P) — 30, (5.8)

24 —kZ + W)W — Z%) =2(=P) + (U) + (P - U)+ (V) + (P - V) - 60,
(5.9)

for certain points U, V. We remark that

() = enren-p-o

and

(4—k;Z—i—W

~ ><>(2(4— kZ + W)W — Z%) = 10(P) — 8(2P) + 2(3P),

since the terms involving U cancel themselves, and the same applies
for the terms involving V.

From , we obtain
(a) o (b) ~10(P) — 8(2P) + 2(3P) — 3(5(P) — 4(2P) + (3P))
=— (5(P) —4(2P) + (3P)).

Finally,
(1) © (y1) ~ 5(P) — 4(2P) + (3P).
For the elliptic curve Ej expressed by (5.2):
By W?= 2%+ (k* —4)Z* — 8kZ + 16,

Ej(R) is connected if and only if the polynomial Z3+ (k*—4)Z%—8kZ +
16 has only one real root. Notice that this is a cubic polynomial. So,
if Fx(R) is not connected, then Ej(R) has two connected components.

By (2.15), we have an identity:

/ no, (21, 91) = muck DP(5(P) — 4(2P) + (3P)), (5.10)

TPy

where ¢, is a constant defined by
[f (vp)] = cxlel,
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(k] is a generator of Hy(Ey,Z)~ and my is given by

1, if Ex(R) is connected,

= 5.11
M {2, if Ex(R) is not connected (5.11)

that obtained by the intersection product ’ygk ® V.

Recall that our goal is to prove Theorem [1.1.3] and therefore it
suffices to consider k& > 2. One can see that the cubic polynomial
73+ (k* —4)Z? — 8k Z + 16 has one real root when k > 2, and therefore
Ek(R) is connected. This implies that my = 1 for k£ > 2.

5.1.2 The genus 1 curve

We now consider the genus 1 family given by

Qr(w2,y2) = l’zyg + (kg — 1)y2 — 353 + 2.

The following birational transformation
Z (w2, y2) =42, x2(Z, W) =
W (za,y2) =4(222y2 + kxo — 1), p(ZW)=—F1—,
leads directly to the Weierstrass form
W?=27°+ (k* —4)2* — 8kZ + 16.

We can compute the relevant divisors by using equations (5.7)) and
(5-8).
)+ (=P) — 20,
(y) =(=P)+(2P) - (P) - O,

Then
(2) © (y2) = —5(P) + 4(2P) — (3P).

Again, by (2.15)), we have an identity:

k

where dy is a constant defined by
vo.) = dilnl,
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(k] is a generator of Hy(Ey,Z)~ and my is the constant given by ((5.11)).
We remark that the right-hand side of equation ([5.12]) is the same
as the left-hand side of ((5.13)):

5D¥(P) — 4D¥(2P) 4+ D¥(3P) = —4nL'(E,,0) (5.13)

found by Zagier and Gangl [36] for £ = 2. Combining this with ([2.19)),
we get that m(Q2) is L'(Es,0) multiplied by a rational number (that
is expected to be —1/2).

5.2 The cycles of integration

In this section we consider the relationship between the cycles of in-
tegration. From and , we understand the relationship be-
tween the regulators. It remains to compare the cycles of integration,
namely, to find the relationship between c; and dj. It suffices to com-
pare the integral of the holomorphic differential in E} respect to each
cycle. The strategy is to evaluate w = % both in terms of z1,y; and
Ta, Y2, integrate over f(yp,) and vq, respectively, and compare both
integrals.

In our calculations we ignore the sign in front, since the Mahler
measure is always non-negative.

5.2.1 The genus 3 curve

Since Py(x,y) is reciprocal, the path f(yp,) to be considered corre-
sponds to a fixed choice of a root y, or y_. We do not need to specify
the choice, since working with the wrong root will only lead to the
opposite sign in the integral of the holomorphic differential. We have,
dz (1 —23)*day

w yi — 2t

(1 —a7)*dx
V(@8 4+ kat — xf + (2 — 2k)ad — 2} + kay + 1) — 4af
(1 —2?)dx,
N .
V(@d + kg + 1) (@ + kaf —af +2(2 — k)af - af + kg + 1)

We see from the change of variables x; — % that the integral over
|z1| = 1 is purely imaginary.
By writing z; = €, we have
dz _ 4 sin 6 df
W V/(2cos0 + k) (20830 + kcos?0 — 2cosf + 1 — k)
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Setting t = cos @,

az_, d
w VEREFE) B+ k2 =2t +1— k)

_ 1
Now set s = TENS

dz B ds

W V4s® 4 (k2 —4)s? — 2ks + 1

For k > 1, the polynomial p(s) inside the square root has one neg-
ative root #y and two roots 61,0y between 0 and 1 (where 65 = 1 for
k = 1). More precisely, assume that k& > 2, then p(—1) = (k+1)*—8 >
O,p(%ﬁ) = ﬁ > O,p(%) = 4(1,;“) < 0, p(ﬁ) = ﬁ > 0. In
addition notice that p(1) = (k—1)? > 0. In conclusion, for k > 2, p(s)
has three real roots satisfying

1 1 1
0y < —1 — <O <=-<0 inql, —— 7.
0 < <O<k—|—2< 1<k< 2<m1n{,k_2}

And the above is also true for k = 2 by taking the limit.
Then we must integrate

1
=2 ds
w(Z(x1,11), W(x1,11)) = £42im
[ypk (2l e 2 VA + (k2 —4)s? —2ks + 1
02 d
— 49 i ,
0, \/4s*+ (k* —4)s2 — 2ks + 1

(5.14)

where we have multiplied by 2 because the change of variable ¢ = cos 6
implies that there are two values of z; yielding the same value of s.

5.2.2 The genus 1 curve

Since Qk(x2,y2) is not reciprocal, we must first verify that the inte-
gration path ~g, is closed. First we prove that Qi(x2,y2) = 0 does
not intersect the unit torus {|xs| = |y2| = 1} for & > 2. This means
that |ya 1| and |yo | stay always > 1 or < 1 while |z| = 1. The case
k = 2 will then follow by continuity. We start by making the change
x3 = T2/y2 and by writing the equation as

x5 — (Yo +k+yy ') + a5ty =0.
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We look for a solution with |z3| = |y2| = 1. Assuming such solution
exists, it must also verify that

— (o +k+yy") + a3y, =0,

By combining both equations, we obtain

3(l—yo) = a5 (L=, 7),

and this implies that either yo = 1 or 23y, = —1. In the first case, we
get w3 +x5" = 2+ k, which has no solution in |z3] = 1 for £ > 0. In the
second case we get 132 — k + 22 = 0, which has no solution on |z3| = 1
for k > 2 (for k = 2 the only solutions are x3 = %1).

This proves that the paths {|zo] = 1,|yo,| > 1} and {|zo| =
1, |y2_| > 1} are either closed or empty. Notice that |yo, yo_| = [1—z4].
Since |1 — x| > 1 for x9 = —1, we conclude that at least one of these
cycles is not empty, since we must have |y, | > 1 for a certain choice
of the sign. On the other hand |1 —z5| < 1 for 25 = 1 and we conclude
that at least one of these cycles is empty since we must have |y, | < 1
for a certain choice of the sign. Thus, we obtain exactly one nonempty

cycle vg, -
We have,
dZ B dxs dx,
W~ 2agys + kg — 1 \/43;2 —4)a2 — 2kzy + 1

Then we must integrate

de
w(Z(x2,y2), W(x2,92)) = i/
/”Qk jas=1 /473 + (k2 — 4)2F — 2kwy + 1

(5.15)

5.2.3 The end of the proof

To prove that ¢, = £di, we must combine equations ((5.14)) and (5.15))
and prove

19 02 ds B / dzsy

0, \/4s*+ (k2 —4)s2 — 2ks + 1 wal=1 /423 + (k2 — 4)a3 — 2kxy + 1
but this is true because ) < —1 < 0 < 0; < 0y <1 and therefore,
exactly #; and 0, are in the interior of the cycle |x3] = 1. Thus,

integrating over |z5| = 1 gives the complex period of Ej, which is twice
the semi-period obtained by integrating between #; and 6,.

By combining equations (5.10)) and (5.12)), we conclude the proof of
Theorem [L.T.3
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Chapter 6

Conclusion

This dissertation studies four cases of Boyd’s conjectures, involving
curves of genus 1, 2 and 3. The results have been presented in Chapters
B [ and

Instead of direct computations of the Mahler measure, we used some
alternative approaches to relate the Mahler measure to other objects or
to the Mahler measure of a different polynomial. For the genus 1 curve
in Chapter [3] we interpreted the Mahler measure as the volume of a
hyperbolic 3-manifold. For the genus 2 and 3 curves in Chapters [4f and
bl we used the regulator method to prove identities between Mahler
measures of different families of polynomials. These approaches work
very well in our cases and we expect that these ideas can be applied to
other polynomial families. Unfortunately, these approaches are far from
omnipotent. We failed to prove other identities in several attempts with
these techniques. Here are two identities conjectured by Boyd [5] that
we cannot prove.

m(P) = %
with P(z,y) = (22 — 2+ 1)(2® + 1)(y* + 1) + 2(142* — 32z + 14)y,
(6.1)
and
7 digo
p) & 2120
m(P) = =5 (6.2)
with P(z,y) = (2* + 1)(2* + 2 + 1)(y + 1)* — 2427y,
where
f3/2
=—0L(x_t,2).
4 =T 10 s2)

We summarize some reasons and factors that hinder our success as
follows.
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For all the cases we considered in this dissertation, we obtain an
elliptic curve Y2 = h(Z) with Z = X? from the original curve P(z,y) =
0 by the changes of variables (z,y) — (X,Y). Recall that for the genus
1 curve in Chapter [3| we need Eq to calculate (X, Y)Ay(X,Y).
In order to obtain Eq , the curve should have following involution:

{x —1/x — {X — —X | (6.3)

y—1/y Y=Y

Condition is also key for the application of Lemmas{4.1.1jand [5.1.1]
and is therefore essential for the successful proofs of the conjectures in
Chapters [ and [f

In all of Boyd’s conjectures, the polynomial P(x,y) is reciprocal.
From the reciprocity of the polynomial, the transformation x — %,
y—>;jmayalsoleadtoX—>—X,Y—>YorX—>—X,Y—>—Y.
However, the latter case may be fatal for the success of the proof. For
example, in the cases and 1D the transformation x — 9—16, Yy — l/
leads to X — —X, Y — —Y. This prevents us from using Eq ([3.14]
to calculate (X, Y) Ay(X,Y).

Even if the condition is met, the computations may also be
very difficult. In most cases, the divisors of the rational functions under
consideration are very complicated, or are supported in points that are
difficult to understand. So we have to analyze case by case to see the
feasibility of the approach of proof.

It would be very interesting to see if these methods can be extended
to prove other similar results, particularly some of those conjectured
by Liu and Qin [23]. One could consider identities between different
genus 3 families or between a genus 3 family and a genus 2 family.
Some concrete examples can be found in |23, Section 3.4 and 4.3].

It would also be interesting to find an example relating a high genus
curve with a genus 1 curve, for a case where the Mahler measure of the
genus 1 curve is actually proven. Unfortunately, for the case in Chapter
, no connection with L'(E,0) has been proven for any value of k > 2.
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