THE MAHLER MEASURE FOR ARBITRARY TORI

MATILDE LALIN AND TUSHANT MITTAL

ABSTRACT. We consider a variation of the Mahler measure where the defining
integral is performed over a more general torus. We focus our investigation on
two particular polynomials related to certain elliptic curve E and we establish
new formulas for this variation of the Mahler measure in terms of L'(E,0).

1. INTRODUCTION

The (logarithmic) Mahler measure of a non-zero rational function P € C(x1, ..., x,)
is defined by
1 dzy dx,,
P) := log | P L o an
Hl( ) (271_2)” /Tn Og| (Il, 7xn) T T s
where T" = {(z1,...,2,) €C" : |z1| = -+ = |x,| = 1}.

This construction, when applied to multivariable polynomials, often yields val-
ues of special functions, including some of number theoretic interest, such as the
Riemann zeta-function and L-functions associated to arithmetic-geometric objects
such as elliptic curves.

The initial formulas for multivariable polynomials were due to Smyth [Smy81,
MS82]. These early results included

3V3

m(r +y+1) = FL(X—&?) =L'(x-3,—1),

where

I~ (n) 1 if n=1 mod 3,
L(x-3,8) = Z X_% and x_g(n)=4¢ —1 if n=-1 mod 3,
i 0 if n=0 mod 3,

is a Dirichlet L-function.
The formula above was generalized by Cassaigne and Maillot [Mai00] in the
following fashion. Let a,b, ¢ be nonzero complex numbers. Then

alog|a|+Blog|b|—|—*ylog\c|—|—D(|%|e”) A,
(1) mm(ax +by +c) =
mlog max{|al, |b|, |c|} not A,

where A stands for the statement that |al, |b], and |¢| are the lengths of the sides of
a triangle; and «, 8, and ~ are the angles opposite to the sides of lengths |a|, |b] and
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|al
F1GURE 1. Relation among the parameters in Maillot’s formula.

|c| respectively (Figure 1). The function D is the Bloch-Wigner dilogarithm (to
be defined in Section 2, equation (4)) and the corresponding term then codifies the
volume of an ideal hyperbolic tetrahedron in H? & C x R>( with basis the triangle
whose sides are |a|, |b], and |¢| and fourth vertex infinity.

We remark that the formulas above also apply when the constant coefficient is
replaced by a variable, in the sense that m(ax + by 4+ ¢z) = m(az + by + ¢).

The connection of Mahler measure with elliptic curves was predicted by Deninger
[Den97], and examined in detail by Boyd [Boy98] and Rodriguez-Villegas [RV99)].
Boyd computed numerical examples very systematically for several families of poly-
nomials. For example, he considered the families

Ra(xvy) :(1 + SC)(]. + y)(.’E + y) — ary,
Sk.g(z,y) =y + kaxy — 2° — Bz,

where «, k, 8 are integral parameters. Boyd found that for |o| < 100, and for many
cases of 3, k',

?
m(Rq(z,y)) :TaL/(EN(Oz)a 0),
21
m(Sk,5(2,y)) =, log 18] + sk,6L (En (k.5 0),
where 74, Si,5 are rational numbers of low height, the L-functions are attached to
elliptic curves that are defined by R.(z,y) = 0, and Sy g(x,y) = 0 respectively,
and the question mark stands for a numerical formula that is true for at least 20
decimal places. In all cases, N denotes the conductor of the elliptic curve, which is
a function on the coefficients of the corresponding polynomial.
Some of Boyd’s conjectures have been proven. In particular, Rogers and Zudilin

[RZ12] proved that

) (R (z,)) =5 L(Fan,2) = 3L (B, 0),

10
Hl(R4(I,y)) :ﬁL(EQ(), 2) = 2L/(E20, 0)

Mellit [Mel12] proved similar formulas for @ = 1,7,—8, which correspond to the
conductor 14 case.

On the other hand, the Mahler measure of S> _1(z,y), which is the Weierstrass
form of an elliptic curve of conductor 20, was studied by Touafek [Tou08a, Tou08b],

1Boyd gave precise conjectural conditions for g and k.
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who exhibited an argument that leads to

(S, 1(2,)) = Sm(R 5(x.9))

provided that one properly establishes a relationship between certain cycles in
Hy(E,Z). (More details of this argument were completed by Bertin [Berl5] who
developed this idea to give an alternative proof of equation (2).)

In this work, we consider the following extension of Mahler measure.

Definition 1. Let a1,...,a, € Rsg. The (a1,...,a,)-Mahler measure of a non-
zero rational function P € C(x1,...,x,) is defined by

dzy dx,

|7 ;
T Tn

1
v (P) = —— log |P(z1,.. . on
m L1seees n( ) (27’(’&)” /]I‘alx...x’]r Og‘ (xl z )

where T, = {x € C: |z| = a}.

This idea of considering arbitrary tori in the integration was initially proposed
to us by Rodriguez-Villegas a long time ago.

Given this definition, Cassaigne and Maillot’s formula can be interpreted as
mg (T +y+ 2). Some cases of the formula of Vandervelde [Van03] for the Mahler
measure of axy + bx 4+ cy + d may be also viewed in this context.

Our goal is to explore this definition for other formulas, in particular those
involving elliptic curves. More precisely, we connect this idea with Boyd’s examples
in order to prove the following results.

Theorem 2. We have

2loga+ 2L (Es, 0) V51 <a< 1+\/g7

Mg (y* + 22y — 2° + z) = 3loga

a
loga 0

In addition, for Wﬁf V2542 <a<y Hﬁﬂ, we have

mez (L4 2)(1+y)(z +y) + 22y) = 3loga + 3L (Eq,0).

The results above are, in some sense, quite restricted, due to the technical diffi-
culties involving the study of the integration path. They are similar in generality
to some earlier formulas from [Lal03] that involve a single varying parameter and
relate Mahler measures to polylogarithms.

By changing variables y — ay and  — az and dividing by a? in the first
polynomial, and y — ay and = — a?x and dividing by a in the second polynomial,
we obtain the following corollary which expresses the same results in terms of
the classical Mahler measure of non-tempered polynomials (as defined in Section 2,
Definition 4), which are very interesting in their own, since the K-theory framework
does not completely apply to these cases.
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Corollary 3. We have
2L/ (E,0) Y31 < g < 15

m(y® + 22y — ax® + a0 tx) =

loga a
log (a_l) 0

In addition, for W% V/2V/5+2 <a<y W‘rﬁf Vz\/m, we have
m((1 + a*z)(1 + ay)(ax + y) + 2a*xy) = 2loga + 3L (Ex,0).

IN

Our method of proof follows several steps. In Section 2 we recall the relationship
between the Mahler measure of polynomials associated to elliptic curves and the
regulator. Then, in Section 3 we analyze what happens to the regulator integral
when the integration domain is changed according to our new definition. We start
working with our particular examples in Section 4, where we establish the relation-
ship between the regulators of these two families. After that, it remains to discuss
the integration paths and to characterize them as elements in the homology, which
is done in Sections 5 and 6. Section 7 deals with a technical residue computation.
The proof of our result is completed in Section 8. In the Appendix we include ad-
ditional information on the homology cycles. While this information is not strictly
necessary for the proof of Theorem 2, we believe it provides a valuable perspective
to the proof under consideration.

2. THE CONNECTION BETWEEN MAHLER MEASURE AND THE REGULATOR

In this section we recall the definition of the regulator on the second K-group
of an elliptic curve E given by Bloch and Beilinson and explain how it can be
computed in terms of the elliptic dilogarithm. We then discuss the relationship
between Mahler measure and the regulator.

Let F be a field. Thanks to Matsumoto’s theorem, the second K-group of F' can
be described as

Ky(F)2 ANF* iz ® (1 —z):x€ Fx#0,1}.
Definition 4. Let P(z,y) € Clz™,y*] be a two variable polynomial. The Newton
polygon A(P) C R? is given by
the convex hull of {(m,n) € Z*| the coefficient of x™y" of P is non-zero.}
For each side of A, one can associate a one-variable polynomial whose coefficients
are the coefficients of P associated to the points that lie on that side.

P is said to be tempered if the set of roots of its side polynomials consists of Toots
of unity only. (See Section III of [RV99] for more details on these definitions.)

Let E/Q be an elliptic curve given by an equation P(x,y) = 0. Rodriguez-
Villegas [RV99] associates the condition that the polynomial P is tempered to the
conditions that the tame symbols in K-theory are trivial. In that case we can think
of K»(E) ®Q C K>(Q(E)) ® Q.

Let z,y € Q(E). We will work with the differential form

(3) n(x,y) = log|z|dargy — log |y|darg z,
where dargz is defined by Im(dz/z).
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The Bloch-Wigner dilogarithm is given by

(4) D(z) = Im(Liy(z)) + arg(l — z) log ||,
where
Lis(z) = 7/0 @d&

The form n(z,y) is closed in its domain of definition, multiplicative, antisym-
metric, and satisfies

n(z,1 —z) = dD(z).

We are now ready to define the regulator.

Definition 5. The regulator map of Bloch [Blo00] and Beilinson [BI80] is given by
rp: Ky (E)®Q — H'(E,R)

fog} - {[VJ+Ln<x,y>}.

In the above definition, we take [y] € Hy(E,Z) and interpret H'(E,R) as the
dual of H{(E,Z).

We remark that the regulator is actually defined over K»(E), where € is the Néron
model of the elliptic curve. K5(€) ® Q is a subgroup of K»(E) ® Q determined by
finitely many extra conditions as described in [BG86].

Remark 6. Due to the action of complex conjugation on n, the requlator map
is trivial for the classes that remain invariant by complex conjugation, denoted
by Hi(E,Z)". 1t therefore suffices to consider the regulator as a function on
H((E,Z)".

We proceed to discuss the integral of n(z,y). Since E/Q is an elliptic curve, we
can write

E(C) 5 c/(z+Tz) S C*/¢"

(5) .
P=(p(u),9' (u)) — wumodA — z=e2mu,

where g is the Weierstrass function, A is the lattice Z + 7Z, 7 € H, and q = ™",
The next definition is due to Bloch [Blo00].

Definition 7. The elliptic dilogarithm is a function on E(C) given for P € E(C)
corresponding to z € C* /q* by

(6) DE(P):= Y D(q"2),

neZ
where D is the Bloch—Wigner dilogarithm defined by (4).

Let Z[E(C)] be the group of divisors on E and let
ZIE(C)]” = ZIE(C)|/{(P) + (=P) : P € E(C)}.
Let z,y € C(F)*. We define a diamond operation by
o: AN°C(E)* — Z[E(C)]™
() oly) = mej(si =Ty,
0.
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where

(@) =Y mi(S;) and (y) = Y n;(T}).
i J
With these elements, we have the following result.

Theorem 8. (Bloch [Blo00]) The elliptic dilogarithm DY extends by linearity to a
map from Z[E(Q)]~ to C. Let z,y € Q(E) and {z,y} € Ko(E). Then

re({z,y})] = DP((x) ¢ (y)),

where [y] is a generator of Hy(E,Z)

Deninger [Den97] was the first to write a formula of the form

(7 m(P) = o_r({z,u})b).

Rodriguez-Villegas [RV99] made a thorough study of the properties of n(z, y), defin-
ing the notion of tempered polynomial to characterize those polynomials that fit in
the above picture. He also combined the above expression with Theorem 8 to prove
an identity between two Mahler measures (originally conjectured in Boyd [Boy98])
in [RV02).

We will now discuss how to reach formula (7) in a concrete two-variable poly-
nomial. Let P(z,y) € C[z,y] be a polynomial of degree 2 on y. We may then
write

P(z,y) = P*(2)(y — y1(2))(y — y2(x)),
where y;(x), y2(x) are algebraic functions.
We recall a particular case of Jensen’s formula. Let a € C. Then

0L oo [ ol a2,
270 & z 0 la| < 1.

By applying Jensen’s formula in the Mahler measure formula of P(x,y) with
respect to the variable y, we have

1 dx dy
P) —m(P*) = log | P 2
w(P) ~m(P) = [ log|Ple.y) E Y —m(p)
1 dz dy
= | (logly — log |y — “ray
i Lozl = (@) + logly — sn(a)) 2
1 dx 1 dx
=5 log |y (z)|— + 5 log [y2(z)| —-
T J|z|=1,]y1 (2)[>1 z T Jlz|=1,]y2 ()| >1 x
Recalling formula (3) for n(z,y), we have,
1 1
m(P) — m(P*) = - ) - - | 1@, o).
27 Jjzl=1.]y1 (2)|21 27 Jjz)=1, |2 () |21

Sometimes we will encounter the case that one of the roots y;(x) has always
absolute value greater than or equal to 1 as |z| = 1 and the other root has always
absolute value smaller than or equal to 1 as |z| = 1. This will allow us to write the
right-hand side as a single term, an integral over a closed path.

When P corresponds to an elliptic curve and when the set {|z| = 1, |y;(x)| > 1}
can be seen as a cycle in H1(E,Z)™, then we may be able to recover a formula of
the type (7). This has to be examined on a case by case basis.
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3. THE INITIAL ANALYSIS WITH AN ARBITRARY TORUS

When working with an arbitrary torus, we can still do a similar analysis to the
one in the previous section. We continue with the notation that P(z,y) € Clz,y]
is a polynomial of degree 2 on y.

Let © = aZ and y = by. We have

1 dx dy
o) = mas(P) = [ log | P(, )| 22 %Y — m,0(P*)
(279)2 J\z=a,|y|=b Ty
1 / o dEdj
- log |P(aZ, by)|—— — mq(P")
(270)? J\z1=1g1=1 Ty
2logh— — 0@, 5 — — 0(E,52)
= — 5 y Y1) — S5 y Y2
271 Jiz|=1,15: 21 27 Jiz|=1,1g2121
1 1
—2logh - - wafan/v) - 5 | n(w/a,ya/b).
27 Jiz|=a,ly:|2b 27 Jiz|=a,lya|2b
Now, each of the terms above can be further simplified in the following way.
1 1
T a_ n(x/a’vyl/b) =~ 5 (77(957%) _77(a7yi) _n(xab))
27 Jiz|=a,ly:| b 27 J\z|=a,lyi|>b
1

=—5- (n(x,y:) — log(a)dargy;) — logb
T Jiz|=a,lys | >b

In order to evaluate

(8) !

_% n(mvyl)

lz|=a,|y:|>b
subject to the condition P(z,y;) = 0, where P(x,y;) is a tempered polynomial, we
reduce to the classical case. In favorable cases, {|z| = a, |y;| > b} leads to a closed
path which can be characterized as an element of Hq(E,Z)~.

The term

(9) log ai dargy;
27 Jjal=alys|2b
must also be considered for each case. If, as above, {|z| = a,|y;| > b} leads to a
closed path, then this leads to a term that equals a multiple of log a.
Now that we have described the general situation, we will concentrate in the
particular polynomials involved in Theorem 2.

4. THE CONNECTION BETWEEN THE REGULATOR AND THE L-FUNCTION FOR
OUR POLYNOMIALS

In this section we prove a relationship between regulators for R_o(z,y) and
S2,-1(X,Y). The goal of this step is to relate the differential forms in the integral
(8). This will allow us to use formula (2) in order to evaluate those terms. A
substantial part of what we present in this section was done by Touafek [Tou08a,
Tou08b]. We include it here for the sake of completeness.

To make the notation easier to follow, we write the variables of So _; with capital
letters.
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The change of variables
(a+1D)(z+y)

X =
r+y—o
y _ (et D(a=2o— (a+2)y)
20z +y — )
and
_(a+2)X +2Y
22X —(a+1))
(10)
_(a—=2)X -2Y
22X —(a+1))
gives a birational transformation
(11) v : Ry(z,y) = Eq(X,Y)
between
Ra(z,y) := 1+ 2)(1+y)(z+y) —ary
and

2
E.(X,Y):=Y? +2XY — (X3+ (‘Z—a—:’)) X2+(a+1)X>.

Remark that this last equation yields So _1(X,Y) when a = —2. We may continue
this computation for arbitrary c.

)

The torsion group of E,, has order 6 and is generated by P = (a +1, %)

with 2P = (1,%52), 8P = (0,0), 4P = (1,=242), 5P = (a + 1, — (=2l

Proposition 9. We have the following relation in Z[E_2(Q)]™:

(X)o (V)= —2(@op™)o(yor™)
Proof. We compute the divisors of some of the rational functions in the case of
a=—2.
(X) =2(3P) - 20,
(Y) = (3P) + (4P) + (5P) — 30,
(2X +Y) = (3P)+(2P) + (P) - 30,
(X+1)=(P)+ (5P) —20.
Combining the above with the change of variables (10), we obtain,
(zop™!) =(3P) + (4P) — (P) - O,
(yow ™) =(3P)+ (2P) — (5P) - O.
Finally, the diamond operations of {X,Y} and {z 0o ¢~ !,y 0~ 1} yield
(X) o (Y) = —4(P) — 4(2P),
(xop™)o(yoyp™) =06(P)+6(2P),
and this proves the desired identity. [
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5. THE INTEGRATION PATH

The goal of this section is to determine conditions for the integration paths in
integrals (8) and (9) corresponding to S _1(X,Y) and R_s(x, y) to be closed paths.
This will allow us to determine their homology class later.

We start with Ss _1(X,Y"). By solving the equation

V2 4+2XY - X?+ X =0
for Y, we find the roots
(12) Yi=X(-1£VX+1-X1,
where we choose the branch of the square-root that is defined over C\ (—oo, 0] and
takes a number of argument —m < ¢ < 7 to a number of argument %
We wish to determine the values of a > 0 for which the path
(X[=a, |Yi[Za
is a closed path. Namely, we seek to determine the a’s for which we always have
|YL| > a as long as | X| = a.
Lemma 10. Lett =a —a~'. Then we have the following.
o | X|=uaq,|Y_| >ais a closed path for any t € R.

o | X|=ua,|Y)]| > ais a closed path for any |t| > 3.
o | X|=aq,|Ys| <ais a closed path for any |t| < 1.

Proof. Let
. Vi
Ve =2F,
X
and write X = ae® with —7m <80 < 7.
Requesting that |Yi| > a for |X| = a is equivalent to requesting that for all
—-rT<f<m

Vil =| =141+ ae® —a-le=®
Y

=] -1+ /14 (a—a1)cos(d) +i(a+ a=1)sin(f)]
>1.

Let

R:=|\/1+ (a—a1)cos(d) +i(a+a1)sin(6)|.
By taking absolute values we can write

R?=\/(1+ (a —aY)cos(0)2+ ((a + a—1)sin(h))?

2 £\
=1/5 (1 + 4) -4 (cos(@) - 4)
=/ (It = 1)?,
where the last inequality becomes an equality if # = —x, 0, according to the sign of

t. Starting from now, we assume that |¢| # 1 so that R # 0.
Let ¢ be such that
14 (a—a"")cos(h)

cos(¢) = o2 ) sin(¢) =

(a+a"1)sin(f)
R2 ’
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Notice that ¢ = +m only when § = —mand ¢ > 1 or § = 0 and ¢ < —1. In these
cases

Vil =[—1£ /1 [t]|
=14+ (t|-1)
=/t > 1.

Otherwise we have —m < ¢ < 7 and this allows us to write

YVa| = — 14 R(cos(¢/2) + isin(¢/2))]
:\/1+R2¢2R Hcfos(qs)

:\/1 + R2F /2(R% + 1+ tcos(f)).

Now notice that

[Vi| > 1 <= R? > +/2(R? + 1 + tcos(h)).
From here, we get that
Yo |>1

for |t| # 1, and this can be extended to the cases [t| = 1 by continuity.
We now look for conditions for having |Y| > 1.

V| >1<= R?>/2(R2+1+tcos(f))
(13) = 3+1% —4cos(0)? > 21/5 + 12 — 4cos(6)2 + 2t cos(h).
Consider 6 = 0. Thus, cos(f) =1 and we have

Vi[>l —1>2V/t2 42t 41
—t>3ort< —1.

Now consider § = —m and cos(f) = —1.

Vi|>1e=t2-1>2\t2 -2t +1
<~—t<-3ort>1.

This explains the conditions in the statement of the Lemma.

We will work now with general . We have just seen that, for selective values
of 0, inequality (13) is true for |[t| > 3, while the opposite inequality is true for
|t| < 1. We want to see that this is the case for any —m < § < 7. The case where
the opposite inequality is always true certainly happens when the left-hand side
is negative. Therefore, we at most add more restrictions by squaring both sides.
Thus consider

(B34+t*— 4005(9)2)2 —4(5+1t* —4cos()® + 2t cos(0))
(14) =16 cos*(0) — 8 cos?(0)(t* + 1) — 8t cos(0) + (t* + 2> — 11)
=(4cos?(0) — (+* +1))* — 12 — 8t cos ()

and request that this expression is non-negative for |[t| > 3 and non-positive for
t] < 1.
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Let |[t| > 3. Then t2 +1 > 10 > 4 cos? § and
(4cos?(0) — (1> 4+ 1))% — 12 — 8tcos(f) >(4 — (t* + 1)) — 12 — 8]¢|

>t — 612 — 3 — 8|t
>0

9

where the last inequality was obtained by inspecting the roots of the polynomial.
Let |¢t| < 1. Let us consider (14) as a polynomial in « = cos(f).

f(z) = 162* — 822(t? + 1) — 8xt + (t* + 2t% — 11)
f(z) =8 (82 — 2z(t* +1) — t)
f(x) =16 (122 — (£* + 1))
Let § such that f/(8) = 0 is a local maximum for f. We have
f(B) = —4B*(t* + 1) — 68t + t* + 2t> — 11
and it suffices to analyze the function g(z) = —42%(t? + 1) — 62t + t* + 2t — 11

which is easily seen to have a maximum at 4(;7%. We have, for |t| <1,

-3t 9t2 PR 9
< - e 1< -8<0.
f(ﬂ)—g<4(t2+1)> NEESV RN =37 8<0

O

We now proceed with the analysis of the integration paths corresponding to
R_5(z,y). The equation

I+z)1+y)(z+y) +22y=0
can be rewritten as

(x+ 1)y + (22 + 4+ Dy + (2 +2) = 0.

It is convenient to make the change of variables z = 2?2 as well as y; = y/x;. We

then have

—(z? 4+ 27 £ ot + 42 £10 + da P 4ot
2(z1 +21t)

(15) ~(2+ (21 + 27 )?) £y /4 (@ + )
2wy +27")
where, as before, the square-root is defined over C\ (—o0, 0] and takes a number of

argument —7 < ¢ < 7 to a number of argument %
Following the previous notation, we set

Y14+

b

(16) Y+ = T1Y14
We wish to determine the values of a > 0 for which the path

2l =a®,  lys[>a

is a closed path. After the aforementioned change of variables, this result is equiv-
alent to the path
[z =a,  fyel =1

being closed.
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Lemma 11. Let W_f V2V/5+2 <a< M Then
wl=a®  ly|>a

and
|z = a?, ly+l < a

are closed paths.

Proof. Write 1 = ae’® with 0 < @ < 7. For the particular case when a = 1, we

have
—(1+2cos?0) =1+ 4cosf
Yi4 = .
2 cos 0
Observe that 0 < 1 4+ 4cos* 6 and both roots Y14 are real. Since 1 + dcosth <
(1+ 2cos? )2,

14+2cos26+ 1+ 4cos*d \/1+4cos40\/

= > =
ly1-| 2| cos 0| - | cos 0|

1
m+4c0829> ].

On the other hand, y1,y1_ = 1 implies that |y; | < 1.

From now on, we assume that a > 0 and a # 1. Consider the case § = 0. Then
2+(a+a )+ 4+ (a+a1)*

2(a+a1)

44 (a+a=1)*

2(a+ a1
a+at

2

lyi_| =

>1.

Since y1,y1_ = 1, this means that our goal is to find conditions on a under which
ly1_| > 1 for 0 < 6 < 7 and we will automatically obtain |y; | < 1.
Consider the case of § = 5. Then

(24 (ia —ia™")?) + /4 + (ia —ia=1)*
2(ia —ia™1)

ly1_| =

2-(a—a ) +/4+(a—al)!
2(a— a1
Observe that |2 — (a —a™1)?| < /4 + (a — a~1)%. To see this, it suffices to take
squares in both sides of the inequality.
Then we can always write
2-(a—a ) +/4+(a—at)*
2la — a1 '

ly1_| =
We want to see under which conditions we have |y; _| > 1, which is equivalent to

Vi+(a—aV)i>a—a )2 +2a—a -2

The above is always true for 1 — V3 < a—a!<+3—1 because the right-hand
side is negative. Otherwise, we square both sides and after simplification we obtain

7\[2§a7a71§\/§7
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or
\/??—1<a<1+\/§.
V2 V2

For general 6 # 0,5, a > 0 and a # 1, our first step is to find conditions on a

so that the argument in the square root is never a real non-positive number. Then
we consider

(17)

A =2t + 423 +10 + 4272 + 7% =(a* + a7 *) cos(40) + 4(a® + a=?) cos(26) + 10
+i((a* — a=) sin(40) + 4(a® — a~2)sin(26)),
and we want to ensure that A ¢ (—o0,0]. For A to be a non-positive real number,
we need that the imaginary part be zero, namely,
Im(A) = (a* — a™*)sin(40) + 4(a® — a~?)sin(26) = 0.
Since we work under the assumption that a # 1 and that sin(26) # 0, we can divide
the above identity by (a? —a~2)sin(26). Then the above is equivalent to

2
18 20) = ————.
(18) cos(20) = ————
Now we consider the real part of A under the above condition,

Re(A) =(a* +a™%) (((12—|—8a—2)2 - 1) +2
(a* —2a® —2—-2a"%2+a *)(a* +2a®> -2+ 2072 +a %)

(a2 +a2)2 :
Notice that a*+2a? —2+2a 2 +a % = (a®>—a"?)?2+2(a®>+a~2) > 0 and similarly
(a® +a=2)? > 0. In order for A € C\ (—o0, 0] we therefore need
(19) a* =20 -2 -2a"%+a"* <.

This happens when

LHVE-V2vh+2 5 14+VE+ V2542
2 2 ‘

Since we also assume that a is positive, we will impose the condition

\/1+\/5—\/2\/5+2 <a<\/1+\/5+\/2\/5+2
2 2 '

(20)

We remark that this condition implies condition (17).

From now on we will assume (20) and we will prove that |y;_| > 1 under this
condition for any 0 < 6 < 7.

Notice that we proved that |y; | > 1 when 0 = 0, 7. If for some 6 we have
ly1_| < 1, then we must have |y;_| = 1 at some intermediate point and we search
for this point. If [y; _| =1, then we also have |y; | =1 and

24 (z1+27 ) — A+ (@ o) = 2+ (1 + 20 ) + (/44 (@ + 2 1)

An elementary computation shows that this can only happen when there isa C € R

such that
2+ (21 +27M)? =iC\/4+ (o1 + 274
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After squaring both sides and doing some manipulations, we need
(21) (1+CHE+ (zy + 7)) +4(z +27H)2=0.
Considering the imaginary part, we obtain
(1+CH((a* — a=*)sin(40) + 4(a® — a~?)sin(26)) + 4(a* — a=2) sin(26) = 0.

Notice that sin(26) = 0 implies that § = 0 or 7. These cases were already discussed.
Similarly with a = 1. In all other cases we divide the equation above by 2(a? —
a~?%)sin(26). After some simplification, we obtain

(22) (1+C7%) = 2 + (a2 +;?2) cos(20)

Replacing this in equation (21) and taking the real part, we obtain,
(a* 4+ a=*) cos(40) + 4(a® + a=2) cos(260) + 10 = 2(2 + (a® 4+ a~2) cos(26))%.
After further simplification,
4 = (a® + a2 4 2cos(20))>.

Since a? + a~2 > 2, the number inside the parenthesis is positive, so we can write
2 =a?+ a2+ 2cos(20) and further
4sin?0 = a® + a2

Thus, given a with condition (20), we find at most two solutions 0 < 6 < 7 to
the equation above, with one solution in (0, 5) and the other in (F,m). Since we
already verified that |y, | > 1 for # = 0, 5 and the case § = — is similar to the

case § = 0, and in each interval we have only once that |y;_| = 1, we conclude that
we never get |y;_| < 1.
Finally, we can extend condition (20) to the extremes by continuity. O

6. THE CYCLE OF THE INTEGRATION PATH

Now that we have given conditions for the integration path in (8) to be a closed
path, we need to understand its class in the homology group H;(FE,Z). More
precisely, our goal is to prove that the homology classes [|X| = a] and [¢.(|z| = a?)]
in the elliptic curve defined by S_s1(X,Y) = 0 are equal. In order to prove that
the classes are equal, one can show that the integral of the invariant holomorphic
differential for w over each path are equal. Since both paths are closed and they do
not self-intersect, they must correspond to generators in the homology. Therefore,
it suffices to prove that these integrals are positive multiples of each other. In view
of Remark 6, we will show that both of them have a purely imaginary value.

Lemma 12. Let a € R be such that @ <a< # Then

/ w € 1R
| X|=a

where the integral is performed over the path |X| = a, |Y_| > a and Y_ is given by
(12). In addition, the sign of the integral is independent of the value of a.
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Proof. Assume that @ <a< 1+T‘/5 The extreme cases follow by continuity.
By working with the Weierstrass form S_» 1(X,Y) and setting X = ae'®, we obtain
the following.

/ w—/ dX __/ dX
|X|=a |X|=a 2(Y_ + X) [X|=a 2XVX +1—- X1

T ido
o /_ﬂ 2y/1+ (a—a1)cosf+i(a+a1)sind
iRe/ d0 .
0 V1+(a—a1)cosf+i(a+a1)sind

Finally, in order for the square root to be purely imaginary, we must have a4+a~' =
0, but a is real. Therefore, the sign of the integral above is independent of the value
of a,

O
Lemma 13. Let a € R be such that \/ W% V2542 <a <y Wﬁf W,

Then
/ w € iR,
@« (|z|=a?)

where the integral is performed over the path |x| = a?, |y_| > a, y_ is given by
(15) and (16) and satisfies R_o(x,y—) = 0, and ¢ is given by (11). In addition,
the sign of the integral is independent of the value of a.

Proof. As before, we assume that Wﬁf V2v5+2 <a <\ Nﬂf V2v5+2 -y

extreme cases follow by continuity. Since we have
/ w= / Prw,
@« (|z|=a?) |z|=a?
we proceed to find p*w.

By looking at the equations for ¢, we have

IX = — 2(dx + dy) -
(x4 y +2)?

By differentiating R_o(x,y), we get
(2(y + 1) + y? + 4y + V)dz + 2y(z + 1) + 22 + 4z + 1)dy = 0.
Thus, we obtain,

2(y — x)dx
(x+y+2)2y(z+1)+a2+4z+1)
Therefore p*w is given by

dX dx

2AX+Y) (41 +a2+4ax+1

dX =

Equations (15) and (16) for y_ imply
2d$1

Prw=— .
wi\/4+ (zy + 2]t
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Therefore, we find,

/ L
w=- .
e« (|z|=a?) lzil=a 214/4 4+ (x1 + $1_1)4

We have omitted a factor of 2 because we are integrating in the full circle over x1,
which corresponds to twice the circle over x.
Setting x; = ae’, we get, after some manipulations,

. 2 o
w = —4iRe : —.
o (|z|=a?) 0 \/4 + (aet? 4+ a—1le—i0)4

The sign of the integral above is independent of the value of a, by a similar argument
as in Lemma 12 and the analysis leading to equation (18) in the proof of Lemma
11. O

Lemmas 12 and 13 imply that [|X| = a] = £[p.(|z| = @?)] and this is also
independent of the value of the parameter a as long as a satisfies the conditions
that we discovered in Section 5. This corresponds to the result we need with the
exception of a sign to be determined later.

Remark 14. With some additional work, it can be proven that

H do
0 1 —k2sin®0

is the complete Elliptic Integral of the First Kind. Since we do not need this level of
precision in order to prove our result, this proof will be considered in the Appendix.

where

7. THE INTEGRAL OVER argy
In this section we compute the integrals (9).

Lemma 15. Let Y_ be the root of So_1(X,Y) = 0 defined by (12) and let a € R
be such that \/52*1 <a< 1+2\/5. Then

1

27 Jix|=a

dargY_ = 1.

Proof. As usual, assume that @ <a < # The extreme cases follow by

continuity. First recall that Y_ = X(-1 —+vX +1— X-1) and

1 1 ix 1 dl+VXFI—X 1
(23) o dargnzf./ f+f./ L+ VX + )
271 Jix|=a 210 Jixjma X 270 Jix|ma 14+ VX +1- X1
1 dX 1 / X+X1 dx
“oni ~ T Y _ x-1) ¥’
21 |X|=a X 2w |X|=a f(X - X ) X
where

FO) =20t +1+VE+1).
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It is clear that

1 ax 1
21 |X|=a X '
We need to prove that the second term in (23) equals zero. Let
1 X4+ x-1 dx 1 27 9 4 ,—1,—if
I(a) = —Im 4_7—:—1% e’ ta ¢ de.

2 | X |=a f(X - Xﬁl) X 2w 0 f(aeie — a*lefie)
By setting 7 =7 — 6,

1 ™ 7(1672’7— _ afleir
I(a) = — R , —dr = —1I(a™ ).
(e) o7 ¢ _p f(—ae™m +a~1ei7) g (™)
In particular,
I(1) =0.

Recall that we are choosing a such that —1 < a —a~! < 1. This guarantees that
X+1-X"1¢(~00,0] as long as | X| = a.

Therefore we can take a branch of the square root and further a branch of the
logarithm so that g(X) =log(1+ v X + 1 — X~1) is well-defined and holomorphic
in an open ring containing |X| = a and |X| = 1. This shows that I(a) = I(1) =0
for a such that —1 < a—a~! < 1.

([l

Lemma 16. Let y_ be the root of R_a(x,y) = 0 defined by (15) and (16), and let

a € R be such that W% V2V/5+2 <a<y % W. Then

1
2

dar 0 Ja|>1,
BY=Z1 1 o<1,

while the value at |a| = 1 is undefined.

LhVEoy2v5t2 3 2V5+2 <a< 714.\/54.5 2\/5_;_2. The ex-

|z]=a?

Proof. As usual, assume that
treme cases follow by continuity.
Write as before x = 2% and

—(2+ (z1+271)?) — /4 + (21 + 27 )4

_==x
o 2(er + 1)
Then we have
1 1
— dargy_ =— dargy_
2T |z|=a? 47 |z1]|=a
" ) dr 1 d(2+(x1 +a7h)? + \/4+(x1+3c11)4>

:r + 4 .
T J)zy|=a T1 T Jlzil=a 9 + (z1 + xfl)Q + /44 (21 + x;1)4

i/ d(zy +z7t)
AT gy w1+t
Notice that

L/ W_l/ m—aytde 1 o] > 1,
2T Jigyma w1 A2y 2m g ma a2t m | -1 e[ <1,
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by Cauchy’s formula.

It can be proven that the second integral in (24) is zero by the same reasoning
that we did in Lemma 15.

We get the final result by combining the possible values. [

8. THE PROOF OF THEOREM 2

We have now all the elements to prove Theorem 2.
First consider the case of Sz _1(X,Y). By Lemma 10 from Section 5, there are
two cases where the integration paths are closed. Either |¢| < 1, which implies

la—a ' <1andac [@, #}, or [t| > 3, which implies a —a~! > 3 and
azwora—a_lg—i’)andogag_:ﬁ%‘/ﬁ.
For a € @,H’T\/ﬂ, by Lemma 10, |[Y_| > a and |Y}| < a. Following the

discussion from Section 3, we have
1
mg (52 —1) =2loga — — (n(X,Y_) —log(a)dargY_) — log a.
T 27 J|x|=a
Lemma 12 from Section 6 implies that

1 1
- nX,Y_)=—— n(X,Y_).
27 Jix|=a ( ) 21 Jix|=1 ( :
We also have by combining Lemmas 12 and 13 and Proposition 9,

1 21 _ _
nX,Y_) =+ — n(zop iy o).

27 Jixm 321 Jo (|a|=1)

The result of Rogers and Zudilin (2) implies
1

— n(zop ™ty opt) = 3L (Ey,0).
27 S (j2l=1)
By combining all the above equations, we finally obtain

1
727 ’I](X, Y_) = :|:2L/(E20, 0)

T J|X|=a
On the other hand, by Lemma 15 from Section 7,

1
— dargY_ =1.
27 Jix|=a
Combining all of the above,
mava(Sg’_l) :2 10g a :l: 2L/(E20, O)

By setting a = 1, we see that the positive sign must be chosen, since the Mahler
measure is always non-negative.
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When a > “T‘/ﬁ or a < _?’%\/ﬁ, Lemma 10 implies that we have |Yi| > a.
Following the discussion from Section 3, we have

1
Mg q(S2,—1) =2loga — — (n(X,Y_) —log(a)dargY_) — loga
T JIX|=a
1
o (n(X,Y}) —log(a)darg Y, ) —loga
T J|X|=a
1
=T 5 (n(X, X3 - X) —log(a)darg(X? — X))
2T |X|=a
1
== 5 (log | X|darg(X® — X) — log| X — X|darg X — log(a)darg(X® — X))
T J|X|=a
=m, (X3 — X)
=m(a®*X? — aX),

where we have used that Y, Y_ = —X3 + X
On the one hand, when a > % > 1, we have that

m(a®*X? — aX) = 3loga + m(X? — 1/a*) = 3loga.
On the other hand, when 0 < a < _?’%‘/ﬁ < 1, we have that
m(a®*X? —aX) =3loga + m(X? — 1/a?®) = 3loga + 2loga™" = loga.
Now we work with R_o(z,y). By Lemma 11, the only case that we can consider

is 4/ H‘E’ff V2542 <a<y/ Wﬂf W, where we recall that we have |z| = a?

while |y_| > a and |y4| < a. By the discussion from Section 3, we have
1

mg2 o (R_2) —mg2(z + 1) =2loga — — (n(z,y—) — 2log(a)dargy_) — loga.
27 Jiz=a,Jy_|2a

By combining Lemma 13 from Section 6 together with formula (2), we can write

1 1

~5- m:ﬁn(ﬂ:,y—):*% i

n(x,y-) = 3L (Ex,0).

On the other hand, by Lemma 16 from Section 7,

1 0 a>1,
log(a)% /|I_a2 dargy_ = { loga a<1.

We also have

2loga a>1,

maz<x+1>=m<a2x+1>={ 0 a<l

Putting everything together,
ma2’a(R,2) =3loga + 3L/(E20, 0)

This completes the proof of our main result.
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9. CONCLUSION

There are several directions for further exploration. The most immediate ques-
tion that we have is the completion of the statement of Theorem 2, in the sense
that we would like to give formulas for m, ;(S2,—1) and m, ,(R_2) for any posi-
tive parameters ¢ and b. This is a challenging problem, as it requires to integrate
n(z,y) in a path that is not closed and cannot be easily identified as a cycle in the
homology group.

A different direction would be to consider other polynomials from Boyd’s families.

Finally, it would be also natural to explore this new definition of Mahler measure
over arbitrary tori for arbitrary polynomials in a more general context and to relate
it to other constructions, such as the Ronkin function associated to amoebas (see
[Lun15] for further details).

APPENDIX: A MORE PRECISE COMPUTATION OF THE HOMOLOGY CYCLES

In this Appendix we include a proof of the Remark 14 from Section 6, namely,

/m_aw - /s@*(wl—a2) ve \/52_ & (l (ﬁ; 1>> .

First we consider the integral over [|X| = a]. Recall that we proved in Lemma
12 that

/ . /W do
w=—1Re .
IX|=a 0 V1+(a—a1)cosf+i(a+a1)sind

We make the change of variables t = i tan(6/2). This gives

(25)
1R
dt
/ w:—QiIleim/ '
. 00 54+a+a—1 — a+a—
1X|= 0 \/(1 —a+a1)(t? 1) (t - \1[—24:;—1 ) (t - i/—g;zratl 1)

Since ‘/52_1 <a< 1+2\/5, we have 1 —a +a~' > 0. Notice that the polynomial

inside the square-root has 4 real roots,

~ V5ta+a!

(26) g = — 1=t :M
! l-a+at’

l—a+at you =1,

042:17 Qs

which satisfy
a; > ag > 0> ag > ay.

In order to compute integral (25), we complete the vertical line with a horizontal
line and a quarter of a circle of radius R. The integrand has no poles in the interior
of this region, but it has two poles on the segment 0 < ¢t < R when R is sufficiently
large. Thus, we modify the integration path by substracting a semicircle of radius
¢ around each pole. One can see that the integrals over these semicircles approach
zero as € — 0 and that the integral over the quarter of a circle of radius R also
approaches zero as R — oco. In addition, the imaginary parts of the integrals over

[0,1] and %, oo) equal zero since the integrand is real in these intervals.
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Finally we get

V5+ata~ 1

/ 2’L l—a+ta—1 dt
|X|=a Vi—a+a 1 \/(tZ _ 1) (t _ \/5+a+a—1) (t _ —\/5+a+a—1)

l—a+a—1 l—a+a—1

We need the following result.

Proposition 17 ([BF71], formula 256.00 page 120). Let a1 > ag > ag > oy be
real numbers and oy > v > ag. Then

v dt

az V(a1 — 1) (t — a2)(t — as)(t — a4)

_ 2 oy ¢ (a1 — a)(y — a2) \/ (01— a2) (a3 — )
V(ar —az)(ag — ag) (a1 —a2)(y —as) ) "\ (a1 —az)(a2 —aa) |

where

F(¢ k)_/¢d9
’ 0 \/1—kzsin20.

Recalling that K (k) = F (5, k), and the values of the a; given by (26), we have

/ W= — 21 2 K \/(al — CVQ)(O[g — 0[4)
IX|=a VI —a+al) /(a1 —a3)(as — as) (a1 — agz)(az — aa)
2i V-1
7\ evs
By formula 160.02 on page 38 from [BF71],
oy 1 .1 V1+ k2 . k
Floih =t (Sm (m Sm“’) VTR ) '

In particular, for ¢ = 7,

1 k
K(ik) = K :
(ik) V14 k2 <\/1+k2)
Substituting k by ik,

K(—k) = K(k) = 7 i S K (\/1““ k2> .

Thus,

2 VE—1)  _ [VB—1_ [ [V5-1
—%K W3 = -2 5 K(z( 5 ))

We now proceed to consider the integral over [p.(|z| = a?)]. Recall from Lemma

13 that we proved

. 2 do
w = —4iRe : —.
o (|z|=a?) 0 \/4 + (aet? + a—1le—i0)4
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7i9)2

6 —1
Let ¢ = 2¢+0 ¢ )7 This yields,

2+(a2+a—?)
4

dt
(27) / w=—2Re [ ,
. (||=a2) 2 Jrmwrrem 41— t) (82 + 1/4)

2 —2
where the integral takes place over an arc connecting the two real points %

and M. We close this arc with the segment of the real line connecting

2 -2
these two points. One can see that |t| = w. Choosing @ according to

equation (18) so that ¢ is purely imaginary shows that [¢| < % iff a* — 2a% — 2 —
2472 4+ a~* < 0, which is guaranteed by hypothesis (see condition (19)). Thus, the
integrand has no poles in the interior of this region and the integral in (27) equals

2—(a’4+a=2) 24(a’4a"?)
4 ) 4

the integral over the corresponding real segment Since

(a® + a=?) > 2 for any a > 0, this segment always contains [0,1]. Moreover, the
polynomial under the square-root is positive only in [0, 1]. Therefore, we get

/ S /1 dt
oollzl=az)  2Jo IO —t)(t2+1/4)

1-(1+V5)t
(1-vB)t—1"

/ ,NS—1/1 dz
w=-—2 >

«(lx]|=a2? 0

e« (lz]=a?) (1

Now we make the change of variables z = We obtain
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