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1. Mahler Measure

Definition 1 Given a polynomial P(z) = agz® + aq_12% ' + ... + ag = ag ngl(:p —ap)
with complex coefficients, define the Mahler measure of P as

d
M(P) := |ag| [ ] max{1, |an|} (1)
n=1

For P € Clxy,...,xy], the (logarithmic) Mahler measure is defined by

1 1
m(P) = /0/0 log | P (™1 ... e?™0n)|dg; ... d6, (2)
1 dx dz,,
= —— [ log|P(zy,...,2p)|— ... —2 3
o L, o Pn ) S S 3)

It is possible to prove that this integral is not singular and that m(P) always exists.
Because of Jensen’s formula:

1
/ log |e™? — a|df = log™ |a|! (4)
0

we have
m(P) = log M(P) (5)

in the one variable case. We use this equality to define M (P) for polynomials in several
variables.

Proposition 2 For P,Q € Clx1,...,z,]
m(P - Q) =m(P)+m(Q) (6)

Proposition 3 Let P € Clxy,...,x,] such that am,....m, s the coefficient of 7™ ... x

and P has degree d; in x;. Then

] < (T‘:l) @1 ) M(P) (1)

M(P) < L(P) < 281FFdn pp(p) (8)

n

where L(P) is the length of the polynomial, the sum of the absolute values of the coefficients.

It is also true that m(P) > 0 if P has integral coefficients.
Let us see some examples

Hog™' « = logmax{1,z} for z € Rxg



Examples 4

e By Kronecker’s Lemma, P € Z[z], P # 0, then m(P) = 0 if and only if P is the
product of powers of z and cyclotomic polynomials.

e Lehmer:
m(z' 42 — 2" —a® —2® — 2 — 23 2+ 1) = log(1.176280818 .. ..) = 0.162357612. ..

So far, no one has been able to find a polynomial with integral coefficients whose
logarithmic Mahler measure is greater than zero and smaller than the Mahler measure
of this example found by Lehmer in the 30’s.

The following questions are still open: Is there a lower bound for the Mahler mea-
sure of polynomials in one variable with integral coefficients? Does this degree 10
polynomial reach the lower bound?

e Smyth:
3v/3
m(z +y+1) = 7—L(x-3,2) = L'(x-3. 1) (9)
where
1 if m=1mod3
L(x-3,s Z X3l and x_3(n)=14¢ —1 if n=-1mod3
0 if m=0mod3
e Smyth:
m(e+y+7+1) = 5150(3) (10)

Let us also mention the following result:
Theorem 5 For P € Clxy,...,x,]

lim ... lim m(P(z,2™,...2")) = m(P(z1,...2,)) (11)

ko—o00 ky,,—00

In particular Lehmer’s problem in several variables reduces to the one variable case.

2. Dilogarithm

Definition 6 The Dilogarithm s the function defined by the power series
e "
Lig(z Z 5 w€C o<1 (12)

This function can be continued analytically to C\ (1,00) via the integral

v d dt
Lig(z) := —/ log(1 — t / / . >
0 0 =z

The dilogarithm has a jump of 27ilog |x| when it crosses the line in (1,00). We consider
the following modified version:



Definition 7 The Bloch — Wigner Dilogarithm is defined by
D(x) := Im(Liz(z)) + arg(1 — x) log |z| (13)
This function turns out to be real analytic in C\ {0,1} and continuous in C. Besides,
D(z) = —D(x) (= D(z)=0 for ze€R) (14)

It satisfies lots of functional equations, but they all turn out to be formal consequences of
the following five-term relation:

D(z) + D(1 — zy) + D(y) + D <11_jy> +D <11_;y> =0 (15)

In the limit cases (taking y = 0 and y = x~!), this equation gives the following useful
consequences:

D(z):D<1—%> :D<1i2> :—D(é) :—D<2i1> =-D(1—z)  (16)

The Dilogarithm appears as the Mahler measure of certain polynomials in two variables.
Perhaps the simplest example is Maillot’s:

D (|2|e”) + alogla| + Blog|b| +vlogle A
mm(ax + by + ¢) = 17)
mlog max{]al, [b], |c|} not A

Here A stands for the fact of whether |a|, |b|, and |c| are the lengths of the sides of a
triangle, and «, 3, and ~ are the angles opposite to the sides of lengths |al, |b|, and |c|
respectively.

3. Polylogarithms
In analogy with the dilogarithm, we have the polylogarithms

Definition 8 Multiple polylogarithms are defined as the power series

ni ,.n2 Nm,
: o 1 2 m
Lig,, .k (@1, Tm) == g e ke (18)
O<ni<no<...<nm nyng...m

which are convergent for |z;| < 1. The weight of a polylogarithm function is the number
w=~k +...4+ kn and its length is the number m.

Definition 9 Hyperlogarithms are defined as the iterated integrals

Ikl,_“’km(al 4 S am+1) =
/ Gm+l o dt dt dt dt dt dt dt dt dt
O—0...0—0 O—0...0—0...0 O—0...0 —
0 t—a; ¢ t t—ax t t t—am 1
kl k}2 km

where k; are integers, a; are complexr numbers, and

/bl+1 dt dt / dt, d;
O...0 = P
o t—h t—b 0<t1<..<t;<biy, U1 — b1 t—b

3




The value of the integral above only depends on the homotopy class of the path con-

necting 0 and a;,4+1 on C\ {aq,..
It is easy to see that,

Ly k(@1 oot G 2 Qge1)

Likl,...,km (xl, Ceey xm)

Sy}

(—=1)"Lik,,... kyn <

G2 43 Am_ Am+1
a17a27"'aam_17 o
1 1
(=)™ hyooy | s — 2 1
Ty, Ty Tm

which gives an analytic continuation to multiple polylogarithms.

4. Examples of higher weight

We have obtained examples of polynomials in several variables whose Mahler measures
depend on polylogarithms. The first column of the table shows the polynomials. Here « is
a complex number different from zero. The second column indicates the values of the first

column for the case o = 1.

mm((1+y) +a(l —y)z)
m?m((1+w)(1+y) + a(l —w)(1 — y)z)

mm((1+v)(1+w)(1 +y) + (1 —v)(1 —w)(1 - y)z)

2L(x-4,2)
7¢(3)

TwC(3) +4 X 0<j<k ﬁ

?m((1+z) + a(y + 2))
m((1+w)(1+ ) + a(l —w)(y + 2))

wtm((1+0) (1 +w)(1+2)+a(l —v)(1 —w)(y + 2))

2m°L(X-4,2) + 8 X o<k

2¢(3)

(_1)j+k+1
(2j+1)%k

7712((3) + 8 ZO§j<k (2j+11)3k2

2m((1+w)(1+y) + (1 —w)(z —y))

T¢(3) + = log 2

Here x_4 is the real odd character of conductor 4, i.e.

X-4(n) =

1
-1
0

if nmn=1mod4

if n=-1mod4

otherwise

Let us observe that all the presented formulae share a common feature. If we assign
weight 1 to any Mahler measure and to 7, then all the formulae are homogeneous, meaning
all the monomials have the same weight, and this weight is equal to the number of variables

of the corresponding polynomial.

The idea behind those computations is the following.

1. Let P, € C[l’l, ..

., Tp] whose coefficients depend on a parameter o € C. For instance,

start with P, (z) = 1+ az, whose Mahler measure is log™ |a/|.

2. We replace a by aﬁ—z and obtain a polynomial P, € Clzi,...,zn,y]. In the example,

Po(z,y) =1+y+a(l -y




3. The Mahler measure of the second polynomial is a certain integral of the Mahler
measure of the first polynomial.

~ 1 dy
P)= (p _ ) =J
m( a) 27 /11~1m ahi Y
4. If the Mahler measure depends only on the absolute value of ||, we can make a

Oém
u = |a| tan (g)).We obtain,

L g d i [ 1 1
m(By) = —/ m(Py) e _ i/ m (P,) _ du
7 Jo w2+ a2 7w u+ile|  uw—ila

In the example,

change of variables u = ‘ 1=y (to be precise, first write y = € and then make

m(+y+a(l—y)z) — i/oologm( L L >du

™ Jo u+tila]  u—ilf
Lol g 1 )
- i//d_ i | ds
™ Jo s t S+W S—m
i i i ;
=—(b|—-——:1) - —:1 — Yo CLis(—;
”(2( o ) 2<|a| >> —(Liz(ia) — Liz(~ilal))

5. Newton Polytope

Definition 10 Given P € C[zy, ..., J:n,:cfl, o x Y], write

where J C Z" is a finite set, X™ = " ...z and am # 0 for m € J. We define the

Newton polytope to be
A(P) = convex hull (J) (19)

A face 7 < A is a subset of the form A N H where H is a hyperplane H in R", such
that A € Ht or H~. A facet is a face of dimension one less than the dimension of A.

Definition 11 Let 7 = AN H a face of the Newton polytope, then

PO= Y o 20

me JNH

Proposition 12
m(P) > m(P;) (21)

We will need the following



Definition 13 We say that P € Clx,y,z~!,y~!] is tempered if the roots of P are roots
of the unity (for T facets of A) . If the Py have integral coefficients, this is equivalent to
ask that m(P;) = 0 by Kronecker’s Lemma.

6. Regulator

Given a smooth projective curve C' and z, y rational functions (z,y € C(C)), define
n(x,y) = log |z|d arg(y) — log |y|d arg(x) (22)
Here

dargz = Im <d§> (23)

is well defined in C in spite of the fact that arg is not. n is a 1-form in C'\ S, where S is
the set of zeros and poles of x and y. It is also closed, because of

de d
dn:Im(—x/\—y):O
vy

Let P € Clz,y]. Write

P(z,y) = ag(z)y® + ... + ao(x)

d
P(z,y) = aa(z) [T (v - an(2))
n=1
Then by Jensen’s formula,
e~ da 1
= — + -~ = N 4
m(P) = mlai) + 553 [ s ton@) 5 = mia) — 5 w01

Here «y is the union of paths in C' = {P(z,y) = 0} where |z| =1 and |y| > 1. Also note
that 9y = {(z,y) € C* ||z = |y| = 1, P(z,y) = 0}
We want to arrive to one of these two situations:

1. n is exact, and 0y # 0. In this case we can integrate using Stokes Theorem.

2. mis not exact and 0y = 0. In this case we can compute the integral by using Residue’s
Theorem.

We will associate  with an element in H'(C \ S,R) in the following way. Given

] € Hi(C\ S, Z),
7] —>/n (25)
))

(we identify HY(C'\ S,R) with Hy(C'\ S,Z)").
Given s € C, it induces a valuation in C(C): for f € C(C), vs(f) is the order of f at s.
We have the following,



Proposition 14 For s € C
Fnte.y) = log|z. ). (26)
S

where
:L'US (y)

(@) = (1)
yvs(x)

s

1s the tame symbol.

Corollary 15 7 extends to all of C if and only if |(x,y)s| = 1 for every s. In particular,
if (,Y)s € loo, then n extends to all of C.

We have the following,

Theorem 16 For C = P!,
n(t,1 —t) =dD(t) (28)

Using = : C — P!, we can extend the above result to any C.
We can put all of these together:

Theorem 17 The function
1:Q(C)" x Q(C)" — H'(C,R)
satisfies the following properties
1on(z,y) = —n(y, x)
2. n(@122,y) = n(x1,y) + n(z2,y)
3. nz,1—2)=0
then, it is a symbol, and can be factored through Ko(Q(C)).

If we want 7(z,y) to be an exact form, it has to be trivial in H'(C,R). One way
to guarantee this, is that {z,y} is trivial in Ko(Q(C)) ® Q. Since the tame symbols are
morphisms on K2(Q(C)), we need them to be torsion elements, so they have to be roots of
the unit. This condition is easy to verify in practise according to the following:

Theorem 18 (z,y)s € oo if and only if P is tempered.
In general, if

x/\y:erzj/\(l—zj)
J

in A%(Q(C)*) ® Q, then

J

n(z,y) =d | Y riD(z) | =dD ij[zj]



We have v C C such that
oy = ka[wk} e = £1
k

where wy, € C(C), |x(wg)| = |y(wg)| = 1. Then

2rm(P) = D(€) foré =3 rlz(wy)]
kg

In order to interpret Smyth’s case, take P(z,y) = x +y — 1. Writing = = e?™0 the
path of integration becomes

YO) =1-e* 0€[1/6;5/6] = v =I[¢] — [&]

2rm(x +y — 1) = D(&) — D(&)

The following Theorem helps relating the Mahler measure to special values of zeta
functions.

Theorem 19 (Borel, Suslim, etc) Let F' be a number field, ro = 1, and

£ = an[aj] aj € F\{0,1}

If
anaj/\(l—aj) =0 in /\ 2FYeQ
J
Then, )
Ap|3/2
D(o(€)) ~or GE L Cr(2) (20)

where o is any of the two complex embeddings.
If £ comes from the Mahler measure, the condition is satisfied if and only if

r(wg) Ay(wg) =0

7. Hyperbolic Geometry

Consider the space H? which can be represented as C x R>o U {oo}. In this space the
geodesics are either vertical lines or semicircles in vertical planes with endpoints in C x {0}.

An ideal tetrahedron is a tetrahedron whose vertices are all in C x {0} U {co} = P1(C).
Such a tetrahedron A with vertices zg, 21, 22, 23 has a hyperbolic volume equal to

Vol(A) = D((z0 : 21 : 22 : 23)) (30)

Where (2 : 21 : 29 : 23) = %% is the cross ratio. The invariance of the formula by

the action of PSLy(C) is in agreement with the fact that this is the group of isometries
(preserving orientation) of H?.



These ideal tetrahedra are important because any completed oriented 3-manifold with
finite volume can be decomposed in ideal tetrahedra. In such a decomposition, the param-
eters z; of the ideal tetrahedra (0o, 0,1, 2;) are constrained to the following condition:

izi/\(l—zi):o (31)
=1

These decompositions provide more identities of the dilogarithm.
More generally, if P is the A-polynomial of a compact, oriented, hyperbolic 3-manifold
with one cusp, then

n

x/\y:Zzi/\(l—zi) = n(z,y) =dVol (32)
1=1

The A-polynomial can be deduced from the gluing equations without imposing the com-
pleting equations. The completing equations will impose the condition x = y = 1 and we
will recover formula (31).
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