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Mahler’s Measure and the Dilogarithm (1)

David W. Boyd and Fernando Rodriguez-Villegas

Abstract. An explicit formula is derived for the logarithmic Mahler measure m(P) of P(x, y) = p(x)y—
q(x), where p(x) and g(x) are cyclotomic. This is used to find many examples of such polynomials for
which m(P) is rationally related to the Dedekind zeta value (#(2) for certain quadratic and quartic
fields.

Introduction

The logarithmic Mahler measure of a non-zero Laurent polynomial P € C[x{!,.. .,
x:F1] is defined as

1 1
(1) m(P) :/ / 10g|P(eZﬂ—iel,~--,32ﬂi6")|d91~'~d9n
0 0

m(P

and its Mahler measure as M(P) = ™), the geometric mean of | P| on the torus

T = {(zl,...,zn) e | |z1] = - =z| = 1}.
In the early 80’s Smyth [Sm] proved that
(2) mx+y+1)=L"(x,~1)

where Y is the Dirichlet character associated with the field Q(v/—3).

In this paper we will consider the Mahler measure of polynomials of the form
P(x, y) = p(x)y — q(x). We will show that for appropriate choices of p and g, m(P)
can be expressed in terms of the values of Bloch-Wigner dilogarithm function at
certain algebraic arguments; using a theorem of Borel we will then find that m(P) is
related to special values of certain Artin L-functions with Smyth’s result (2) being the
prototypical example.

We begin by proving the basic formula (8) of Proposition 1 for m(P) =
m ( p(x)y — q(x)) where p and g are cyclotomic. It expresses the measure as a sum of
Bloch-Wigner dilogarithms evaluated at various algebraic numbers lying on the unit
circle. In Section 2, we apply the formula directly to compute m(y + 1 +x+-- - +x").

In Section 3 and Section 4 we summarize the basic theory of the Bloch group and
show how it applies to the formula (8) in certain circumstances. This leads to our
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Theorems 1 and 2 which give conditions under which m(P) is rationally related to
Cr(2) for a number field F with a single pair of complex embeddings. Of necessity,
the fields to which these theorems apply are of even degree 21 and have Galois group
a subgroup of the hyperoctahedral group C; ! S,;, of order 2"nl.

A couple of examples involving more general fields are mentioned in the con-
cluding Section 13. These are derived from the study of A-polynomials of certain
hyperbolic manifolds.

Section 6 contains a general discussion of the restrictions on the rational function
r(x) = q(x)/p(x) imposed by the conditions of Theorems 1 or 2. These considera-
tions are applied in Section 7-Section 11 to construct the examples summarized in
Tables 1 and 2 in which the field F is either imaginary quadratic or quartic. It seems
likely that there are only a finite number of different fields to which Theorems 1 and 2
apply, but we do construct an infinite number of distinct examples for some of these
fields. For example, Proposition 5 gives a three parameter family of generalizations
of Smyth’s formula (2) relating m(P) to L' (x, —1).

In general, although we know from Section 3 and Section 4 that the ratios s ap-
pearing in Tables 1 and 2 are rational, the quantities indicated are those surmised
from numerical calculation (to 50 decimal places). We would like to thank Don Za-
gier for several conversations and for supplying the proof in Section 12. We would
also like to thank the referee for several excellent suggestions for improving the expo-
sition.

1 Calculation of m(P)

We say a polynomial p(x) € Z[x] is cyclotomic if it is a non-zero polynomial of the
form p(x) = +xk po(x), where pg is monic and its roots consist of roots of unity only.
By a theorem of Kronecker it is equivalent to require that m(p) = 0. Note that given
any cyclotomic polynomial there exist unique integers k, c,, for m € N, with ¢,, = 0
except for finitely many m’s, such that

(3) plx) = +x* H(l — x™)em,

m=1

We recall the definition of the Bloch-Wigner dilogarithm. Starting with the usual

dilogarithm
. — 2"
Liy(2) = Zl e <1
one defines

D(z) = Im(Liz(z)) +arg(1l — z) log|z|

and checks that it extends to a real analytic function on C \ {0, 1}, continuous on C.
See [Zal] for an account of its many wonderful properties. It is obvious that

(4) D(z) = —D(2)
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and

0
D(e?) = —/ log |1 — €| dt,
0

>, sin(nf)
:Z 2

n=1

(5)

Proposition 1 Let P(x,y) = p(x)y — q(x) with p and q cyclotomic and relatively
prime and let

qax) k .
(6) r(x) = = +x (1—x") withk,c, € Z,
FEREI!
with ¢,, = 0 except for finitely many m. Let oy, . . ., an € C be the different roots of the
equation
(7) r)rx™h) =1,
with |ax| = 1 which have odd multiplicity, ordered counterclockwise around the unit
circle. Then
€ o ¢
8 P)=— D"y ED(a
(8) m(P) 2”22;( )m;m (e,

for some € = £1, where D(z) is the Bloch-Wigner dilogarithm.

Proof The proof is essentially the same as Smyth’s. Applying Jensen’s formula in the
variable y to the integral defining m(P) we obtain

d.
© P = 5 [ e bl T,
x|=1

where log" |z| = log |z| if |z| > 1 and 0 otherwise.

It is not hard to see that as x moves counter clockwise on the circle r(x) enters or
leaves the unit circle precisely at the points 7(«), . . ., r(ayn) and in that order. Hence,
up to possibly a global sign € we have (note that N is even)

N/2

m(P) = Z / log |r<x>|—

where «; is the arc of circle from c;;_ to a;;. Now we can separate the factors that
make up r(x) and, ignoring the factor +-x* which does not contribute, we are left to

consider the integral
/ log |1 — x’"| —
which is easily seen by changing variables in the 1ntegra1 in (5) to equal

1 1
_ED(O(Z‘I) + ED(OZT]‘il)

and the claim follows. [ |
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2 An Example

For example, to compute m(y+1+x+- - -+x"), we need the roots of (1+x+- - -+x")? =
x", an equation which simplifies to (x"" — 1)(x" — 1) = 0, x # 1 (a fact pointed
out in [MPV]). Let R(x) = —=D(x""!) — D(x), so if " = 1 and 3"? = 1 then

R(a) = =5 D(a) and R(B) = —Z—ﬁD(ﬁ). Since the roots of x” — 1 and "™ — 1
interlace on the upper half of the unit circle, we obtain the following formula for n,

writing o = exp(27i/n) and 8 = exp(27i/(n+2)):

ntl n—1

(10) miy+1+x+tx) = — (—(n+2)22:D(ﬂk)+nZZ:D(o/‘)>.
k=1

(n+ )m —

Since all roots appearing in (10) are roots of unity one can regard the sum that ap-
pears there as a finite Fourier transform and thus write the measure as a combination
of L’ (¢, —1) for various Dirichlet characters. The functional relation D(x) = —D(x)
ensures that only odd characters appear in such formulas.

More explicitly, let x be a primitive odd Dirichlet of conductor N and L(y,s) =
Z;’il x(n)n—° for Re(s) > 1 be its associated L-function. Then a standard calcula-
tion using the series in (5) shows that

(11) Lx,2) =7(0)"" D xDEN),
kmod N
where
(12) =Y XN
kmod N

is a Gauss sum.

For example, using the notation df = L'(x_s, —1), we have m(y + 1+ x) = ds,
my+1+x+x?) = %d4, my+1+x+x>+x°+x%) =2d; — %d4 andm(y+1+x+
X+ X7+ x +x° +x°) = 1(—10d; + 4dy + 2dy).

Let us remark that by results of Boyd and Smyth [Bol, Sm] we have

7
(13) lim m(y+1l+x+--+x"H=m(l+x+y+z) = FCG) = 14¢'(-2),
n—oo T

where ((s) = Z;’il n~ is Riemann’s zeta function. Using the Euler-Maclaurin for-
mula, one can derive this directly from the formula (10).

3 The Bloch Group and Borel’s Theorem

We summarize in this section the results that we need in order to relate in general the
calculation of Section 1 to special values of L-functions. We refer the reader to [Za2]
for details.
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For any field F we define

(14) A = { > mlz) € 21F) | > m(z A (1-2)) =0f

where the corresponding term in the sum is omitted if zz = 0,1. We extend the
Bloch-Wigner dilogarithm D to Z[(C] by linearity.
Next we define the group
(15) e(F)—{[x]+[ ]+[ 1”} +1—x ]+[ _y] |x,y€FEx ;él}
- y 1— xy 4 1— xy 4 XY .

It is not hard to check that C(F) C A(F). We define the Bloch group as the quotient
(16) B(F) = A(F)/C(F).

Clearly an embedding of fields 0: F — L extends by linearity to a map o: B(F) —
B(L) and in particular Gal(F/Q) acts on B(F) if F/Q is Galois.

One of the wonderful properties of the dilogarithm, the 5-term relation, guaran-
tees that D induces a well defined function on B(C) (still denoted by D).

The main result we need is the following (due to Bloch, Borel, Suslin, and others).

Theorem Let F be a number field with ry real and r, complex embeddings. Then

1) The group B(F) is finitely generated of rank r,.
2) Let&,...,&, bea Q-basis of B(F) ®z Q. and o, ...,0,, a set of pairwise non-
conjugate complex embeddings of F into C. Then

|AF‘3/2

7'('2(r1 +12)

(17) det(D(oi@j))) ~os r(2),

where (p is the zeta function of F, Ag its discriminant, and a ~q+ b meansa = rb
for some non-zero rational number r.

In particular, if F is a number field of degree n with only one pair of complex
embeddings o,  and 0 # £ € B(F) ®z Q) then

A 3/2
(18) D(o(8)) ~ao- |7T2(FT|—1)CF(2)'

We will also need the following Galois descent property of the Bloch group.

Theorem Let L/F be a Galois extension of number fields with G = Gal(L/F). Then

B(F) ®, Q = B(L)° @7 Q.
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4 Some Elements of B(Q)
We let ) be the algebraic closure of Q) in C.
Proposition 2 Let p, q € Z[x] be cyclotomic and relatively prime. Let

q(x) - en
(19) r(x) = 0@ ixkgu —x™)
as in (6). Then for any a € Q) root of
(20) r)r(x" ) =1
we have
(21) ; o] € AQ) 92 Q.

Proof We need to verify that

m=1

We have

S Cm m m _ - m\Cm __ o M\ Cm

ZE(Q ANl -« )) —Za/\(l—a ) —a/\H(l—a )

m=1 m=1 m=1
It is clear that r(x~') = 4xNr(x) for some N € Z. Hence if « is a root of
r(a)r(a™!) = 1then r(a)? is (up to sign) a power of o, so aAr(a) = 0in A(Q) ®7Q)
and we are done. [ |

The type of element of B(Q) ®; Q given in the proposition is called a “ladder”;
see [Za] for more details.

5 Putting Things Together

By Proposition 1, the value of m( yp(x) fq(x)) is determined by the points on |x| = 1
where the graph of r(x) = q(x)/p(x) crosses the unit circle; i.e. those o with |a| =1
at which r(x)r(x™!) = 1 has a zero of odd multiplicity. Since r(x)r(x~!) = 1is
equivalent to

(22) a(x)g(x~") = plx)p(x~") =0,

these points are the roots of a square-free polynomial C(x) € Z[z] that we call the
crossing polynomial of r(x). For example, if p = (x+1)*, g = x* + 1 then (22) reduces
to

(P +x+1)202x*+3x+2) =0,
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where both factors have their roots on the unit circle. Here the graph of |r(x)| crosses
the circle at the roots of C(x) = 2x? + 3x + 2, and touches the circle at the primitive
3rd roots of unity.

Combining the Propositions 1 and 2 we obtain the main result of the paper.

Theorem 1 Let P(x,y) = p(x)y — q(x) with p and q cyclotomic and relatively prime
and let r(x) = q(x)/p(x). If the graph of r(x) crosses the circle at exactly one pair of
complex conjugate points o, &, and if « is defined over a number field F with only one
pair of complex embeddings then

ASZ
(23) m(P) ~o- | ;i‘l Cr(2).

Proof Let
€= Z Lo € ZIF),

where the ¢,, € 7 are defined as in (6).
By Proposition 1 and (4) we have

m(P) = £ L D(¢)
v

and by Proposition 2 £ € A(F). Our claim now follows from (19). [ |

As an illustration consider Smyth’s case where p = 1,9 = —(le—l). Here P(x, y) =
1 + x + y and the solutions to (22) are ({3, (), where (3 = ¢™/3, and its complex
conjugate. Then

E=—161+51G1 € AB), F=0(%)

and a direct calculation as in Section 2 yields (2), which is an explicit version of (23)
for this case.

Theorem 2 With the notation of the previous theorem suppose that the crossing poly-
nomial C(x) is an irreducible polynomial in Q)[x], of degree 4 and splitting field L with
G = Gal(L/Q) isomorphic to the Klein group V4. Order these roots counterclockwise
around the unit circle as follows: o, 5, B, & withIma, Im 3 > 0. Let o € G be the
Galois element that takes o to 3 and F the fixed field of 0. Then

| ‘3/2

m(P) ~q- Cr(2).

Proof The Bloch element £ € B(L) which, by Proposition 1, satisfies 2rm(P) =
+D(€) is a linear combination of

En =[] = [B"] + [B™] — [a™] € Z[L].

https://doi.org/10.4153/CJM-2002-016-9 Published online by Cambridge University Press


https://doi.org/10.4153/CJM-2002-016-9

Mabhler’s Measure and the Dilogarithm (1) 475

By our choice of o we verify easily that

and hence o fixes €. By the Galois descent property of the Bloch groups quoted in
Section 5, £ represents an element in B(F) ®z Q. Since F is an imaginary quadratic
field (o is not complex conjugation) the desired identity follows from (18). ]

Remark Note that exactly the same argument applies to any € B(L) which is a
linear combination of

M = [a™] +[B"] = [B"] — [a"].

Giving an identity for D(n) in which a different imaginary quadratic field appears.
This will be useful later.

6 Applications of the Theorem

In order to apply the results of the previous paragraphs, we need to construct rational
functions r(x) = q(x)/p(x) with p, g cyclotomic, that cross the circle exactly at the
roots on |x| = 1 of a squarefree polynomial C(x).

Since |r(x)| = |r(%)], r(x) cannot cross the circle at x = +1 so C(£1) # 0. Since
each irreducible factor of the crossing polynomial C(x) must have a zero # £1 on
the unit circle each of these factors is a reciprocal polynomial of even degree. The
field defined by such a factor of degree 21 has a Galois group which is a subgroup of
the hyperoctahedral group B, = Z,1S, of order 2"n! [La]. So the formulas we obtain
from Theorems 1 and 2 are restricted to such fields.

We will denote by R the set of rational functions r(x) with all poles and zeros at
roots of unity. The subset of these with the crossing polynomial C(x) and normalized
so that |r(1)] < 1 will be denoted by R(C). (This normalization is harmless since
m*(r) = m*(1/r).)

In the application of Theorem 1, we are interested in C(x) with exactly one root
a = €™ on the upper half circle. The assumption that r(x) crosses the upper half
circle exactly at one point is very restrictive. All the zeros and poles of r(x) are at roots
of unity. Between each zero and pole there must be a point where r(e'*) crosses the
circle. If there is only one such point ¢, then the zeros of r(x) must lie in | arg(x)| <
to and the poles in | arg(x)| > #;. Thus the numerator and denominator of r(x) can
only be products of certain restricted sets of cyclotomic polynomials which we call
the admissible numerators and admissible denominators for t.

It will be convenient to say that r(x) € R is admissible for C if its numerator (de-
nominator) is a product of admissible numerators (denominators) and if it crosses
the circle at the roots of C(x) (even if it also crosses the circle at other points).

Take for example C(x) = 2x* + 3x + 2, with root @ = (=3 + /=7)/4, 50ty =
arg(a) = 2.418858--- = (0.769946 - - - )w. Hence the admissible numerators are
F, withn = 1,3,4,6,8,10, 14 and the only admissible denominator is F, = x + 1.
(We will write F,, for the n-th order cyclotomic polynomial, i.e. the minimal monic
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polynomial for the primitive n-th roots of unity.) Observe that Table 1 gives the
two examples r1(x) = F;/F? and r,(x) = Fg/F5, mentioned above. Since both of
these satisfy |ri(x)| < 1 for |arg(x)| < t; and |r(x)| > 1 for |arg(x)| > to, the
same is true for any r(x) = (%)%, (x)? for any non-negative integers a, b not both
zero, and hence this infinite set of r(x) also has crossing polynomial 2x* + 3x + 2.
By Proposition 1, we have m*(rir}) = am*(r;) + bm*(ry). It can be shown that
these rational functions and their reciprocals exhaust the set R(C). (We prove similar
results below.)

For C(x) with a single pair of roots e*™ on |x| = 1, there is a simple rule to
determine the admissible numerators and denominators. If ty < 7/3, then the only
admissible numerator is F; = x — 1, and the admissible denominators are those
F, with n < 2w/ty. If /3 < ty < w/2 then F; and Fs are the only admissible
numerators and F, for n € {2,3,4} are the admissible denominators. If 7/2 <
to < 7 then find the admissible numerators and denominators for m — #, apply the
permutation that takes

n—2n ifnisodd,
(24) n—n/2 ifn=2mod4,

n—n if n = 0mod 4,

then interchange numerators and denominators. The proof uses the basic facts that
F,(—x) = F,,(x) if nis odd and F,,(—x) = F,(x) if n = 0 mod 4.

For a general crossing polynomial C(x) again one easily sees that there are finite
and easily determined sets of admissible numerators and admissible denominators.
As in the example above, if 71 (x), r2(x) € R(C) then for any non-negative integers 4,
b not both zero r4r} € R(C).

Let F be a field of discriminant dr, degree n with r, = 1. Tables 1 and 2 will
express suitable m(yp(x) - q(x)) =m" ( r(x)) in the form spZp, where sg is a non-
zero rational number and

_ 3| AR (2)

(25) 22n—=32n—1 :

The apparently peculiar choice of the rational multiplier 3 /2"~ here is so that for
the quadratic field of discriminant — f, one will have

(26) ZF :L/(Xff7_1)7

where ) _ r is the real odd character of conductor f. Asin [Bo3], we use the notation
df = LI(X_f, 71).

For our first class of examples, we apply the discussion of the previous section to
quadratic C(x) = ax* + bx + a with b*> — 44> < 0, with roots « and 1/a on the
unit circle. Let F = Q(+/b? — 44?) have discriminant — f. Then by Theorem 1, an
r(x) = q(x)/p(x) € R(C) will give us a formula of the form

(27) m(yp(x) — q(x)) = m*(r(x)) = ssdy.
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Chinburg [Ch] asked whether one can generalize Smyth’s result for the conductor
3 to other conductors, i.e. whether for each f there is a polynomial P/(x, y) with
integer coefficients and a non-zero rational s¢ so that m(Py) = s fL’ (x—s,—1) where
X—f = (_Tf) is the real odd primitive character of conductor f. He proved that there
are rational functions Py with this property. Ray [Ra] constructed examples for the
conductors f = 3,4,7, 8,20 and 24. Here we construct examples for the conductors
f=3,4,7,8,11,15,20, 24, 35,39, 55 and 84.

7 Quadratic Fields 1 (d; & d,)

We begin by treating the special cases C(x) = F3(x) = x*> + x + 1 and F4(x) = x* + 1
which are particularly simple since « is a root of unity. As usual, we write (, =
exp(27i/n). We have the elementary formulas

_ D) _ 3D(G)

(28) ds - =2 .
and
(29) i, = 2D(C)
™
Smyth’s formula (2)
(30) m(y+x+1)=d;
has already been mentioned, and there is an equally simple formula for d4 from
[Bo2]:
(31) m(y(x+1)+(x71)) =d,.

In these examples the crossing polynomials are C(x) = F3(x) = x* + x + 1 and
Fy(x) = x* + 1, respectively. So formulas (28) and (29) give the results (30) and (31)
without the intervention of Theorem 1. In fact there is a 3 parameter infinite family
of r(x) with crossing polynomial F; and a 3 parameter infinite family for F4 giving
infinitely many generalizations of (30) and (31). In each case, we can show that these
are all the possible solutions. There is a subtle difference between the two cases as we
see below.

Proposition 3 The rational functions r(x) € R(x* + 1) are given by

e =D —x+ 1)
(32) ) = e TR T 1

)

where a, b, c are non-negative integers, not all 0. For each such r(x), one has

(33) m(y:l:r(x)) :m+(r(x)) = (a+§b+§c) ds.
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Proof The admissible numerators are F;, = x — 1 and Fs = x> — x + 1 and the
admissible denominators are F, = x + 1 and F; = x> + x + 1. So r(x) is of the form
F{FL /F4Fs. However, |F(i)| = |F,(i)| = V2 and |F5(i)| = |Fs(i)| = 1, so in order
that |7(i)| = 1, we must have d = a and hence r(x) is of the form (32).

Now consider the size of f,(t) = |F,(¢")|. We clearly have f,(t) < f,(¢t) and
fo(t) < f5(t) for 0 < t < 7/2 and the reverse inequalities hold in 7/2 < t < 7.
Hence r(x) of the form (32) crosses the circle exactly att = 7 /2, as required.

The formula (33) follows from Proposition 1 and (29). [ |

It should be emphasized that these are not the only r(x) for which m*(r(x)) is
a rational multiple of dy, as is evident from Table 1. But other examples must have
different crossing polynomials.

A trivial way that this can occur is to consider r(x*) where r(x) is as in Proposi-
tion 3. This has crossing polynomial Fy = x* + 1. We do not include such examples
in Table 1. However there are non-trivial examples with crossing polynomial Fs, for
which r(x) is not even. According to Proposition 1, we can compute m(r(x)) by
evaluating the quantities D(Cé‘) - D(Cgk ). For this we need the following known re-
sult whose proofis a pleasant exercise in the use of the basic distribution relations for

D(z):
n—1 ,

(34) D(") =nY»_D((l2),
j=0

for every positive integer .

Lemma 1 For any integer k,

(35) D(Gs) = D(G") = seD(G),

wheresy =0, 3,2, —3,0, 3, =2, —

ifk=0,1,...,7 modulo 8, respectively.
Proposition 4 The rational functions r(x) € R(x* + 1) are given by
(36) r(x) = 11 (x)*r2 ()3 ()14 (x) 15 (x)°,

where a, b, ¢, d, e are non-negative integers, not all zero, and where

rn = Fy/(FiF),
r, = F5F;,

(37) r3 =1/Fp,
ry = F3F4/F%a
rs = FyFs/F}

For such r(x) we have

(38) m()/—r(x)) :m+(r(x)) = (a+§b+§c+§d+§e) ds.
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Proof One easily sees that only F, with 1|12 can be admissible numerators or de-
nominators. We also verify that each of the 5 functions r¢(x) of (37) has crossing
polynomial Fg and hence so does r(x) of (36).

To see that there are no other possibilities, check that the values of the relevant
|F.(x)| at x = (g are given by \/2 -2, \/2+\/§, 14++v2,v2, —1++2and 1
forn = 1,2,3,4,6 and 12, respectively. Thus if a product r(x) = Hnm F,(x) is to
have |r((s)| = 1, there is no restriction on ¢, but ¢, . . ., s must satisfy the linear
equation

(39) log(Zf\/E)cl+log(2+\/§)cz+210g(1+\/E)c3+log Zc4+210g(71+\/§)c6 =0.

There is thus at most a 5-dimensional solution for ¢y, . . ., ¢1», and since (36) exhibits
such a solution, this is the complete solution to the problem.
Finally, the formula (38) follows from Proposition 1, (35) and (29). [ |

Remark Notice that 1, r, and r3 of Proposition 4 are even functions of x. obtained
from the basis (x — 1)/(x + 1), F5(x) and 1/Fs(x) of the r(x) in Proposition 3 by the
substitution x — x2. The functions ry and rs satisfy r;(—x) = r5(x) and give a basis
of the new solutions.

The next result shows that one cannot always expect there to be a finite basis of
solutions as in the previous two results.

Proposition 5 The rational functions r(x) € R(Fs) are given by
(40) r(x) = F>(x) "“Fa(x) Fio(x)",

where a is a positive integer, and where b, ¢ are non-negative integers satisfyingb < a
and the inequality on ¢ determined by the condition that

(41) co mn  los(2cost/2) — blog(2cost)
1 .
~ teln/3,1/2] log(cos 5¢/ cost)

A sufficient condition for (41) to hold is that ¢ < 2a and a necessary condition is that
(42) ¢ <(2.05314185- - - )a + (3.10628371 - - - )b,

where the coefficients in (42) arelog(5/2)/log(25/16) and log2/log(5/4).
For such r(x), we have

(43) m(y —r(x)) =m"(r(x)) = (a+%b+gc) ds.
Proof The admissible numerators are F;, Fy, Fs and Fjg, and the only admissible
denominator is F,. However, |F,((3)| = 1 for n = 2,4 and 10, while |F;((3)| = /3
and |Fs(¢3)| = 2, so the requirement that |r((3)| = 1 rules out F; and F, hence r(x)
must be of the form (40).

To determine the restrictions on a, b, ¢, consider f,(t) = |F,(e")| for n =
2,4,10 and ¢t € [0,7]. We have f,(1) = 2cos(t/2), fa(t) = |2cost| and fio(t) =
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|2 cos2t — 2cost + 1| = | cos(5t/2)/ cos(t/2)]. Clearly fio(t) > fa(t) > 1 > f(¢)
fort € (2m/3, 7] so |r(e")| > 1 in this interval for any nonnegative b, c and a > 0.

Observe that f,(¢) > 1 fort < 27/3, that fy(¢) < 1 exactly for 7/4 < t < 37/4,
while fio(t) < 1 exactly in (0,7/3) U (7/2,27/3). Since fio(t) < 1 < fa(t) < f(¢)
in [0, /3], we will have |r(e")| < fi(t)?£,(t)~® < 1if b < a. Furthermore, |r(1)| =
2-as0b < ais necessary.

In the interval [7/2, 27 /3] we will have |r(e*)| < 1 with no restriction on a, b, ¢
since all of f4(¢), fio(t) and 1/ f,(¢) are < 1 here.

This leaves the interval [7/3, 7/2] on which fio(#) > 1 > f4(¢). The condition
(41) is equivalent to |r(e'*)| < 1 fort € [r/3,7/2] and hence for r to have a single
crossing of the circle at x = (5.

To analyze this condition further, we observe that the maximum of fjo(t) on
[7/3,7/2] is attained at t = t; = cos™'(1/4), where fio(t;) = 5/4, (t;) =
\/% = 1.581138--- and fy(#;) = 1/2. The necessary condition that r(¢;) < 1
is exactly (42). To obtain the sufficient condition ¢ < 24, we find by Calculus that
fio(t)?/ f(t) < .994557--- < 1 on [r/3,m/2]. Hence if ¢ < 2a, we will have
Ir(e®)] < fil)? fio()/£(1)* < fio(t)*/£(1)* < 1 on this interval, so (41) will
hold.

Finally, the formula (43) follows from Proposition 1 and (28). [ |

Remarks 1. Letr; = 1/F),r, = F;/F, and r; = Fyo/F,. Then r{r8r§ € R(F3) for all
nonnegative integers a, b, ¢ not all zero. However, there are elements of R(F3) not of

this form.

2. From Proposition 5, by replacing r(x) by 1/r(—x), we find that the elements of
R(Fg) are
(44) r(x) = Fi(x)"Ey(x)""Fs(%) ™,

with the same restrictions on a, b, ¢ as in Proposition 5.

As with dy, we can obtain further r(x) with m ( y— r(x)) a rational multiple of d
by changing x to x* in (40). These functions will have crossing polynomial Fy,. As in
Proposition 3, there are further non-even elements of R(F;,), and the proof involves
a similar lemma, again proved by the distribution relations for D(x):

Lemma 2 For any integer k,
(45) D((1y) — D) = tD(G),

where ty = 0, 2, 3,0,2, —3,0, 3, =2,0, =3, —3 fork = 0,1,...,11 modulo 12,
respectively.

We leave the proof of Proposition 6 as an exercise:

Proposition 6 The rational functions r(x) € R(Fy,) are given by

(46) r(x) = 11(x) 72 ()73 () g (x) 15 (x)°,
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where
rn = 1/(F\F,),
r = FS/(F1F2),
(47) rs = Fs/F;,
ry = Fio/FL,
rs = F5Fyo

and where a, b, ¢, d, e are non-negative integers satisfying further inequalities which are
implied by e < 2a.
For such r(x), we have

(48) m(y—r(x)) :m+(r(x)) = (a+§b+§c+§d+ge) ds.

Remarks 1. Note that (46) only formally involves 5 parameters a, b, ¢, d, e since
rsr4 = rsri. However, the inclusion of a 5-th parameter makes the determination of
the restrictions on the parameters considerably easier.

2. One can use a result similar to Lemmas 1 and 2 to determine R(F,F;,), where
P = F,Fy; is a polynomial with 3 pairs of roots on the unit circle. Now the formula
for m* ( r(x)) will be a sum of terms of the form D(C{‘z) —D(i%) +D(Cf’§), and again the
distribution relations show that these are rational multiples of D(i%). One can show
that (D(¢})) +D((i%)) /D(i%) is 0, 4,0,2,0,%,0,—%,0,-2,0, - ifk = 0,1,...,11
modulo 12. Thus one can express m* ( r(x)) as an explicit rational multiple of d,.

3. Notice that the polynomials Fg(x) = x* + 1 and Fj,(x) = x* + x> + 1 in
Propositions 4 and 6 have Galois group V4, the Klein 4-group. The significance of
this will be apparent in Section 9 where we considerably extend Propositions 4 and 6.

8 Quadratic Fields Il (Non-Monic Quadratics)

Next we consider the crossing polynomial C(x) = ax*+bx+awitha > 1,0 < b < 2a
and root & = (—b + v/b?> — 4a?)/(2a) on the unit circle. Browkin [Br] has searched
for cyclotomic relations for such «, i.e. functions in R with |r(«)| = 1. This is less
restrictive than requiring r € R(C) since such r(x) may have other crossings of the
unit circle. By a result of Schinzel, [Sc], there is a finite set of independent relations
for each such a. Browkin determined 23 such « for which a cyclotomic relation holds
but did not always determine a complete set of relations because of his restriction to
F, of degree at most 5. Even if one knows a basis of relations for a given C(x), it is
not entirely trivial to determine the set R(C) as we illustrate below. On the other
hand, our situation is somewhat simpler in that we know which F, may appear as
admissible numerators and denominators and hence can restrict consideration to
relations involving these F,,.

In our computations, we decided to start afresh so the results here are independent
of [Br] and provide an independent confirmation of those results. It is worthwhile
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noting that we did not find any further quadratic « of this form which satisfy a cyclo-
tomic relation, so perhaps the list of 23 found by Browkin is complete. However, we
did find one cyclotomic relation that does not appear in [Br]: the relation F4F; °F)3
for « = (=3 + /—7)/4 can be added to the 7 relations determined there for this c.
(Note that Browkin considers the equivalent —& = (3 + v/—7)/4 so one must apply
the permutation (24).)

We considered all C(x) as above, with 1 < a < 30. The first step was to identify
those which satisfy some cyclotomic relation. For this we applied the LLL algorithm to
find linear relations of the form ) ¢, log|F,(a)| = 0, where the sum is over n < 30,
and the ¢, are small integers. We ignored any C(x) for which the LLL algorithm
did not produce at least one such relation and thus may have missed some possible
relations, but this seems rather unlikely since we used 100 decimal place accuracy in
this step. Each relation found can be verified by exact arithmetic (so there are no false
positives).

In the next stage, for each of the C(x) identified in the first stage, we determined
the admissible numerators and denominators. Then we again used the LLL algorithm
to find linear relations of the form >_ ¢, log |F,(a)| = 0, where now the sum is over
only admissible #, identifying those that satisfy such a relation and determining a
plausible set of basis elements for such relations.

From these relations, we formed linear combinations if necessary to form relations
in which the signs of the ¢, are correct, i.e. so that admissible numerators appear with
a positive ¢, and denominators with a negative ¢,,. At this stage, we only know that we
have r(x) = [, F.(x)™ of the correct shape with |r(«)| = 1, but r(x) may cross the
circle at other points besides « and &. (Recall that we refer to such r(x) as admissible.)

Plotting |r(e")| for t € [0, 7] for the various r that we had now identified, we
attempted to form products of these r to obtain |r(¢’)| < 1int < t, = arg(a) and
|r(e")] > 1int > ty. If we found more than one independent r(x) we obtained a
multi-parameter family in R(C). Finally, using the methods of Proposition 3 and 5,
we were able to show that we had identified all of R(C).

The results are exhibited in Table 1 which exhibit a “basis” of each R(C) for those
C(x) = ax? + bx + a for which the above succeeded. More explicitly, if there is a
basis of solutions (as for C(x) = x> + 1) then these are listed. If the situation is
as for C(x) = x* + x + 1, in which there are inequality constraints, we list a set
of independent elements that generate an infinite subset of R(C), as in Remark 1
following Proposition 5.

As an example, consider C(x) = 4x? + 5x + 4 with a = (=5 + /—39)/8 with
ty = arg(a) = 2.245927--- so arg(a)/m = .714901--- > % Here the admis-
sible numerators are F, with n € {1,6,4,10,3,14} and F, is the only admissi-
ble denominator. Using LLL we found the cyclotomic relations r; = F3Fs/F; and
r, = F3Fy4/F}* (both appear in [Br]). These are both admissible and it can be shown
they form a basis for the admissible functions by considering the norms of F,,(a) with
ne{1,2,3,4,6,10,14}.

Observe that |ri(e")| < 1for 0 < t < tyand |r(e")] > 1forty < t < m,
hence r; € R(C). However, r, has two further crossings of the circle at arguments
t, = 1.886385--- and t, = 2.241937---. We find that |r;(¢/*)| < 1for0 < t < t;
and f, < t < 1y and that the inequality is reversed in t; < ¢t < handtp < t < 7.
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Since |r; (¢'*)| achieves a maximum strictly less than 1in [¢, t,], it is clear that there is
a smallest constant ¢y such that rf(eit)rz(eit) crosses the circle exactly at t = ¢, for all
¢ > ¢. A calculation gives ¢y = 11.3855380775153 where the last decimal place has
been rounded up. So r = r¢r¢ will be in R(C) provided a, b are non-negative integers
with a > cgb. For such a, b, we have

1 4
49 ) = —a+ —b.
(49) m(nn) = 5ot o

In Table 1, we have listed simply r; and r}*r,.

9 Quadratic Fields Il (4-Group Quartics)

Theorem 2 gives us a way of producing examples with 1" (r) of the form sydy from
quartics with Galois group V. Here we are interested in C(x) = ax*+bx’+cx*+bx+a
with all four roots on the unit circle and with Galois group V4. For fixed a, there are
only a finite number of C(x) with all roots on the unit circle and these are easily
enumerated: one writes C(x) = x?A(x+ 1/x), where A(y) = ay*+ by + (c — 2a), and
A(y) has two real roots in the interval (-2, 2).

We considered all such polynomials with a < 30. The first step was to select
the polynomials with Gal(C) = V, using Pari’s function “polgalois”. There are a
surprisingly large number of these, but one must keep in mind that there are only 3
possibilities for Gal(C), i.e. V4, C4 and B, = D, as we observed earlier. Next, the
LLL algorithm was used, as in Section 8, to determine cyclotomic relations involving
F, with n < 18. Finally, these were combined as already described to yield suitable
rational r(x).

The largest a for which a cyclotomic relation was found is a = 17. If C(x) =
17x* + 12x° + 17x* + 12x + 17, then C has roots

a=(=6+5V13++v/—15+2y/-195)/17
and its conjugates, all of absolute value 1. Let
B =(—6—5V13 — /=15 +2y/—195)/17
be the other conjugate on the upper half circle. We find the single cyclotomic relation
r=F °FBFFF, F;*
50 =x—1D)""? -1 -1 — 1) — 1) - D) —1)72
If we let
R(x) = 17D(x) — gD(xz) _ D) — %D(x‘*) _ gD(xS) " %D(xG) N iD(xS),

as in Proposition 1, then from the proof of Theorem 2, R(«) + R(/3) will be rational
multiples of 7d;5 and 7d;e5. We find numerically that

R(@) —R(p) 2 2

_d157
(51) ™ 5
R@+R@) 2 1

T - 20 195-
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Unfortunately, r ¢ R(C) (there is an extra pair of crossings) so (51) does not give us
a value for m* (r).

The five polynomials of this form to which Theorem 2 can be applied are given in
Table 1. The polynomial C(x) = 2x* + 2x* + x? + 2x + 2 is the most fruitful. This
has roots a = (—1++/—1 ++/7 + /—7)/4 and its conjugates, 3 = \/—1a, & and 3.
We found that there are two independent relations r, = F;F,/F; and r, = F5Fs/Fs,
giving a basis of R(C) so there is a complete two parameter family r¢r¢ with

14
+o.ab
m* (r{ry) = (a+ —15b) dy,

for non-negative a, b not both zero.

As an unexpected byproduct of this computation, we found one further example
r = F3F;/F1; = (x—1)*(x* — 1)72(x®* — 1)7!(x'? — 1) with crossing polynomial the
reducible sextic C(x) = (2x* + 2x® + x% + 2x + 2)(2x? + x + 2) which has all its roots
on the unit circle. The first factor has the roots «, 3 of the previous paragraph on the
upper half circle and the second factor has the root v = (=3 + \/=7)/2. Hence if
R(x) = 2D(x) — 3D(x*) — £D(x°) + 5D(x'?), then

(52) m*(r) = (R(a) — R(y) +R(3)) /m = %d%

according to Theorem 1 and the remark following Theorem 2. (As usual % here
represents a number known to be rational and equal to % to 50 decimal places.)

10 Quadratic Fields 1V (d,o)

The smallest discriminant that does not appear in Table 1 is —19. For example, taking
« as a root of 5x? + 9x + 5 the LLL algorithm finds two independent cyclotomic
relations, but there are no elements of R(P) that one can construct from these. One
of these is r(x) = F5F3F;/F}, = q(x)/p(x). We find that

p(x) — g(x) = —x(5x* + 9x + 5)(x* + x> + x> +x + 1).

This has & = (—=9++/—19)/10 and its inverse, and the 5-th roots of unity as its roots
on the unit circle. On the other hand p(x) + g(x) is irreducible and has no roots on
the unit circle. If we write

1 1 3 1 1
=5D(x) — =D(x*) — =D(x’) — =D(x*) — =D(x°) + —=D(x"?
R(x) = 5D(x) 5 (x) 3 () 1 (x*) 3 (x”) 5 (x7),
then Proposition 1 gives

m(yp) +400) = = (R(G) — REG) + Ri@)

where (s = exp(27i/5). Numerically, R(«v) /7 £ édw (to 50 d.p.). For the conductor
f = 5, we take x5(2) = i and write L'(—1, xs) = df + di’i. Then can easily check
that (R(w) — R(w?)) /7 = 22(d] — d!’). Hence

?

1
my = m(yp(x) + q(x)) = g(dlg + 13dé — 13dé/)
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We can eliminate dZ and dZ’ by finding further polynomials in which these quantities
appear. For example,

My == m(y(xz +x+1)+ (x+ 1)) = %(dé +dy'),

and )
ms = m(y(x4 +1)% 4+ (% —x+ 1)) =d. - gdé/'

Combining the last three equations, we have

? 2
dmy + 13(my — m3) = gdm

which gives dy as a rational multiple (presumably 2) of the measure of the rational
function

13 —13

(yp(x) + q(x))4(y(x2 +x+1)+ (x+ 1)) (y(x4 +1)2+ (% —x+ 1))

As mentioned earlier, Chinburg [Ch] has shown that one may obtain every dy as a
rational multiple of m(rf) for a rational function r. In general his method produces
rather more complicated ¢ than in this example.

We should remark that the authors have recently constructed a polynomial P(x, y)

?
of degree 2 in y such that m(P) = 2d,o. This will appear in a future article.

11 Quartic Fields

Our final set of examples, summarized in Table 2, are of rational functions with cross-
ing polynomial quartics C(x) = x* + bx®> + cx? + bx + 1 that have two real and two
complex roots, the pair of complex roots lying on the unit circle. Then Theorem 1
applies and gives a relation m*(r(x)) = spZp, where Zp is as in (25) and sp € Q*.
The values of sy given in Table 2 are those surmised from 50 decimal place approxi-
mations. The techniques are identical with those used in the quadratic case.

1. Notice that the discriminant —507 = —3 - 13% appears 6 times in Table 2, as-
sociated to two different crossing polynomials. If « is the root on the upper half
circle of C(x) = x* + x> — x> + x + 1 then —&? is the corresponding root of Q(x) =
430 +x2+3x+ 1.

ForC(x) = x*+x* — x> +x+ Landa = (=1 + /13 + \/—2 — 21/13) /4, one
obtains the four admissible solutions r, = F3Fs/F?, ry = F3Fg, r5 = F3F;/F? and
ry = F3F;. (Here it is convenient to use the normalization |r(1)| > 1, in defining
R(C).) If one lets f, = |F,(a)|?, then one finds that f, € 7[+/13] with Nm(f,) =
3,—1,32,322* 1,1 forn = 1,...,7. Using this, one can prove that all admissible
solutions are of the form [ r{* for non-negative integers aj, ...,a;. However, r|
is the only one of the r; with crossing polynomial P. As in the discussion of the
example 4x> + 5x + 4, above, we find that r;7, € R(C) and that there are constants
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€3 = .7945464942 - - - and ¢y = 2.0678582845 - - - so that r’r3 and r{'r4 have a single
a .03 .04

crossing of the half circle 0 < ¢ < 7 at ty = arg(a). Then r{'r3?r3’ry* € R(C) if
a; > ap + c3as + c4dy, and one has

2 64 12
(53) m*(r{'rryryt) = (Zal + 3% + T + 7514) Zp.

The examples given in Table 2 are ry, 717, r17r3 and r17374.

2. The construction of the unique example for C(x) = x*+x°> —2x*+x+1 with Ap =
—1156 is an interesting illustration of a point mentioned earlier—that knowing a
basis for the admissible relations does not necessarily make it easy to determine R(C).
In this case if tp = arg(«), then to/m = .241823-- - so the admissible numerators
are F, forn € {2,...,9} and the admissible denominator F; (again adopting the
convention of requiring |r(1)| > 1). LLL finds four independent relations involving
Fy,...,Fy, namely v; = F,F; *Fo, v, = F3F; 'Fo, v; = F; *Fg, and v, = F; 'FZF; .
Of these only v; is admissible (since only F; may appear as a denominator) but v is
not in R(C) (because of extra crossings of the circle).

Letr, = v = F{ °Fg, 1, = v,v3 = F; °F3Fy and r3 = v;v} = F; *F,Fy. Then
1,72, 73 can be proved to form a basis of the admissible solutions but none is in
R(C). Examining the graphs of |ri(e*)| we find that all are > 1in 0 < t < t,, but
each has other intervals in t > f, in which they are > 1. Furthermore, r; and r,
share such an interval so that no product r{'75* can be in R(C). However, noticing
that min,>, (|r1], |r3]) < 1 with equality at + = t; and ¢+ = 7/3 it is conceivable that
rirs € R(C) for some n. In fact that this does hold for the unique choice n = 3,
giving the solution r = rir; = F; '"YF,FiFy € R(C) given in Table 2. Note that
r(x) touches the unit circle at x = ¢™/3. If instead |r(¢*)| < 1 had held for t > t,
then combinations of the form r"r; would have been in R(C) for sufficiently large n.
However, one can prove that the powers of r exhaust R(C).

3. Notice the interesting trio of examples: a = (1 + 3)/(1 — 3), with 3 = (=2)/4,
(—3)"/* and (—5)"/4, with discriminants —2048, —6912 and —2000 respectively.

4. To generate Table 2, we tested all irreducible C(x) = x* + bx® + cx? + bx + 1
with 0 < b < 30 with 2 real roots and two complex roots on |x| = 1. The only
C(x) found for which R(C) is non-empty are those listed in Table 2. For each C(x)
listed in Table 2, we have determined the set R(C) by the method illustrated above
for C(x) = x* + x> — x? + x + 1. It seems likely that there are no other P of this form
for which R(C) is non-empty.

For b > 12, we found only one example of an admissible relation, namely r(x) =
F3*F; *°F; for x*+20x> +22x% +20x+ 1 which generates a field of discriminant —1600.
Unfortunately, r(x) has other crossings of the circle so r ¢ R(C).

We also considered more general quartics C(x) = ax* + bx® + cx* + bx + a with a
pair of roots on the circle and with a > 1. Although many cyclotomic relations were
found, especially for small a, none of these were admissible. This is perhaps some-
what surprising in view of the examples discussed in Section 8. We also considered
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monic sextic polynomials with 4 real roots and a pair of complex roots on the unit
circle. Although some cyclotomic relations were found, none of these was admissible.

12 Verification of an Identity Relating Two Mahler Measures

The tables in Section 14 imply several relations between Mahler measures; for exam-
ple, taking the first two corresponding to the quadratic field K = Q(v/—7) we find,
to high accuracy, that

(54) m((x+1)2y+x2+x+1) =

| o

m((x+1)4y+x4+1).

The purpose of this section is to sketch a rigorous proof of this identity. In princi-
ple, all the implied relations between Mahler measures in our tables can similarly be
proven in a finite amount of time. However, there is no know general algorithm for
the calculations outlined below and the process is rather long.

Leta = (=3 ++/—7)/4 and

6 =la] - (@] +510%), & =4la] —2la?) - ;[a"] + 2

Using Proposition 1 we see that (54) is equivalent to proving that D(¢’) = 0, where
¢ =18 — 86 = —14[a] — 2[a?] +6[a’] + 2[at] — [a®].

The calculations that follow are entirely due to Don Zagier. First, by using the
duplication formula

D(x) + D(—x) = %D(—xz)

with x = o*

we reduce the question to showing that D(¢) = 0, where
¢ =7lal +[’] = 3[a’] + [-a'].

We will verify that D(§) = 0 is a consequence of the 5-term functional equation
satisfied by the dilogarithm, which we now recall (how to actually find which combi-
nation of such relations to consider is of course another matter).

(55) D(V(x, )/)) =0, x,yeC\{0,1},

where

1—x

V) = lx+ ) + | ]+[l—xy]+[11:—x};} e 7[ql.

1 —xy

Limiting cases of this identity yield the following

(56) D(x):—D(i):—D(l—x):D(l1 ):D(l—l):—D( X )

— X
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for any x € C\ {0, 1}; recall that also
(57) D(x) = —D(x)
Weleta = (1++/—7)/2 and b = a and consider
n=V(a',b)—V(2,b) —V(b,b*)+2V(—a ', —b) — 2V (=b, —b*).

Using (56) and (57) repeatedly one may check that D(§) = D(n) and hence by (55)
D(&) = 0 as claimed.

13 Concluding Remarks

As we have pointed out, because the formula (8) of Proposition 1 involves only o on
the unit circle, the fields that appear in Theorem 1 are necessarily of even degree and
with Galois group a subgroup of the hyperoctahedral group C,?S,,. It would be inter-
esting to obtain formulas relating m(P) to (r(2) for other fields. Some such examples
have been obtained in the course of the investigation described in [Bo5], where the
measures m(P(x, y)) of the “A-polynomials” of certain hyperbolic 3-manifolds have
been evaluated as sums of dilogarithms of algebraic numbers obtained from repre-
sentations of the fundamental group of the manifold into SL(2,C). The terms in
these sums are interpreted as “pseudovolumes” of the manifold in question. A sim-
ple example, related to the complement of the knot 5, is the polynomial

(58) P(x,y) = " + 2 (x> — x> +2° +26° —x") + p(—1+2x+ 26> — y* + y°) + 1.
It can be shown by the methods of [Bo5] that
7m(P) = vol (5;) = 3D(«v) = 2.8281220883 - - - ,

is the volume of the manifold in question. Here « is the complex root of f(x) =
x® — 3x* +2x — 1 with Im(av) > 0. Notice that || # 1. If F = Q(«) then Ap = —23

and if 32
3(23 2
7= 3@TGR) G s00365366. -
2375
then

where here again the multiplier is known to be rational and is numerically equal to 6
to 50 decimal place accuracy.

Another example is constructed from the manifold m019 of the survey [HW].
From the A-polynomial of this manifold we derive

P(x,y) = x4y4 +x3(—y8 — y7 —I—Zy6 -1—2}/5 — 5)/4 — y3)
(60) +( 2 =y 2yt =y 2y 4 y)
+x(—y° =5y +2y° +2y2 —y — 1) + L.
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p q
F, 1
F, F,
F, Fio
) Fs
F FFs

F2FsFs FF?
F?F2F, FF}

F, F
F3 1
F3 F6
F F,Fq
F F2F;
Fs F\F,
Es E2Fs
F? Fs
F3 Fg
F? FF,
F3F¢Fy, F3Fs
F3F, Fi)
F3 FE,
F2F; F?
F2 F3Fyy
F2F; F2
FIF3F} FiF?
F? Fs
F3 F4
FeF}Fs E
F F;F,
F2F; FF,
F? F,Fe
E; F5Fs
F  FI’FPF,
F2F; Fio
F F,Fs

C(x)

X 4+x+1
X 4+x+1
X 4+x+1
x—xr+1
x> +2x+7
3x* + 3x% + 4x% + 3x + 3
3x* + 3x% + 4x% + 3x + 3
x+1
x*+1
X +1
xt+1
5x% + 6x+ 5
2 23 + x4+ 2x 42
2+ 223 + %+ 2x 42
26 +3x+2
2x% +3x+2
4 +x+ 4
X'+ X" + 2x° + 5x +
4 +3x° + 2% +3x+ 4
(2 + 253 + 5% + 2%+ 2)(2x* + 3x + 2)
3x* +2x+3
3x* +2x+3
3% +2x+3
562 +x+5
5x* + 6x° + 3% + 6x+ 5
252 +x+2
252 +x+2
6x*+6x° + x> +6x+6
3x2 +4x+ 3
5x2 +2x+5
3x2 +x+3
4x* +5x+4
4x* +5x + 4
4x* +3x+ 4
5x% + 4x+ 5

Table 1: (Quadratic Fields)
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3/2
11/5
8/5
20/3
21/5
32/5

2/3
4/3
4/3
8/3

14/15
1/3
3/4
5/6
4/5
1/2

2/3
16/5
2/3

14/15
1/6
1/12
7/15
1/6
1/6
1/12
1/18
6/7
1/30
1/36
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p q C(x) Ap s
F3F; 1 X +3° +3x7 +3x+1 =275 20/3
F} F, xP+3x° +3x +3x+1 =275 35/6
F3Fs F} x+2xd —2xr+2x+1  —400 10/3
FiFs F xt 420 — 2 +2x+1  —400  25/3
F3F, F 48 —2x2+8x+1  —400 10
F2F, 1 20+ P+ 2x+ 1 —448 2
F,F; Fe 20+ P+ 2x+ 1 —448  8/3
F)? FFp x*+8x°+10x* +8x+1 —448  40/3
F; F3 45 + 72 +5x+1  —475  10/3
F5F F? A - x+l —507 2
BEFRF: F - +x+1 -507  8/3
FIFsF;  F} - +x+1 —507 106/21
FiFiFsF;  F} e —xr+x+1 —507 142/21
F; F xP+30 +xF+3x+ 1 —507  5/3
F2F, Fe 430 +xP+3x+ 1 —507 5/2

FF} F$ x4’ — 2% +4x+1 —1024 2
FS F3Fs  x*+4x° —2x* +4x+1 —1024 8/3

F,F3Fy  F° 4 -2 +x+1 1156 139/72
F3 F, xt+50° +4x* +5x+1  —1156  1/2
FF5  FF  x*+53+4x +5x+1 —1156  4/3
EF, F} A+ +4x+1 —1375 5/4
F,F; F? xt+20° +2x+ 1 -1728 1/3
Fs Fe xt 4200 +2x+ 1 -1728 1/5
FiF; F, x4 4 H4ax+1 0 —1792 1/3

FSF; F; xt+6x’ +6x* +6x+1  —2000 5/6
FI¢  FPF, x*+12° +6x>+12x+1 —2048 2
F3F, F? xP 430 +3x+1 -2312  1/8
F3F; Fe x4’ +3x% +4x+1 5616 1/12
F8F?  FiF;  x*+8°+6x*+8x+1 —6912 1/6

FS FFe  x*+6x’+3x*+6x+1 —7616 1/6
F} Fe x*+50° +5x2+5x+1  —8619 1/18
FFF:  FY  x*+6x —6x?+6x+1  —9248 1/12
F FsFrp  x*+2x> —4x?+2x+1 —9408 3/80
FF?  FFEFs x*+6x+4x>+6x+1 —9408 1/18

FSFsF;  FiF; xP+ 7 +7x+ 1 —9747  1/14
FIF3F;  F3Fs  x*+6x° —2x> +6x+1 —24336 1/36
FJFIF, FiFs xt+5x° +5x+1 —26136 1/72

FEFEF: FiF  x*+5¢ —2x*+5x+1 —168100 1/960

Table 2: (Quartic Fields)
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Again, mm(P) is the volume of m019 and this leads to

(61)

mm(P) = vol (m019) = 3D(a) = 2.4622842205 - - -

Here « is the complex root of f(x) = x* — x — 1 with Im(a) > 0. If F = Q(«) then
Af = —283 and the Galois group is Sy, so this field does not appear in Table 1. Once

?
again one finds that m(P) = 6Zr. It would be interesting to prove this and (59) by
computations in the Bloch group as in [Za2].

14 Tables

The construction of Tables 1 and 2 have been described in the preceding sections.
Recall that the quantity s is the ratio

~m(p)y —qlx) 2277 !
B 3+ |ApPCr(2)

Except for the quadratic fields of discriminants —3 and —4, where the methods of
Section 7 apply, we know that s € () but we do not have an a priori bound for its
height, so the tabulated values are the most likely value inferred from the numerical

calculations.
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