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ON THE K, GROUP OF MODULAR CURVES
FRANCOIS BRUNAULT

ABSTRACT. We construct elements in the group K4 of modular curves using the polylog-
arithmic complexes of weight 3 defined by Goncharov and de Jeu. The construction is
uniform in the level and makes use of new modular units obtained as cross-ratios of division
values of the Weierstrafl p function. These units provide explicit triangulations of the Manin
3-term relations in K5 of modular curves, which in turn gives rise to elements in K. Based
on numerical computations and on recent results of Weijia Wang, we conjecture that these
elements are proportional to the Beilinson elements defined using the Eisenstein symbol.

1. INTRODUCTION

The motivic cohomology of algebraic varieties is a fundamental invariant which appears, for
example, in the statement of Beilinson’s general conjectures on special values of L-functions.
However this invariant is very difficult to handle in general: no universal recipe is known
to produce non-trivial elements in motivic cohomology. At the same time, finite generation
results (for varieties defined over number fields, and in the right degree and twist) seem to
be completely out of reach in general.
Let us describe in more detail the situation for fields. Recall that for a field F', the mo-
tivic cohomology group H',(F,Q(n)) is isomorphic to the Adams eigenspace Kéz)ﬂ(F ) of
Quillen’s K-group Ky, ;(F)®Q. The groups Ko(F') and K;(F) are isomorphic to Z and F'*
respectively. The group Ky(F') is described by Matsumoto’s theorem, which gives generators
and relations for this group:

X Ry X
(r@(1—2z):2e F\{0,1})
The class of © ® y in K3(F') is denoted by {z,y} and is called a Milnor symbol. The
relations {z,1 — x} = 0 are called the Steinberg relations. The group K3(F') has a Milnor
part, generated by symbols {z,y, z}, and an indecomposable part which is isomorphic, after
tensoring with @, to the Bloch group of F' (Suslin’s theorem; see [11, Theorem 1.13]).
It turns out that the higher K-groups of F' are much more difficult to deal with, as they
are not described by generators and relations. However, for any weight n > 1, Goncharov
has defined in [11] a polylogarithmic motivic complex I'(F;n) whose cohomology in degree
1 <14 < nisexpected to compute H'(F,Q(n)). In this direction, Goncharov has constructed
a map from motivic cohomology to the cohomology of I'(F;n) ® Q when n < 4 (see [11] for
n =3 and [15] for n = 4).
These motivic complexes are quite explicit (at least in small weight) and can be used to

construct (potential) elements in motivic cohomology. In weight n = 3, de Jeu [8, Theorem
5.4] constructed a map from H*T'(F;3) ® Q to H3,(F,Q(3)) for a field F of characteristic 0.

As a consequence, he was able to construct elements in H3,(F, Q(3)) = K B (E) for certain

Ky(F) =

Date: November 8, 2020.



elliptic curves E over Q. He also checked that their images under Beilinson’s regulator map
are numerically related to L(F,3), as predicted by Beilinson’s conjecture.

In this article, we construct elements in K, of modular curves using Goncharov’s motivic
complex in weight 3. One key ingredient is a new construction of modular units which are
solutions to the S-unit equation for the function field of a modular curve, where S is the set
of cusps. Another ingredient is given by the Manin 3-term relations in K5 of modular curves,
proved in [4] and [14]. Here we make explicit the Steinberg relations underlying them, and
explain how to use this to build elements in K.

We also devise a method to compute numerically using PARI/GP the image of our K,
elements under Beilinson’s regulator map. The approach is different from [7, 8] in that we
integrate the regulator 1-form along Manin symbols, instead of integrating it against a cusp
form. This enables us to check numerically Beilinson’s conjecture on L(E,3) for elliptic
cuves E of small conductor.

Special elements in K4 of modular curves have already been defined by Beilinson [1] through
a different method, using his theory of the Eisenstein symbol. Our computations lead us
to conjecture that our elements coincide (up to a simple rational factor) with the Beilinson
elements. Since the regulators of the Beilinson elements are known to be related to L-values,
proving this conjecture would have interesting consequences, concerning for example the
Mahler measure of certain 3-variable polynomials like (1 4+ z)(1 4 y) + z; see [6, Chapter §]
and [18].

The outline of this paper is as follows. In Section 2, we recall Mason’s theorem giving a
bound on the degree of solutions to the S-unit equation for curves. Section 3 introduces
the modular units u(a, b, ¢, d) as cross-ratios of division values of the Weierstral ¢ function.
Section 4 contains an “effective” proof of the Manin relations in K»(Y (N)) ® Z[Z5], which
are then used in Sections 5 and 6 to construct the elements in K;(Y (N)) ® Q. In Sections 7
and 8, we explain how to compute numerically the regulators of these elements. Finally, we
formulate in Section 9 the conjecture relating our elements and the Beilinson elements.

Acknowledgements. I would like to thank Emmanuel Lecouturier for asking me for a more
natural proof of the Manin 3-term relation in K5, and for his help in the last step of the
proof of Theorem 4.1. I am also grateful to Spencer Bloch for asking me about an explicit
triangulation of the 3-term relation, and to Andrea Surroca for interesting discussions around
the S-unit equation. Finally, I would like to thank my colleagues for fruitful exchanges,
among them Vasily Golyshev and the International GdT in Paris, Matilde Lalin, Riccardo
Pengo, Jun Wang, Weijia Wang and Wadim Zudilin.

2. THE S-UNIT EQUATION FOR CURVES

Let X be a smooth connected projective curve over C. Let S be a finite set of closed points of
X. The S-unit equation for X is the equation f+g¢g = 1, where f, g are non-constant rational
functions on X whose zeros and poles are contained in S. Geometrically, this amounts to
find the non-constant morphisms f: X\S — P'"\{0, 1, 0o}.

Solving the S-unit equation for curves has two potential applications:

(1) Prove relations in K5 of curves;

(2) Construct elements in Ky of curves.
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Namely, each solution (f, g) to the S-unit equation provides the Steinberg relation {f,g} =0
in the group K5(X\S). Moreover, as we shall see in the case of modular curves, relations in
K5 can be used to construct elements in Ky; see Section 6.

We first recall the following bound on the degrees of the solutions to the S-unit equation,
due to Mason [19, p. 222].

Theorem 2.1. If (f,g) is a solution to the S-unit equation for X, then deg(f) < 2gx —2+
|S|, where gx is the genus of X.

Corollary 2.2. The set of solutions to the S-unit equation for X 1is finite.

Proof of Corollary 2.2. By Theorem 2.1, there are only finitely many possibilities for the
divisors of f and g. Moreover, if (f, g) is a solution, then g must vanish at some point p € S,
which implies f(p) = 1. This shows that for a given divisor D, there are only finitely many
solutions (f, g) such that div(f) = D. O

As I learnt from A. Javanpeykar [16], the finiteness of solutions to the S-unit equation for
curves can also be proved using the De Franchis-Severi theorem for hyperbolic curves.

The proof of Corollary 2.2 above actually provides an algorithm to find all the solutions to
the S-unit equation. I implemented this algorithm in Magma [3]. In the case of elliptic
curves, one may view this algorithm as an extension of Mellit’s technique of parallel lines
[20]. Namely, the rational functions appearing in [20] have degree at most 3, while here the
degree is arbitrary. Of course, looping over the possible divisors becomes impracticable when
the cardinality of S or the Mason bound is large.

Regarding the S-unit equation, here are some interesting situations:

e X =Pl and S = {0,00} U uy, where py denotes the Nth roots of unity;

e X = F is an elliptic curve, and S is a finite subgroup of F;

e X is the Fermat curve with projective equation % + ¥ = 2V, and S is the set of
points with one coordinate equal to 0;

e X is a modular curve, and S is the set of cusps of X.

In this article, we will concentrate on the case of modular curves.

3. THE MODULAR UNITS u(a, b, c,d)

We denote by H the Poincaré upper half-plane. Let N > 1 be an integer. For any a =
(a1,a2) € (Z/NZ)?, a # (0,0), we define
( ) ( a7 + a2>
a\T) = T,
o o N

where  is the Weierstra8 function. We have the transformation formula @,|oy = @, for
any v € SLy(Z), where |5 denotes the slash action in weight 2. In particular g, is a modular
form of weight 2 on the principal congruence subgroup I'(V).

Since the Weierstra3 p-function has a double pole at the origin, we also set gy = co. Note
that since p is even, we have p_, = @, for every a € (Z/NZ)>.

Definition 3.1. Let a, b, c,d be distinct elements of (Z/NZ)?/ + 1. We define

@c_pa;@d_@a
£e — b ©d — b

(Tt €H),

u(a, b, C, d) = [@m by e pd] =
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Recall that a modular unit for a congruence subgroup I' C SLy(Z) is a non-zero meromorphic
function on I'\'H whose zeros and poles are concentrated at the cusps.

Lemma 3.2. The function u(a,b,c,d) is a modular unit for T'(N).

Proof. 1t is a well-known fact from the theory of elliptic functions that p(7,z2) = (7, 2’) if
and only if 2’ = +2 mod Z + 7Z. It follows that u(a, b, ¢, d) is holomorphic and non-vanishing
on H. The modularity of u(a, b, ¢,d) follows from that of the p,’s. O

Modular units of the form (p, — ©5)/(pc — pa) are called Weierstral units and have been
investigated in the literature [17]. Here u(a, b, ¢, d) is a quotient of two Weierstrafl units but
is not a priori a Weierstrafl unit.

Note the following transformation formula:

u(a, b, ¢, d)ly = u(ay, by, ey, dy) (v € SLa(Z)).
Notation 3.3. For any distinct elements a, b, ¢,d in (Z/N7Z)/ + 1, we write
uy(a, b, c,d) = u((0,a),(0,b),(0,c), (0,d)).

Since row vectors of the form (0,a) are fixed by the matrix (}1), the function u;(a,b, ¢, d)
is a modular unit for the larger group I'1 (V).
The definition of u(a, b, ¢, d) as a cross-ratio makes it clear that

u(a,b,c,d) +u(a,c,b,d) = 1.

It follows that wu(a, b, ¢, d) is a solution to the S-unit equation for the modular curve X (),
where S is the set of cusps. Since a,b,c,d are arbitrary, this provides us with plenty of
solutions, of the order of N®/64 (taking into account that permuting a, b, c, d gives rise to 6
distinct units).

It turns out that these modular units have remarkably low degree. Here are a few facts in
the case of the modular curve X;(N).

(1) For N > 5 prime, the Mason bound is equal to 2gx,n) — 2 + |cusps| = (N? — 1)/12.

(2) For N prime, 7 < N < 300, N # 31, the lowest degree among the units u(a, b, ¢, d)
is attained for the quadruplet (a,b,c,d) = (1,2,3,5).

(3) Up to composing by an homography, the unit u;(1, 2, 3,5) is equal to the unit F;/Fg
studied by van Hoeij and Smith in [25]; they prove that deg(F;/Fg) = [11N?/840]
for N > 7 prime, where [-] denotes the nearest integer.

(4) In fact, for N > 7 prime, the unit u;(1,2,3,5) yields the lowest known degree for a
non-constant map X;(N) — P! except for N € {31,67,101}, where the lowest known
degree is one less [9, Table 1].

(5) For N prime, 7 < N < 300, the highest degree among the u;(a, b, ¢, d) is attained for
the quadruplet (0,1,3,4), the degree being [N?/35].

We now return to the general case, namely the curve X (/NV), and explain how to express
u(a, b, c,d) in terms of Siegel units. For a = (a1,a) € Z*, a # (0,0) mod N, consider the
following infinite product

(1) Ya(T) = H(l —e(nt + —GITA—; a2)) H(l —e(nt — —alTA—}_ a2)) (1 €H),

n>0 n>1
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with e(z) = exp(2miz). To ease notations, we write ¢* = e(ar) for any 7 € H and a € Q.
We also denote (y = ¢*™/V. Yang considered in [27] the following function

(2) Ey(r) = ¢ /M (7),
where By(x) = 2® — x + ¢ is the Bernoulli polynomial. One can show that

_ —az _
(3) Ea1+N,a2 - _CN Ea1,a2> Ea1,a2+N - Eal,az'

In the case 0 < a; < N, the function F, is, by definition, nothing else but the Siegel unit
ga, where @ is the image of a in (Z/NZ)?. However, it will be convenient to allow arbitrary
values of a;. The relation (3) gives immediately

(4) Ea1,a2 = (_C]?/%)Lal/]\” " Yaraz-
For any x € (Z/NZ)?, x # (0,0), it is known that ¢!*" is a modular unit on X (N).

T

Proposition 3.4. Let a,b,¢,d be distinct elements of (Z/NZ)?/ £1. We have

U((Z B c (j) _ Ec+achaEd+bEd7b _ C . gEJrELgEfELgJ—H_)ch—l_J
Y EowBe yEaroEyq 95+595759c7+agd_—a,

where a,b,c,d are arbitrary representatives of a,b,é d in Z?, and the root of unity C is
determined by (4).

Proof. By [23, Corollary 1.5.6(a) and Theorem 1.6.4], we have

) — ) = —(970) 20 /N b2 _on 4_’Ya+b(7)7a—b(7)
fa(r) = u(r) = = mif NG [0 =)' S

It follows that the Weierstrafl units can be expressed as

(5) $a — — ba—d2 ECH‘IIEafb ESEC% .
9c—9a E2E} EcpaBed

The definition of u(a,b, ¢, d) as a quotient of two Weierstrafl units gives the result. 0

Remark 3.5. We take this opportunity to point out a mistake in [4]: the first equation of
p. 288 is off by a root of unity. This root of unity can be determined from (4) and (5).

From now on, we will consider the modular curves Y (V) and Y;(N) as algebraic curves
defined over Q. We recall that the field of constants of Y (V) is Q((y), and that Y (N)(C)
is a disjoint union of copies of I'(N)\H indexed by (Z/NZ)*.

Proposition 3.6. Let a,b,c,d be distinct elements in (Z/NZ)*/ £ 1. The unit u(a,b,c,d)
belongs to O(Y (N))*.

Proof. The group O(Y(N))* can be identified with the group of modular units for I'(NV)
whose Fourier expansion at oo has coefficients in Q((y). Proposition 3.4 shows that this
holds for u(a, b, c,d). O

Proposition 3.7. Let a,b,c,d be distinct elements in (Z/NZ)/ £ 1. The unit uy(a,b,c,d)
belongs to O(Y1(N))*.
5



Proof. Since Ey 4 = go,., Proposition 3.4 shows that

(6) ui(a,b,c,d) = 9o.c+a90.c~ago.d+b90.d—b
90,c+b90,c-90,d+a90,d—a

Since the cusp 0 € X1(V) is defined over Q, it suffices to show that the Fourier expansion
of uy(a, b, c,d) at the cusp 0 is Q-rational. By [5, Lemma 4|, we have

1 - TIT
gO,x(_;) = —le /Ng:c,0<7_)>
where Z is the representative of x satisfying 0 < & < N. Replacing in (6) gives

1 ; Je+a,09c¢—a,09d+b,09d—b,0
U1<(l,b, ¢, d) (__) _ ewza/N c+a,09¢c—a,05d+b, S (r
T 9e+b,09¢—b,09d+a,09d—a,0

Y

where o € Z is congruent to 0 modulo N, hence e™*/N = 41. We conclude by noting that
gz, has rational Fourier coefficients. O

4. THE MANIN RELATIONS IN K,

We begin by recalling the classical Manin relations in the homology of modular curves. For
any two cusps a # 8 in P1(Q), the modular symbol {a, 3} is the hyperbolic geodesic from a
to 8 in H. For any congruence subgroup I' of SLy(Z), the symbol {a, §} defines an element
of the first homology group of I'\H relative to the cusps. It is known that this group is
generated by the Manin symbols £(g) = {g0,goo} with g € T'\SLy(Z). They satisfy the
following relations:

£(9) +£&(g0) =0,  &(9) +&(gm) +E&(g7%) =0,

where the matrices o = (¥ ') and 7 = ((1) j) have order 4 and 3, respectively.

We now state the main result of this section. Consider the modular curve Y (N). Recall that
the Siegel units g, with a € (Z/NZ)* belong to O(Y(N))* ® Z[z] (by convention, we put
goo = 1).

Theorem 4.1. For any a,b,c € (Z/NZ)? such that a+ b+ c =0, we have

(7) (s g} + {000} + {00 ga} =0 in Kx(Y(N) ® Z[GLN].

Theorem 4.1 was previously known with Q-coefficients; see [4] when (N, 3) = 1, and [14] in
general. The analogy with the Manin 3-term relations goes as follows: for any two row vectors

z,y in (Z/NZ)?, consider the matrix M = (5) with rows x and y, and let p(M) = {g4, g, }-

Then the relation (7) is equivalent to p(M) + p(tM) + p(72M) = 0 with M = (_ab) (here

we use the relation g_, = g,).

We will actually need a more precise version of Theorem 4.1, where the Steinberg relations
underlying (7) are made explicit. This will be a key ingredient in the construction of elements
in K4(Y(N)).

Notation 4.2. For any distinct elements a,b, ¢,d in (Z/NZ)*/ £ 1, define
§(a,b,c,d) = u(a,b,c,d) Au(a,c,b,d) € NA>O(Y(N))*.
6



Since u(a, ¢, b,d) = 1 —u(a,b,c,d), the image of d(a, b, ¢, d) in Ko(Y (N)) is trivial. If a, b, ¢, d
are not distinct, we put d(a, b, ¢, d) = 0.

Theorem 4.1 will be a consequence of the following theorem.

Theorem 4.3. Let G be a subgroup of (Z/NZ)?, and let a,b,c € G with a+b+c=0. We
have the following equality in A*O(Y (N))* ® Z[ %]
(8)

Ga NGyt Gy NGe+ ge N\ gy = |G]Z§O r,a—2x b—i—x)
zeG

Z (5(0, a,b+2x,y) —6(0,b,a + 2z,y) — 6(0,a + b, b + 2z, y))
z,yeG
In the case |G| is odd, this simplifies to

L1
4GP

ZéOxa x,b+ ).

(9) ga/\gb+gb/\gc+gc/\ga=‘
xEG

We call (8) and (9) triangulations of the Manin 3-term relation in K5. Note that the group
G is arbitrary. For example, we may take G = {0} x Z/NZ when working with the modular
curve Y (V).

Proof. Using Proposition 3.4 and expanding, we get
6(a,b,c,d) = (gera9e—a  garvga—b) N (GbraGo—a * JdrcGd—c)
+ (Gb+aGb—a * atrei—c) N (GesvGe—b * ataJd—a)
+ (9e+b9e—b * Ga+a9d—a) N (GetaGe—a - Ga+bGa—b)
(10) = @(a,b,c) + p(c,d,a) + p(b,a,d) + ¢(d, c,b)
where we have set

90(177 Y, Z) = G:1292—2 N\ GytaGy—z + GytaGy—z N 9ety9o—y + GotyGo—y N GotaGz—z-

We can check that p(o(z,y,2)) = e(0)p(z,y,2) for every permutation o of (z,y,2). It
follows that d6(a, b, ¢, d) is also antisymmetric with respect to (a, b, ¢, d).

Lemma 4.4. For any y,z € G, we have ) . ¢(z,y,z) = 0.
Proof of Lemma /./. A simple computation shows that the sum simplifies to

Z 90 z,y, Z = Z 924292z A Gy+aGy—x = 2 Z 9zta A Jy+x + Geta N y—z-
zeG zeG zeG

Note that the expression S(a,b) = > Guta N Gats is antisymmetric in a and b. But
changing variables 2’ = z 4+ a + b, we have

b) = Z ga'—b A Gz'—a = Z 9—az'—b A 9—z'—a = S(b7 CL).
z'eG z'eG
Since S is both symmetric and antisymmetric, we conclude that S = 0. U
Lemma 4.5. For any a,b,c € G, we have

v(a,b,c) = Zéabcd

dGG



Proof of Lemma /.5. Tt follows from summing (10) over d € G and using Lemma 4.4. O

Let ¥(a,b) = ga A gy + g A ge + ge A\ ga, Where ¢ is chosen so that a+b+ ¢ = 0. Our next task
is to show that 1 (a, b) is a linear combination of values of ¢. The definition of ¢ gives us

(11) p(z,y,2) =¥z 4z, —y—2) + Pz + 2,y —2) +¥(z -z, —y + ) +¥(z — 2,y + ).
Changing variables and putting a = z + x and b = —y — x, this becomes
o(x,—b—x,a—x) =9(a,b) + ¥(a,—b—2z) + Y(a — 22,0+ 2x) + (a — 2z, —b)
= (a,b) —P(—=b—2z,a) + (b + 2z, —a — b) + ¢(a — 2z, —b).

Here we used t(u,v) = (v, —u — v) = —(v,u). Summing over x € GG, we get

(12) Z o(x,—b—x,a—z) = |G| -¥(a,b) — R_p(a) + Rpy(—a — b) + R,(—D),

e
where R, (v) = > o ¥(u+2z,v).
Lemma 4.6. For any u,v € G, we have R, (v) = 1 Y., . ¢(0,v,u+ 2z).
Proof of Lemma /.0. Taking x = 0 in (11), we obtain
0(0,y,2) = 2(¢(2,9) + (2, —y)) = 2(¢(z,9) + ¥(=2,9)).

Specialising to z = u + 2z, y = v, and summing over x € G gives

Z@(O,v,u +2z) = QZw(u + 2z,v) + Y(—u — 2z, v)

zeG ze€G

:QZw(u—i—Qx,v)—|—¢(u—|—2(—x—u),v) = 4R, (v). O

zeG

Using Lemmas 4.5 and 4.6, the equation (12) becomes

1
|G|2 Z (5 a:,y)%—zé((),a, —b+2£L‘,Z/)

z,yeG

1 1
— 15(0, —a—0b,b+2x,y) — 15(0, —b,a + 2z, y))

Since 6(+a, £b, £¢, £d) = 6(a, b, ¢, d), this can be rewritten

(13)  ¥(a,b) 225mb—|—$a ,Y)
| z,yeG
416%%5 0,6+ 22,y) = 6(0,a+b,b+2z,y) = 9(0,b,a + 27, ).

We now wish to simplify the first sum. We will need some facts about the (pre-)Bloch group
28, Section 2]. Let F be a field, and let Z[P'(F)] be the free abelian group generated by the
symbols {z}, with z € P}(F).

8



Definition 4.7. The Bloch group By(F) is the quotient of Z[P!(F)] by the subgroup Ry(F)
generated by {0}, {1}2, {o0}s and the 5-term relations

Sl i dianaal}e, () € BHE)H,

i€Z/5L
where [-] is the cross-ratio, with the convention {[a, b, c,d]}s = 0 is a, b, ¢, d are not distinct.

Consider the Bloch—Suslin map

(14) §y: Z[PY(F)] — A*F*
{2}, zA(l—z) ifaz#0,1,00
? 0 otherwise

It is known that d(Re(F')) = 0, so that dy induces a map By(F) — A2F*. Now let’s take F
to be the field generated by the modular forms @,, a € (Z/NZ)*. Recall that the modular
units u(a, b, ¢, d) are defined as cross-ratios of the p,’s. Considering the associated 5-term
relations and applying the map o, we get

Z 5(ai7ai+17ai+27ai+3) =0
i1€Z/5Z
for any family (a;)iez/5z of elements of (Z/NZ)?/ £ 1. In particular:
(15) 6(v,b+z,a—2,y) +6(b+z,a—1,y,0)+a—,y,0,z)
+(y,0,2,b+x) +0(0,z,b+x,a —x) =0.
Lemma 4.8. For any o, 3, 2,t € G, we have ) . 6(a+z,8+x,2,t) = 0.

Proof. Denote this sum by S. The change of variables © — —a — 8 — x gives

S:Z(S(—ﬁ—x,—a—x,z,t):Z(S(ﬁ+a:,oz+a:,z,t):—5. O

z€eG zeG

Summing (15) over z € G and using Lemma 4.8, we obtain
Zé(w,b+x,a—x,y) = —Zé(O,x,b%—x,a—m) = Zé(o,x,a—x,b—i—x).
zeG zeG zeG

Together with (13), this proves (8). Finally, let us suppose that |G| is odd. For any a € G,
the map x — «a + 2x is a bijection of G. Therefore

Z S(k, %, a0+ 2x,y) = Z Sk, %, 2,9y) =0

z,yeG z,yeG

by antisymmetry with respect to (z,y). Therefore the second line of (&) vanishes. This
finishes the proof of Theorem 4.3. U

Remark 4.9. Thanks to the 5-term relation, every symbol {u(a, b, c,d)}s is a linear combi-

nation of symbols of the form {u(0,x,y, z)}2. However, this breaks the symmetry.
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5. THE GONCHAROV COMPLEX

We begin by recalling Goncharov’s theory of polylogarithmic complexes [10, Section 4]. Let F’
be a field, and let n > 1 be an integer. Goncharov has constructed a weight n polylogarithmic
complex T'(F;n) of the following shape:

Bu(F) = B, 1(F) @ F* = B, o(F) @ A’ F* — -+ — By(F) @ A" 2F — A"F*,

where B, (F) is defined as the quotient Z[P'(F)] by a certain subgroup R, (F) related to the
functional equations of the n-th polylogarithm. For any z € P!(F), we denote by {x} the
associated basis element in Z[P'(F)], and by {x}, its image in B, (F).

The complex I'(F;n) sits in degrees 1 to n and, after tensoring with Q, it is expected to
compute the weight n motivic cohomology of Spec F'. More precisely, Goncharov conjectures
that H'T'(F;n) ® Q = H((F,Q(n)) for every 1 < i < n; see [10, Conjecture Al.

Examples 5.1. e n=1. We have B|(F) & F* = H},(F,Z(1)).

e n = 2. The complex ['(F;2) is the Bloch-Suslin map 8, : Bo(F) — A*F* defined in
(14). The kernel of dy ® Q is isomorphic to KI*(F) ® Q = H},(F,Q(2)) (Suslin’s
theorem), and the cokernel of d, is isomorphic to K(F') up to 2-torsion (Matsumoto’s
theorem).

e n = 3. The complex I'(F; 3) is

By(F) — Bo(F) @ F* — N*F~.
Here we define By(F') = Z[P'(F)]/Ry(F) as in Definition 4.7. The differentials are
given by 6({z}s) = {z}2 ® z and d({z}. ®y) = 2 A (1 — ) Ay for any z,y in
F* (by convention § maps any expression containing {0}, {1} or {oo} to 0). We
will be interested in the cohomology in degree 2, which is expected to compute
H3 (F,Q(3)) = K (F).

e n > 4. In this case Goncharov’s conjecture says that Hi (F,Q(n)) = KQ(Z)_Q(F)
should be isomorphic to a certain subquotient of B, 1(F) ® F* ® Q.

In this article, we will be mainly concerned with the case n = 3, and F'is the function field
of a smooth connected curve Y defined over a number field k. For every x € Y, there is a
residue map from the complex I'(F; 3) to the complex I'(k(x);2) shifted by —1:

Bs(F) — Bo(F) @ F* ——— A3F>

(1) Jn= [

B Ba(k(x)) — P Ak(x)*.

zeY z€Y

In degree 2, the residue map is given by the formula Res,({f}2 ® g) = ord,(¢9){f(x)}s for
any rational functions f,¢g on Y. Then Goncharov [11, 1.15] defines the motivic complex
['(Y; 3) as the simple complex associated to the double complex (16). In particular, we have

H2T(Y;3) 2 ker (HQP(F; 3) 1 D Bg(k(x))>.
zeY
It is expected that the residue maps above are compatible with the localisation sequence in

motivic cohomology. In particular, we expect H?T'(Y;3) @ Q = H3,(Y,Q(3)). In fact, de
10



Jeu [7, 8] has constructed a map
HT(Y;3) ® Q —— H3,(Y,Q(3))

and Goncharov [12] has constructed a map in the other direction. Moreover, there exists a
regulator map for the complex I'(Y’; 3) which is compatible with the Beilinson regulator map
on motivic cohomology; see [8] and [13].

We may now describe our strategy to construct elements in H3,(Y,Q(3)). We assume that
Y = X\S where X is smooth projective, and S is finite. The idea is to approximate the
Goncharov complex I'(Y; 3) by a certain subcomplex where all the functions involved are
supported in S (that is, their zeros and poles are contained in S). In order for the differential
of the symbol {f}2 ® g to make sense, we need the condition that both f and 1 — f are
supported in S. That is, the function f must be a solution to the S-unit equation for X.
The important point is that the subcomplex will consist of groups which are (essentially) of
finite rank, hence we may do the linear algebra.

In more detail, let F' be the function field of X. We denote by O(Y)* the subgroup of F*
consisting of the functions that are supported in S. Let U be the set of rational functions f
on X such that both f and 1 — f belong to O(Y)*. Consider the following complex:

Ts(Y;3): Z[U] — Z[U] ® O(Y)* —— A3O(Y)*

where, as above, the differentials are given by 6({f}3) = {f}2 ® f and §({f}2 ® g) =
f A= f)ANg. Note that the set U is finite by Corollary 2.2. Moreover, after modding
out by the non-zero constants, the group O(Y)* is of finite rank. Therefore all the groups
occurring in I's(Y; 3) are essentially of finite rank.

There is a natural morphism of complexes I's(Y'; 3) — I'(F; 3) and since all the functions in-
volved are supported in .S, this morphism takes values in the subcomplex I'(Y’; 3). Therefore,
we get natural maps

(17) HT5(Y33) © Q —— HD(Y:3) ©Q —— H3,(Y,Q(3)).
This strategy can already be implemented to construct elements in K, of a given curve. In

the rest of the article, we will consider only the case of modular curves.

6. CONSTRUCTION OF THE ELEMENTS IN K

In this section, we explain how to construct elements in K4(3) (Y(N)) =2 H3, (Y(N),Q(3)).
We actually work in the following more general setting. Let G' be any subgroup of (Z/NZ)2.
The group GLy(Z/NZ) acts by right multiplication on the set of row vectors (Z/NZ)?. Let

I'c={y€GlLy(Z/NZ) :Vg € G, gy = g}.

We may then consider the modular curve Y (I'¢) := I'¢\Y(N). For example, the group
G = {0} x (Z/NZ) gives rise to the usual modular curve Y;(N), since we have I'c = {(§ 1)}
Let S be the set of cusps of Y (I'¢).

Construction 6.1. Let a,b,c € G with a + b+ ¢ = 0. Write the triangulation (8) (or (9)
when |G| is odd), as follows:

Ga NGo+ G N Get e Nga =D mi-u; A(L— ;)

11



with coefficients m; € Q, and modular units u; € O(Y (I'¢))*. Then the element
(o) =3 mi{ulo ()
is a cocycle in the Goncharov complex FS(Y(Fg); 3) ® Q. Indeed, we have
6¢c(a,b) Zml u; A (1 —u;) A <?> = (Ga NG+ G N Ge+ ge N ga) A (%)

—gc/\ga/\gb—gbAgc/\ga = 0.
Hence, using the map (17), {c(a, b) defines an element in H3, (Y (I'g), Q(3)).
Note that the cohomology class £(a, b) depends a priori on the triangulation.
Notation 6.2. For a,b € (Z/NZ)?, we write

£(a,b) == Euynzy2(a,b) € H3,(Y(N),Q(3)).
For a,b € Z/NZ, we write

fl(a,b) = f{o}x(Z/NZ)((Oaa)7 (075)) € H/Qvt(Yl(N)a@(?’))-
For example, if N is odd, we have

&(a,b) = % Z {u(0,z,a —x,b+ )} ® <9—2>,
©€Z/NT.

with the convention {u(z,y, z,t)}s = 0 if x,y, 2, t are not distinct in (Z/NZ)/ £ 1.
We will show in the next sections that the elements & (a,b) are non-trivial by computing
numerically their regulators.
We say that & (a,b) extends to X;(V) if the residues of &i(a,b) at the cusps are trivial,
in other words &;(a,b) defines an element of H3,(X;(N),Q(3)). We now give a sufficient
condition for &;(a,b) to extend to X;(N).

Lemma 6.3. If N = p or N = 2p with p prime, then & (a,b) defines an element of
H3,(X1(N),Q(3)) for every a,b € Z/NZ.

Proof. Let N be arbitrary. A set of representatives of the Galois orbits of the cusps of X;(N)
is given by the cusps 1/v with 0 < v < N/2. Among them, the real cusps are given by v = 0,
v = N/2 (for even N), and the integers 0 < v < N/2 such that ged(v, N) € {1,2}. It follows
that in the cases N = p and N = 2p with p prime, all the cusps are totally real. But for a
totally real number field k, we have H},(k,Q(2)) = 0 by Borel’s theorem, hence the residues
are automatically trivial. 0

In general, the elements & (a,b) do not always extend to X;(NN), as can be shown in the
particular cases N = 15 and N = 21.

Nevertheless, we can modify the elements as follows. Let us return to the general situation
where G is any subgroup of (Z/NZ)?. To ease notation, write Y = Y (I'g) and X = X (T'g).
Denote by S the set of cusps, seen as a closed subscheme of X. We have the following
localisation exact sequence in motivic cohomology:

H34(S,Q(2)) — Hy (X, Q(3)) = Hiy (Y, Q(3)) — Hy (S, Q(2)) — H, (X, Q(3))
The first group is zero by Borel’s theorem, hence we may view H3,(X,Q(3)) as a subspace

of H3,(Y,Q(3)). .



Proposition 6.4. The map H3,(X,Q(3)) — Hi(Y,Q(3)) admits a natural retraction.

Proof. Let k be the field of constants of X, and let k’/k be the splitting field of S. Since
motivic cohomology with Q-coefficients satisfies Galois descent, it suffices to prove that
H3(X,Q(3)) — H3(Yi,Q(3)) has a retraction that is Gal(k'/k)-equivariant. Write
i: Sy — Xy and 7: X — Speck’. We have the following diagram

0 — H},(Xp,Q(3)) — Hi(Yw,Q(3) == 5 HM (K, Q(2) Ly H3, (X, Q(3))

zeS(k')
S f*
(K, Q(2))
where the first row is exact, and the diagonal arrow X is the sum map. Define
T = (Hy(K,Q(2)UO(Y)*) C H3, (Y, Q(3)).

We have Res(AUu) = A@div(u) for any A € H3(k',Q(2)) and any modular unit u € O(Yy)*.
By the Manin—Drinfeld theorem, the cusps of X are torsion in the Jacobian of X. This
implies that Res(7T") = ker(X). We then claim that

Hiy(Yir, Q(3)) = Hiy (X, Q(3)) & T.
The fact that H3,(Yi,Q(3)) is generated by H3,(Xy, Q(3)) and T follows from the locali-
sation sequence above. Now consider the composite map
Hy(K,Q(2))  0(Ve)* =T =% (P Hu(K,Q(2)).
zeS(k')

The kernel of this map is H,(k',Q(2)) ® k’*. Therefore the intersection of H3,(Xy, Q(3))
and T is contained in H3,(k,Q(3)), which is zero by Borel’s theorem. Finally, we note that
T is stable under Gal(k’/k), hence the retraction descends. O

Notation 6.5. For a,b € G, we denote by £ (a, b) the image of £;(a, b) under the retraction

We now study how the elements £;(a, b) and £ (a,b) depend on the triangulation. Say we
have two triangulations

ga/\gb+gbAgc+gc/\ga:Zmi'ui/\(l_ui):an'vj/\(l_vj)'
i J

Let F' be the function field of Y (I'¢). Then
A= Zml{ul}g - an{ﬂj}g S H/lvl(F,Q(Q))
i J

Merkurjev and Suslin formulated a rigidity conjecture [21, Conjecture 4.10] which implies
the following statement.

Conjecture 6.6. We have an isomorphism Hj,(F,Q(2)) = H,(k,Q(2)), where k C F is
the field of constants of F'.

Remark 6.7. This statement is also implied by Beilinson’s conjecture for the L-value of the

motive h’(X(T'¢)) at s = 2, together with the localisation sequence.
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Assuming A € Hj(k,Q(2)), we see that the element A U (g5/g,) is killed by the retraction
of Proposition 6.4. Therefore we have shown:

Proposition 6.8. Assuming Conjecture 6.0, the element £/(a,b) € H3(X(Tg), Q(3)) does
not depend on the triangulation.

Finally, we investigate how our element £ (a,b) depend on G. It will be convenient to work
with the tower of modular curves Y (N). First note that for (a, ) € Z?, the Siegel unit
9(a,3) mod N depends only on the class of (§;, %) in (Q/Z)*. In this way, we may define the
Siegel unit g, for any x € (Q/Z)?, which lives in the direct limit
O(Y(00))* ® Q := lim O(Y/(N))* @ Q,

N>1
where the transition maps are the pull-backs associated to the canonical projection maps
Y(N') = Y(N) for N dividing N'.
Now, let a,b be two elements of (Q/Z)?. Choose a finite subgroup G of (Q/Z)? containing
a and b, and choose an integer N > 1 such that G is killed by N. Then G identifies with
a subgroup of (Z/NZ)?, and we have defined above elements &g (a,b) € H3,(Y (T'g), Q(3))
and &;(a,b) € H3(X(I'g),Q(3)). Since X(I'¢) is a quotient of X (N), this gives rise to an
element of

H2,(X (50), Q(3) 1= limy H3,(X(N), Q(3)),

N>1

where the transition maps are defined as above.

Proposition 6.9. Assuming Conjecture 6.0, the image of {(a,b) in H3,(X (00),Q(3)) does
not depend on G and N.

Proof. This follows from the independence of the triangulation proved in Proposition 6.8. [

The idea of taking the cohomology at infinite level will be used in Section 9, when trying to
compare with the elements in K, constructed by Beilinson.

To conclude this section, let us mention that the elements &, (a, b) also satisfy the analogue
of the Manin relations.

Proposition 6.10. Let G be a finite subgroup of (Q/Z)?. Assuming Conjecture 6.6, we have
§ala,b) = §(+a, £b) = (b, a) (a,b € @)
Ea(a,b) + E4(b ) + Eg(c,a) =0 (a,b,c€ G, a+b+c=0).

Proof. We give the proof for the 3-term relation, as the others are treated similarly. Write

T(a,b) = ga A Go+ Go N Ge + Ge A Ga = D mi - u; A (1 — wy).

Note that T'(a,b) = T'(b,¢) = T(c,a). Therefore

€ola.b) +&olb ) + Eole.a) = o {uh (L) =0,

Projecting onto H3,(X (00),Q(3)) gives the result. O

Proposition 6.10 gives some hope to find an inductive procedure to construct motivic elements
in the higher K-groups Kéz)_Q(X(oo)) ~ H2,(X(00),Q(n)).
14



7. COMPUTATION OF THE REGULATOR

Goncharov has defined in [13] explicit regulator maps on the polylogarithmic complexes,
which are compatible with the regulator maps on motivic cohomology defined by Beilinson.
In this section we explain how to compute numerically Goncharov’s regulator maps in the
case of modular curves. We implemented this computation in PARI/GP [22].

We first show that Goncharov’s regulator integrals are absolutely convergent in the case of
curves (Proposition 7.2 and Corollary 7.3). Then, we explain how to compute them in the
case of modular curves, using generalised Mellin transforms.

7.1. Convergence of Goncharov’s integrals. Let X be a smooth connected projective

curve over C, and let I’ be the function field of X. Let n > 3. According to Goncharov’s

theory, the motivic cohomology group H3,(F,Q(n)) should be isomorphic to a certain sub-

quotient of B, _1(F) ® F*. Goncharov constructs in [13, Theorem 2.2] a regulator map
rn(2): Byot(F) @ F* — A'(nx)(n — 1)

where Al(nx)(n — 1) is the space of (27i)" 'R-valued differential 1-forms on X which are
regular outside a finite subset of X. Concretely, for f € F\{0,1} and g € F*, we have

- n—1
(18) rn<2><{f}n1®g>:wn1<f>dargg—% a1 = 1. 1) 1og" " |l log gl

2’“3
_Z kp Lo logk Z\f\dlogm log ||,

where L, : PY(C) — (2mi)™ 'R is the single-valued polylogarithm defined in [13, 2.1], By =
%, B; = 0...are the Bernoulli numbers, and

af,g) = —log|f|dlog |g| + log |g| dlog | f].

For m > 2, the function Z,, is real-analytic outside {0,1, 00} and is continuous on ]P’l(C)

with £,,(0) = Ly,(00) = 0 (see [28, p. 413-414], where L,, = P,, for odd m, and L,,
for even m). It follows that the 1-form r,(2)({f}._1 ® g) is defined and real- analytlc out81de
the set of zeros and poles of f, 1 — f and g¢.

Lemma 7.1. Let f, g be non-zero rational functions on X. Let z = re' be a local coordinate
at p € X. In a neighbourhood of the point p, we have

alf.g) = <_10g|(9;;(f, 9)l

where 9,(f, g) = (—1)°rdr(f)erds(9) (fordp(g)/gordp(f))(p) is the tame symbol of (f,g) at p.

Proof. Write f(z) ~ az™, g(z) ~ bz" with a,b € C* and m,n € Z. A direct computation
gives

+ O(log r)) -dr + O(rlogr)df

d d
dlog f = (m + O(z))f = (m+ 0(2))% + (im + O(2))d.
Taking the real and imaginary parts, we get
(19) dlog | f| = (% +0(1))dr + O(r)do,

(20) darg f = O(1)dr + (m + O(r))de.
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On the other hand log |f| = log |a| + mlogr 4+ O(r). Putting things together, we arrive at

1 a

— (=100l

Proposition 7.2. Let f € F\{0,1} and g € F*. Let S be the set of zeros and poles of the
functions f, 1 — f and g. Let vy :1[0,1] = X be a C* path such that

(a) v avoids S except possibly at the endpoints;
(b) If an endpoint p of v belongs to S, then the argument of ~(t) with respect to a local
coordinate at p is of bounded variation when ~y(t) approaches p.

n

+ O(log r))dr + O(rlogr)df. O

Then for every n > 3, the integral fv ro(2)({f}no1 ® g) converges absolutely.

Proof. As noted above, the integrand is C'*° outside S. We are going to show the convergence
of the integral at the endpoint ¢ = 0 (the case t = 1 is identical). Let z = re? be a local
coordinate at p = v(0). Assumption (b) means that the form df is (absolutely) integrable
along v near t = 0. Moreover dr = e~*dz —ird6, so that dr is also integrable along . Using
(20), we deduce that darg g and the first term of (18) are integrable. Regarding the second
term, Lemma 7.1 and the fact that 9,(1 — f, f) = 1 give

a(l — f, f) = O(logr)dr + O(rlogr)df.

It follows that the second term in (18) has at worst logarithmic singularities, hence is inte-
grable. Finally, the integrability of the third term in (18) can be proved similarly, noting
that £,,(2) = O(|z|log™ " |z|) when z — 0 for any m > 2, and using the functional equation
Ln(1/2) = (—=1)™'L,,(2) to get the asymptotic behaviour when z — co. O

Corollary 7.3. Let X = I'\'H be a modular curve, and let u,v be modular units such that
1 — w is also a modular unit. Then for any n > 3 and any two cusps o # (3 in PY(Q), the
integral of r,(2)({u}n—1 ® v) along the modular symbol {c, B} converges absolutely.

Proposition 7.2 also holds for n = 2; in fact in this case we don’t need to include the function
1 — f in the definition of S. This follows from a similar computation, the regulator being
defined by (f, g) — log|f|darg g —log |g| darg f. As a consequence, Corollary 7.3 also holds
in the case n = 2, without assuming that 1 — « is a modular unit.

Remark 7.4. We emphasize that the integral considered in Proposition 7.2 depends on the
direction from which v approaches the endpoints. This is because the differential 1-form
ro(2)({f}n-1 ® g) may have non-trivial residues at the points of S. As a consequence, in
the setting of Corollary 7.3, the formula [ = [ f + [ g does not always hold. A convenient
framework to deal with this issue is Stevens’s theory of extended modular symbols [24].

7.2. Generalised Mellin transforms. Let u,v be modular units for I'(N) such that 1 —u
is also a modular unit. Let n > 3. For any two cusps o # 3 in P1(Q), we would like to
compute the integral

B
(21) / ra(2) ({t} s ® )

The modular symbol {«, 8} may be written as a linear combination ) .{7;0,v;00} for some

elements 7; € SLy(Z). Therefore the computation of (21) reduces to the case @ = 70 and
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B = yoo with v € SLgy(Z), together with the computation of some residues at the cusps.
Moreover, we have

[ @90 = [ @i o)

and the functions uly, v|y are also modular units. We are thus reduced to the case a = 0
and § = oco. In this case, let us write

| @00 = [~ owi

where ¢: (0, +00) — C is a C* function. We have seen in Corollary 7.3 that ¢ is absolutely
integrable. We are going to show that ¢ belongs to a specific class of functions, for which
the (generalised) Mellin transform can be computed rapidly.

Definition 7.5. Let P be the class of functions ¢: (0,4+00) — C such that

Joo & Jjo 0o
j j 1 . ,
(22) ¢(y) = Z yJ Z anj)e—%my/N’ and ¢(_) — Z yj Z bn])e—%my/N,
- Yy ‘
7=0 n=0 =0 =0

for some integers j., jo > 0, and where the sequences (ag ))nZO and (bn] ))nZO have polynomial

growth when n — oo.

By considering the asymptotic expansion, it is easy to see that the coefficients a%) and by
are uniquely determlned by ¢. Moreover, the function ¢ is absolutely integrable on (0, 4+00)
1fandonly1fa0 —Ofor]>0andb(j =0for j > 1.

Recall that the generalised Mellin transform of a function ¢ € P is defined as follows

/¢ sy_ac/¢ sy+aC/¢ sy
—oe([Toww ™) vac( [ ¢(§)y dyy),

where s € C and “a.c.” means analytic continuation Wlth respect to s. Note that the first
integral converges for Re (s) < 0 while the second integral converges for Re (s) > 0; both
have a meromorphic continuation to s € C thanks to (22).

In the case ¢ is absolutely integrable, the integral fooo ¢ = M(¢,1) is given by the following
series with exponential decay:

(23)

oSS () e 2 eSS () r (1.5

where I'(s, x) is the incomplete gamma function. So the integral of ¢ over (0,+4o00) can be
computed efficiently, provided sufficiently many coefficients a% and b are known.
The class P is a C-algebra stable under the differentiation d#‘ly. However it is not stable under

taking primitive (e.g. consider a constant function). In fact, given a function ¢ € P, we
have the following equivalence:

¢ has a primitive in P < Vn >0, b9 = bV = 0.
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We denote by P’ the image of the operator %. The criterion above shows that P’ is an ideal
of P.

7.3. Modular regulators. We are now going to show, in the case of modular curves, that
the regulators defined by Goncharov belong to P.

Lemma 7.6. For any modular unit u for I'(N), we have logu € P. In particularlog |u| € P,
and the forms dlog |u| and dargu belong to dP = P'dy.

Proof. Here logu is any determination of the logarithm of v on H. Since the group of
modular units is generated by the Siegel units g, modulo the constants, it suffices to prove
the result for them. For the asymptotic expansion of log g,(iy) when y — 400, this follows
from taking the logarithm of (1) and (2), and expanding as a power series in e 2™/N. The
expansion when y — 0 also has the correct shape since g,(—1/7) is (a root of) a modular
unit for I'(NV). O

Proposition 7.7. Let u be a modular unit for T(N) such that 1 —w is also a modular unit.
For every n > 2, we have L, (u) € P.

Proof. We will prove this by complete induction on n. For n = 2, we have Eg = 1D, where
D is the Bloch-Wigner dilogarithm [28, Section 2]. We have

dD(u) = log |u| darg(1l — u) — log |1 — u| darg(u).

From Lemma 7.6, it follows that dD(u)(iy) € dP, hence D(u) € P.
Now let n > 3. By the commutative diagram in [13, Theorem 2.2], we have

dEn(u) = Tn(2)({u}n—l ® u)
2nian_1

ma(l —Uu, 'LL) : log"_2 IU|

= iL,_1(u)dargu —

n—2

2By
o " Lo (u)log" ! |u| dlog |u|

By the induction hypothesis Em(u) belongs to P for m < n. The result now follows from
Lemma 7.6 and the fact that P’ is an ideal of P. O

Note that the proof of Proposition 7.7 provides a way to compute the Fourier coefficients of
L, (u) (inductively on n): we first compute the Fourier expansions of dZ,(u) at 0 and oo,
and then integrate term by term. The constant of integration is determined by computing
the value of En(u) at oo (note that this value is always finite), which should be equal to the

coefficient a,[()o) of the expansion.

Theorem 7.8. Let n > 3. Let u,v be two modular units for T'(N) such that 1 — u is also a
modular unit. Write

ra(2)({utn-1 ® v)lj0.00) = ¢(y)dy.
Then ¢ belongs to P.

Proof. This follows from (18), Lemma 7.6 and Proposition 7.7. O
18



In the case u = u(a,b,c¢,d) and v = g, Proposition 3.4, the equation (18) and the proof
of Proposition 7.7 actually provide an algorithm to compute the asymptotic expansion of
rn(2)({u}n—1 ®v) at 0 and oo, and thus the associated regulator integral by (23).

8. NUMERICAL VERIFICATION OF BEILINSON’S CONJECTURE

Let E be an elliptic curve of conductor N. Using his theory of Eisenstein symbols, Beilinson
has constructed elements in H3,(F,Q(3)) whose regulators are proportional to L(E,3),
confirming his conjecture for this L-value.

In this section, we investigate the regulators of our elements & (a,b) with a,b € Z/N7Z. We
explain how to compute them numerically and show that they are numerically related to
L(E,3). According to Goncharov’s theory, we should look at the following integrals

(24) / ra(2)(€1(a, 1)

~

with v € H; (Y (N)(C), Z).

Lemma 8.1. The differential 1-form r3(2)(&1(a, b)) is invariant under complex conjugation
acting on Y1(N)(C).

Proof. Let u,v € O(Y1(N))*. We have
(25) r3(2){u}es ® v) = —D(u) dargv — %a(l —u,u) - log|v|.

Let ¢ denote the complex conjugation on Y;(N)(C). Since u and v are defined over Q, we
have ¢*D(u) = D(uoc) = D(u) = —D(u) and ¢*dargv = dargv = —dargv. The other
term involving a1 — u,u) is dealt with similarly. O

By Lemma 8.1, we should restrict in (24) to cycles v that are invariant under complex
conjugation.
Also, we will not integrate over closed cycles in Y;(V)(C), but rather over Manin symbols
{70,y00} with v € SLy(Z). This means that we need to choose a representative of the
regulator of & (a,b). We do this by writing & (a, b) as the class of a cocycle ) {u;}> ®wv;, and
choosing (25) as representative for the regulator of each term. Once the differential 1-form
has been fixed, we integrate it over a cycle 77, which lies in the eigenspace corresponding to
E. Let us write

vh = n;{7;0,700} € Hi(X1(N)(C),Z)*.

J

We obtain v using Magma [3]. Here is a sample code for the elliptic curve F = 11a3:
N := 11;
M := ModularSymbols(Gammal(N), 2, +1);
Snew := NewSubspace (CuspidalSubspace(M));
Mf := NewformDecomposition(Snew);
IntegralBasis(Mf[1]) [1];

This returns

-1x{-1/2, 0} + {-1/4, 0} + -1x{7/15, 1/2}
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which means that

== (] 3k (] 3 wer- (5 ) oo

Returning to the general situation, we then compute the regulator integral (24) as follows:
/+ r3(2)(&i(a,b)) = Zn]/ r3(2) ({uilv; 2 @ vily)
B ij 0

We know that the integral fooo is absolutely convergent, and we can compute it numerically
thanks to Section 7.3. Note that u;|vy; and v;|y; are modular units for I'(N) but in general
not for I'; (V).

The results of our computations can be summarised in the following theorem.

Theorem 8.2. For every elliptic curve E of conductor N < 50, there exists a,b € Z/NZ
and r € Z\{0} such that & (a,b) extends to X1(N) and
2
? T

/ r3(2)(§1(a,b)) =N L'(E,—1)

o
to at least 40 decimal places. In particular & (a,b) is a non-zero element of H3,(X1(N),Q(3)).

The integer r in Theorem 8.2 is always equal to £3, except for the curves 38al (r = 9) and
the curves 42al,43al (r = £6). This property depends of course on how Magma normalises
the cycle v;. In any case, we have no explanation to offer.

Theorem 8.2 provides non-trivial elements in H3,(F,Q(3)) for every elliptic curve E of
conductor < 50. Moreover, their regulators are numerically related to L(E, 3), as predicted
by Beilinson.

9. COMPARISON WITH BEILINSON’S ELEMENTS AND APPLICATIONS

In this section, we will see that our elements & (a,b) seem to be related to the Beilinson
elements defined using Eisenstein symbols.

Let us recall the definition of the Beilinson elements. Let p: F1(N) — Y;(IN) denote the
universal elliptic curve. In [1, Section 3], Beilinson constructs Eisenstein symbols

Eis'(0,a) € H3(E1(N),Q(2))  (a € Z/NZ).
Taking cup-product and applying push-forward, one gets
Eis"*!(a,b) := p,(Eis'(0,a) UEis'(0,b)) € H3,(Y1(N),Q(3)).

for any a,b € Z/NZ.

We may compare the elements & (a,b) and Eis””!(a,b) by computing numerically their
regulators. More precisely, we use Magma to find a basis of H;(X;(N)(C),Q)", and we
integrate the regulators over this basis. The integral of the regulator of & (a, b) is computed
as in Section 8. The integral of the regulator of Eis®®!(a,b) is computed thanks to the
following recent result of W. Wang [26, Theorem 0.1.3].

Theorem 9.1. For any integer N and any a,b € (Z/NZ)\{0}, we have

o0 _ 3672,
/o r3(2) (Eis®®!(a,b)) = — N L' (8486, —1),
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where the §, are Fisenstein series of weight 1 and level T'1(N) defined by

s =5-{x}+ X - X am w=em),

m,n>1 m,n>1
n=z mod N n=—x mod N

where {-} denotes the fractional part.

The proof of Theorem 9.1 uses the Rogers—Zudilin method. In fact, Wang proves a much
more general statement concerning the regulators of the motivic classes Eis®™ 2 (uy, uy) for
every ki, ke,7 > 0; the formula involves the completed L-function of a modular form of
weight ki + ko + 2 evaluated at s = —j [26, Chapter 6].

The Eisenstein series §, appear in the work of Borisov and Gunnells [2, 3.18]. Moreover, the
Fricke involution Wy (8, ) is a multiple of the Eisenstein series denoted by s, in [2, 3.5]. From
this, we can use the standard Wy-trick to compute numerically the L-value L'(5,5;, —1), and
thus the regulator of Eis"*!(a, b).

The result of our computation is as follows.

Theorem 9.2. For every integer N < 28 and every a,b € Z/NZ, we have

7 N2 ) .
[ n@En) L5 [ @ ES ) i)
i i
to at least 40 decimal places, where (v;); is the basis of Hi(X1(N)(C),Q)" computed by
Magma.

Based on Theorem 9.2, we formulate the following conjecture.

Conjecture 9.3. For every integer N > 1 and every a,b € Z/N7Z, we have
N2
&1(a,b) = FEisml(a, b).

Conjecture 9.3 relates two motivic elements Eis®%!(a, b) and &, (a, b) whose constructions are
technically quite different. However, both constructions are of modular nature, so we expect
a modular proof of the relation between them.

Here is one way to approach Conjecture 9.3. Let a,b € Z/NZ. We saw in Section 6 that
conjecturally, the image of & (a,b) in the cohomology at infinite level H%,(X (c0),Q(3))
depends only of the image of @ and b in Q/Z (where the image of T € Z/NZ is defined as the
class of x/N). In fact, we may choose any level N’ divisible by N, and consider the element

£6((0,a), (0,)) € Hj, (X (o0),Q(3))
with G = (Z/N'Z)?. This class should not depend on N’. It is defined as a sum over G;
assuming N’ odd for simplicity, we have

(26) Ea(a,b) = Y {u(0,,a—ab+ o)} ® (),

zeG a

where a, b, z are seen as elements of (Q/Z)%. Note that one may view G as the full N'-torsion
subgroup of the universal elliptic curve E;(N) over Y;(NN). Applying the regulator map and
taking the limit when N’ — oo, this transforms the sum (26) into an integral along the

fibres of Ey(N) — Y;(N). This is reminiscent of the definition of Eis”%!(a,b), which is also
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obtained by integrating along the fibres of the universal elliptic curve. However, it remains
to relate these two integrals.

We finally come to one possible application of the motivic elements &;(a,b), namely for the
Mahler measure of the polynomial (1 + x)(1 + y) + 2. Recall that the (logarithmic) Mahler

measure of a polynomial P € Clzy,...,z,] is defined by
1 dzq dz,
P) = log |P(z1, .., an)| 2 Ao p 2
m(P) = s | BB IPlan )| -
where T, is the n-torus |z;| = --- = |z,,| = 1. The following conjecture was formulated by

Boyd and Rodriguez Villegas; see [6, Section 8.4] and [18].

Conjecture 9.4. We have m((1 + z)(1 4+ y) + z) = —2L'(E, —1), where E = 15a8 is the
elliptic curve of conductor 15 defined by

E:(l—i—:c)(l—l—i)(l—l—y)(l—l—i) ~1.

Lalin has shown in [18] that

(40 (1+9) +2) = 15 [ @k oy - {-yhoo)

76
where v} is a generator of Hy(E(C),Z)". The symbol £ := {—z}s @ y — {—y}2» ® = defines
an element of H3,(E,Q(3)). Moreover, the curve E is isomorphic to X;(15) and one can
show that
—x=u(1,2,3,7), —y =u(2,4,6,1).
It would be interesting to express £ in terms of the symbols & (a,b) with a,b € Z/15Z.
Conjecture 9.4 would then follow from Theorem 9.1 and Conjecture 9.3.
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