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Noncommutative Hilbert modular symbols

lvan Horozov

The main goal of this paper is to construct noncommutative Hilbert modular
symbols. However, we also construct commutative Hilbert modular symbols.
Both the commutative and the noncommutative Hilbert modular symbols are
generalizations of Manin’s classical and noncommutative modular symbols. We
prove that many cases of (non)commutative Hilbert modular symbols are periods
in the Kontsevich—Zagier sense. Hecke operators act naturally on them.

Manin defined the noncommutative modular symbol in terms of iterated path
integrals. In order to define noncommutative Hilbert modular symbols, we
use a generalization of iterated path integrals to higher dimensions, which we
call iterated integrals on membranes. Manin examined similarities between
noncommutative modular symbol and multiple zeta values in terms of both
infinite series and of iterated path integrals. Here we examine similarities in the
formulas for noncommutative Hilbert modular symbol and multiple Dedekind
zeta values, recently defined by the current author, in terms of both infinite series
and iterated integrals on membranes.
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1. Introduction

Classical elliptic modular symbols were introduced by Birch [1971] and Manin
[1972] in connection with the Birch—Swinnerton-Dyer conjecture for certain con-
gruence subgroups of SL,(Z). We recall that a modular symbol {p, ¢} is associated
to a pair of cusp points p, g € P! (Q) on the completed upper half-plane H! UP! (Q).
One can think of the modular symbol {p, ¢} as a homology class of the geodesic
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connecting p and ¢q, in H (X, {cusps}), where X is the modular curve associated
to a congruence subgroup of SL,(Z). One can pair {p, g} with a cusp form f by

q
{p,q}Xfo fdz
)4

If f is a cusp form of weight 2 then f dz can be viewed as a cohomology class
in H'(Xr). This gives a pairing between homology (Betti) and cohomology (de
Rham) that leads to periods. Modular symbols are a useful tool for studying L-
functions and in the computation of cohomology groups. For a review of such
topics, one can consult [Manin 2009].

Their theory was developed in [Manin 1972; Drinfeld 1973; Shokurov 1980;
Mazur 1973]. Later the theory was extended to higher ranks in [Ash and Rudolph
1979; Ash and Borel 1990; Gunnells 2000b].

Elliptic modular symbols are important tool in the study of modular forms.
They are particularly useful in computations with modular forms. J. Cremona
[1997] designed algorithms for computations with elliptic curves, based on modular
symbols (“modular symbol algorithms”). Some of the applications include the
computation of homology and cohomology. Also, the study of special values of
L-functions became a vast area of applications of classical modular symbols; see
[Mazur and Swinnerton-Dyer 1974; Kazhdan et al. 2000].

Later, W. Stein also contributed to the difficult area of computations with mod-
ular forms. See his excellent book [Stein 2007], which contains both theory and
computational methods. For higher-rank groups, one can consult the appendix of
this book, by P. Gunnells.

Manin’s noncommutative modular symbol [2006] is a generalization of both the
classical modular symbol and of multiple zeta values in terms of Chen’s iterated
integral theory in the holomorphic setting. Manin showed that the noncommutative
modular symbol is a noncommutative 1-cocycle. He also showed that each of the
iterated integrals on Hecke eigenforms that enter in the noncommutative modular
symbol are periods.

The main goal of this paper is to construct noncommutative Hilbert modular
symbols. However, we also construct an analog of the classical modular symbol for
Hilbert modular varieties. Both symbols are generalizations of the corresponding
constructions by Manin.

We compute explicit integrals in terms of the noncommutative Hilbert modular
symbol of type b, and present similar formulas for the recently defined multiple
Dedekind zeta values (see [Horozov 2014b]). We prove that the iterated integrals
on membranes that enter in the noncommutative modular symbol of type ¢ are
periods. We also give some explicit and some categorical arguments in support of a
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conjecture that a certain type of noncommutative Hilbert modular symbol satisfies
a noncommutative 2-cocycle condition.

Before describing our results, let us recall the noncommutative modular symbol
of Manin [2006]. Let V=d — > " | X, fi dz be a connection on the upper half-
plane, where fi, ..., f, are cusp forms and X1, ..., X,, are formal variables. One
can think of X, ..., X,, as constant square matrices of the same size.

Let J Cf’ be the parallel transport to the point » of the identity matrix 1 at the point a.
Alternatively, J;' can be written as a generating series of iterated path integrals of
the forms f;dz, ..., f dz, (see [Chen 1977] and [Manin 2006]), namely,

m b m b
J;’=1+Zx,~/ fidz+ Zx,-xjf fidz- fidz4---
i=1 a a

ij=1

Then J2J¢ = J¢. This property leads to the 1-cocycle ¢l (y) = Jy, for y € SLa(2),
which is the noncommutative modular symbol (see [Manin 2006] and Section 2
of this paper). If f1,..., fi, are normalized cusp Hecke eigenforms, then each
iterated integral appearing in the generating series Jé’ is a period. In this paper
we introduce both commutative and noncommutative modular symbols for Hilbert
modular surfaces. As it turned out we need some new tools, in comparison to the
classical modular symbols. In particular, for the noncommutative Hilbert modular
symbol we need iterated integrals in dimension higher than one. We introduce
them and study their properties in the special case of Hilbert modular surfaces
for the Hilbert modular group SL; (O ). For the Hilbert modular group, one may
consult [Bruinier et al. 2008] and [Freitag 1990]. In the case of Hilbert modular
surface, it is not possible to repeat Manin’s constructions for the noncommutative
modular symbols, since the integration domain is two-dimensional over the complex
numbers. Instead, we develop a new approach (Section 3), which we call iterated
integrals on membranes. This is a higher-dimensional analogue of iterated path
integrals. In Section 4G, we explore similar relations between noncommutative
Hilbert modular symbols and multiple Dedekind zeta values (see [Horozov 2014b]).

In Section 4, we associate modular symbols for SL, (O ) to geodesic triangles and
geodesic diangles (2-cells whose boundaries have two vertices and two edges, which
are geodesics). We are going to explain how the geodesic triangles and the geodesic
diangles are constructed. Consider four cusp points in H? U P!(K). We can map
any three of them to 0, 1 and oo with a linear fractional transformation y € GL,(K).
There is a diagonal map H'! — H?, whose image A contains 0, 1 and co. We can
take a pullback of A with respect to the map y in order to obtain a holomorphic
(or antiholomorphic) curve that passes through the given three points. If det y is
totally positive or totally negative then y* A is a holomorphic curve in H?. If det y
is not totally positive or totally negative (that is, in one of the real embeddings
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it is positive and in the other it is negative) then y*A is antiholomorphic. This
means that it is holomorphic in H? if we conjugate the complex structure in one of
the copies of H!. The same type of change of the complex structure is considered
in [Freitag 1990].

On each holomorphic (or antiholomorphic) curve y*A, there is a unique geodesic
triangle connecting the three given points. However, if we take two of the points, we
see that they belong to two geodesic triangles. Thus they belong to two holomorphic,
(antiholomorphic) curves. Therefore, there are two geodesic connecting the two
points — each lying on different holomorphic (antiholomorphic) curves, as faces of
the corresponding geodesic triangles defining the curves. There are two pairings
that we consider: the first is an integral of a cusp form over a geodesic triangle and
the second is an integral of a cusp form over a geodesic diangle. If we integrate a
holomorphic 2-form coming from a cusp form over a geodesic triangle, we obtain 0,
if the triangle lies on an holomorphic curve. Thus the only nonzero pairings come
from integration of a cusp form over a diangle or over a triangle lying on an
antiholomorphic curve.

Now let us look again at the four cusp points together with the geodesics that
we have just described. We obtain four geodesic triangles, corresponding to each
triple of points among the four points, and six diangles, corresponding to the six
“edges” of a tetrahedron with vertices the four given points. Thus, we obtain a
“tetrahedron” with thickened edges. We will use tetrahedrons with thickened edges
as an intuition for a noncommutative 2-cocycle relation (see Conjecture 4.15) for
the noncommutative Hilbert modular symbol, which is an analogue of Manin’s
noncommutative 1-cocycle relation for the noncommutative modular symbol.

Usually, the four vertices are treated as a tetrahedron and a 2-cocycle is functional
on the faces, considered as 2-chains. The boundary is defined as a sum of the 2-
cocycles on each of the faces (which are triangles). The boundary of the tetrahedron
gives a boundary relation of a 2-cocycle.

In our case the analogue of a 2-cocycle is a functional on diangles and on triangles.
And the boundary map is a sum over the faces of the thickened tetrahedron. Thus, the
faces of the thickened tetrahedron are four triangles and six diangles, corresponding
to the six edges of a tetrahedron.

We show that the geodesics on the boundary of a diangle or of a geodesic triangle
lie on a holomorphic curves y*A for various elements y with totally positive or
totally negative determinant. This implies that when we take the quotient by a
Hilbert modular group the holomorphic curve y*A becomes a Hirzebruch—Zagier
divisor [Hirzebruch and Zagier 1976]. Then we prove that the commutative Hilbert
modular symbols paired with a cusp forms of weight (2, 2) gives periods in the
sense of [Kontsevich and Zagier 2001].
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In order to construct a noncommutative Hilbert modular symbol, first we define a
suitable generalization of iterated path integrals, which we call iterated integrals on
membranes (see Section 3). We choose the word “membrane” since such integrals
are invariant under suitable variation of the domain of integration.

There is a topological reason for considering a noncommutative Hilbert modular
symbol as opposed to only a commutative one. Let us first make such a comparison
for the case of SL,(Z). The commutative modular symbol captures H;(Xr), while
the noncommutative symbol captures the rational homotopy type of the modu-
lar curve Xr. Now, let X be a smooth Hilbert modular surface, by which we
mean the minimal desingularization of the Borel-Baily compactification due to
Hirzebruch. Then the rational fundamental group of a Hilbert modular surface
vanishes: (? )o = 0 (see [Bruinier et al. 2008]). The noncommutative Hilbert
modular symbol is an attempt to capture more from the rational homotopy type
than Hz(g ) captures.

For the convenience of the reader, we first define type a iterated integrals on
membranes (Definition 3.3). They are simpler to define and more intuitive. How-
ever, they do not have enough properties. (For example, they do not have an
integral shuffle relation.) Then we define type b iterated integrals on membranes
(Definition 3.4), which involves two permutations. Type b has integral shuffle
relation (Theorem 3.21(i)), and type a is a particular case of type b.

We are mostly interested in iterated integrals of type b. If there is no index spec-
ifying the type of iterated integral over membranes, we assume that it is of type b.

Similarly to Manin’s approach, we define a generating series of iterated integrals
over membrane of type b over U, which we denote by J(U). We also define a
shuffle product of generating series of iterated integrals over membranes of type b
(see Theorem 3.21(iii)),

¢(J(Uy) xsn J (U2)) = J (U U U2),

for U;, U, disjoint 2-dimensional manifolds with corners contained in HZUPLK)
(see [Borel and Serre 1973]). This shuffle product generalizes the composition of
generating series of iterated path integrals, namely, J? J;, = Jj, to dimension 2.
Note that a similar definition is also possible in higher dimensions. Also, J(U) is
invariant under homotopy. This allows us to consider cocycles and coboundaries,
where the relations use homotopy invariance and values at different cells can be
composed via the shuffle product.

We define noncommutative Hilbert modular symbols, which we call ¢! and ¢?;
¢! is the functional J on certain geodesic diangles and ¢? is the functional J on
geodesic triangles. Conjecturally, ¢! is a 1-cocycle such that if we change the
base point of ¢! then ¢! is modified by a coboundary. Also, conjecturally, ¢? is
a 2-cocycle up to finitely many multiples of different values of c!. Also, if we
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change the base point of ¢? then ¢? is modified by a coboundary up to a finitely
many multiples of different values of ¢!. In Section 4E we give explicit formulas
in support of the interpretation of the noncommutative symbols as cocycles.

In Section 4F, we give a categorical construction, which might help to prove that
the noncommutative symbols are cocycles.

In Section 4G, we define multiple L-values associated to cusp forms, and we
compare them to multiple Dedekind zeta values (see [Horozov 2014b]).

We also briefly recall the Riemann zeta values and multiple zeta values (MZVs).
The Riemann zeta values are defined as

(=Y

n>0

where n is an integer. MZVs are defined as

1
Chisekn) = )
n

O<nj<--<ny 1 7 Mm

where ny, ..., n, are integers. The above MZV is of depth m. Riemann zeta values
¢ (k) and MZV ¢ (ky, ..., k,) were defined by Euler [1748] for m =1, 2.

The common feature of MZVs and the noncommutative modular symbol is that
they both can be written as iterated path integrals (see [Goncharov 2001a; 2001b]).
Moreover, Manin’s noncommutative modular symbol resembles the generating
series of MZV, which is the Drinfeld associator. Let us recall that the Drinfeld
associator is a generating series of iterated integrals of the type Jé’ associated to

the connection

dx dx
V=d—-—A——-B
X

1—x

on Yrp) = P! — {0, 1, 0o}. One can think of Yr(2) as the modular curve associated
to the congruence subgroup I"(2) of SL;,(Z). Then the differential forms dx/x and
dx /(1 —x) are Eisenstein series of weight 2 on the modular curve Yr(y).

Relations between MZV and modular forms have been examined by many authors.
For example, Goncharov [2001b; 2001c] considered a mysterious relation between
MZV (multiple zeta values) of given weight and depth 3 and the cohomology of
GL3(Z), which is closely related to the cohomology of SL3(Z). In the pursuit of
such a relation in depth 4, Goncharov suggested and the current author computed
the group cohomology of GL4(Z) with coefficients in a family of representations
[Horozov 2014a]. Another relation between modular forms and MZV is presented
in [Gangl et al. 2006].

Similarly to Manin’s approach, we explore relations between the noncommutative
Hilbert modular symbols and multiple Dedekind zeta values (see [Horozov 2014b]).
Let us recall multiple Dedekind zeta values. Let each of Cy, ..., C,, be a suitable
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subset of the ring of integers Og of a number field K. We call each of Cy, ..., Cp,
a cone. Then multiple Dedekind zeta values are defined as

1
N(a)'N (o +a)R - N(ayp+ -« -+ ap)fm

tk.cy,nCnlkts oo k) = Z

OliEC,'

The connection between noncommutative Hilbert modular symbols and multiple
Dedekind zeta values lies both in the similarities in the infinite sum formulas and in
the definition in terms of iterated integrals on membranes (see [Horozov 2014b]).

We consider a noncommutative Hilbert modular symbol of type b over one
diangle and compare it with (multiple) Dedekind zeta values with summation over
one discrete cone [Horozov 2014b]. However, in this case the two series look
very different. We obtain that the multiple L-values are noncommutative modular
symbols defined as J evaluated at an infinite union of diangles. We obtain that
such L-values are very similar to the sum of multiple Dedekind zeta values, in the
same way that the integrals in Manin’s noncommutative modular symbol are similar
to the multiple zeta values (MZV). Then the sum of the multiple Dedekind zeta
values is over an infinite union of cones. The idea of considering cones originated
in [Zagier 1976] and more generally in [Shintani 1976].

Classical or commutative modular symbols for SL3(Z) and SL4(Z) were con-
structed in [Ash and Borel 1990] and [Gunnells 2000a]. For GL,(Ok), where K is
a real quadratic field, Gunnells and Yasaki [2008] defined a modular symbol based
on Voronoi decomposition of a fundamental domain, in order to compute the third
cohomology group of GL,(0k). (For the Hilbert modular group SL,(Og) one may
consult [Bruinier et al. 2008; Freitag 1990].) In contrast, here we use a geodesic
triangulation of H?/ SL, (O ). We are interested mostly in 2-cells, whose boundaries
are geodesics. One of the (commutative) symbols that we define here resembles
combinatorially the symplectic modular symbol of [Gunnells 2000b]. However, the
meanings of the two types of symbols and their approaches are different.

There are several different directions for further work on Hilbert modular symbols.
First of all, the commutative Hilbert modular symbols behave well with respect to
Hecke operators. It will be interesting to extend the Hecke operators to cases of
higher equal weights (k, k). To apply Hecke operators to Hilbert modular groups
one either assumes a trivial narrow class group or one has to work with adeles.
Another possible continuation of the current work is to extend commutative Hilbert
modular symbols to the adelic setting. Then, one may try to extend these properties —
higher equal weight cusp forms and Hecke operators in the adelic setting —to the
noncommutative Hilbert modular symbols. Hopefully, the abelian Hilbert modular
symbol would lead to computational tools for cohomology of some Hilbert modular
groups with coefficients in various representations.
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For the noncommutative Hilbert modular symbols we expect that some of the con-
tinuations would be establishing the 2-categorical framework that define nonabelian
2-cohomology sets. This work would also have applications to noncommutative reci-
procity laws on algebraic surfaces. In dimension 1, we have a noncommutative reci-
procity law as a reciprocity law for a generating series of iterated path integrals on a
complex curve [Horozov 2011]. In dimension 2 we have proven both the Parshin reci-
procity and a new reciprocity for a 4-function local symbols [Horozov 2014c] defined
by the author, which are particular cases in the generating series. A 2-categorical
second cohomology set would capture algebraically the generating series of iterated
integrals on membranes needed for the general reciprocity on algebraic surfaces.

Finally, we expect that the (non)commutative Hilbert modular symbols would
be useful for studying L-functions and multiple L-functions together with their
special values.

2. Manin’s noncommutative modular symbol

In this section we recall the definition and main properties of Manin’s [2006]
noncommutative modular symbol. In this paper, Manin uses iterated path integrals
on a modular curve and on its universal cover — the upper half-plane. Our main
constructions are parallel to some extent to Manin’s approach, and for that reason
we recall it below. However, instead of iterated path integrals we introduce a new
tool — iterated integrals on membranes (see Section 3). Only this notion is adequate
for studying noncommutative Hilbert modular symbols, by generalizing the iteration
process to higher dimensions.

2A. Iterated path integrals. Here we recall iterated path integrals (see also [Parshin
1966; Chen 1977; Goncharov 2001a; Manin 2006]). In Section 3, we generalize
them to iterated integrals over membranes.

Definition 2.1. Let wy, ..., w, be m holomorphic 1-forms on H! UPYQ), the
upper half-plane together with the cusps. Let

g:00,1]1> H' UP (@),

be a piecewise smooth path. We define an iterated integral

/wla)m=// g*wl(tl)/\"'/\g*wm(tm)-
g O<ti<tr<---<ty <l

Let X1, ..., X,, be formal variables. Consider the differential equation

dF(Q) = F(Q) (X101 +- -+ Xpwm) 6]
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with values in the associative but noncommutative ring of formal power series in the
noncommuting variables X1, ..., X,, over the ring of holomorphic functions on the
upper half-plane. There is a unique solution with initial condition F(£2)(g(0)) = 1;
that is, equal to 1 at the starting point g(0). Then at the end of the path, that is, at
the point g(1), F(2) has the value

m m m
Fg(Q)=1+ZXl/w,+ ZX,-Xj/a),-a)j+ Z XinXk/a),-a)ja)k-i—---. 2)
i=1 8

i,j=1 8 i,j.k=1 8
Using the solution (2) to (1), we prove the following theorem:

Theorem 2.2. Let g1 and g, be two paths such that the end of g (i.e., g1(1)) is
equal to the beginning of g» (i.e., g2(0)). Let g1 g, denote the concatenation of g1
and g;. Then

F,g,(S2) = Fg, (§2) Fg, (€2).

Proof. The left-hand side is the value of the solution of the linear first-order ordinary
differential equation at the point g>(1). From the uniqueness of the solution, we
have that the solution along g, gives the same result, when the initial condition at
82(0) is F,, (€2). That result is Fy, (2) F,, (£2). ([

The same result can be proven via product formula for iterated integrals. We
need this alternative proof in order to generalize to higher dimensions.

Lemma 2.3 (product formula). Let wy, ..., w, be holomorphic 1-forms on C and
g1, &2 two paths such that the end of g is the beginning of g», that is, g1 (1) = g2(0).
As before we denote by g1 g> the concatenation of the paths g, and g,. Then

m
8182 i=0 Y81 82

Proof. Let g1 :[0, 1]— Candlet g;:[1, 2] — C. We consider the concatenation g g»
to be a map g1 g» : [0, 2] — C whose restriction to the interval [0, 1] gives the path g;
and whose restriction to the interval [1, 2] gives g>. From Definition 2.1, we have that

/ OTRRRYO =// (g182) w1(t) A+ A (8182) W (tm).
8182 O<ty <<ty <2

In the domain of integration 0 < #; < - - - <t,, < 2 insert the number 1. Geometrically,
we cut the simplex 0 < #; < --- <1, < 2 into a disjoint union of products of pairs
of simplices such that # € [0, 1] for k <i and # € [1, 2] for k > i. Thus, the union
is over distinct values of i fori =0, ..., m. And for each fixed i the two simplices
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are0<ty<---<ti<land 1<ty <--- <ty <2. Then we have

n
/glgz @rom = Z / . ./0<t|<-..<ti<] (gng)*wl A A - (gng)*wm(tm)
i=0

I<tiji<-<ty<2

n
:Z(// g;“wl(tl)/\---/\gi‘wi(ti))
i—0 O<ti<--<ti<l1

X (f : / & wip1(tip1) A+ /\g;a)m(tm))
I<tiyi<--<ty<2
m
:Z/wl"‘wi/wi+1"'a)m- U
i 81 82
Definition 2.4. The set of all shuffles sh(i, j) is a subset of all permutations o of

the set {1, 2, ...,i+ j} such that

o(l)<---<o(i)
and
oi+l)<---<ao(i+]).
Such a permutation o is called a shuffle.

Lemma 2.5 (shuffle relation). Let wy, ..., @, be holomorphic 1-forms on C and
let g be a path. Then

/wl...a)i/wi+l...wm: Z /a)p(l)...a)p(m),
g g oesh(i,m—i)*$

where sh(i, j) is the set of shuffles from Definition 2.4.

2B. Manin’s noncommutative modular symbol. Now let g be a geodesic con-
necting two cusps a and b in the completed upper half-plane H! U P'(Q). Let
Q={fidz, ..., findz} be a finite set of holomorphic forms with respect to a con-
gruence subgroup I' of SL,(Z) such that f1, ..., f;, are cusp forms of weight 2. Let

JP = F(Q).

As a reformulation of Theorem 2.2, we obtain:

Lemma 2.6. Jbe=Je.
The following is a direct consequence:

Corollary 2.7. Ji=h™
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Now we are ready to define Manin’s noncommutative modular symbol. Note
that there is a natural action of I on J?. If y € T then y J? is defined as J;’f CIf
f1, ..., fm are cusp forms of weight 2, then w; = f1dz, ..., w, = f, dz are forms
of weight 0, that is, they are invariant forms with respect to the group I'. Then

VJ: =Fo(o1,...,0n) =F,(g%w1, ..., 8%0n) = Fy(w1, ..., 0n) = Jf.

Let IT be the subgroup of invertible elements of C{(X1, ..., X,,)) with constant
term 1. We extend the action of T on J? to a trivial action of " on TI.

Following Manin, we present the key theorem and definition for the noncommu-
tative modular symbol:

Theorem 2.8. Let
ch(y) =T,

Then c}l represent a cohomology class in H' (T, IT), independently of the base
point a.

: 1 .
Proof. First, ¢, is a cocycle:

deh(B.y) = I3, (B- TS g )™ = I8, I = 1.

Second, c}l and c}? are homologous:
Cl( ): Ju :Jan J]/b:]ucl( )( _Ja)—l D
a\V ya b YybYya b\ VIV - Jp) .

Definition 2.9. A noncommutative modular symbol is a nonabelian cohomology
class in H!(T", IT), with representative

cay) =T,

3. Iterated integrals on membranes

Iterated integrals on membranes are a higher-dimensional analogue of iterated
path integrals. This technical tool was used in [Horozov 2014b] for constructing
multiple Dedekind zeta values and in [Horozov 2014c¢] for proving new and classical
reciprocity laws on algebraic surfaces. It appeared first in the preprint [Horozov
2006] for the purpose of noncommutative Hilbert modular symbols.

3A. Definition and properties. Let H! be the upper half-plane. Let H? be a product
of two upper half-planes. We are interested in the action of GL,(K), where K is a
real quadratic field. This group acts on H? by linear fractional transformations. It
is convenient to introduce cusp points P!(K) as boundary points of H?2.



328 lvan Horozov

Let wy, ..., w, be holomorphic 2-forms on H? which are continuous at the
cusps P (K). Let

g:[0,1> > H2UPY(K)

be a continuous map which is smooth almost everywhere. Denote by F! and F?
the following coordinatewise foliations: for any a € [0, 1], define the leaves

Fl={(t,n)el0,11*|h=a} and F>={(t;,1) €[0,11*| »=a)}.

Definition 3.1. We call the above map g : [0, 1]> — H? UP!'(K) a membrane on
H? if it is a continuous and piecewise differentiable map such that g (F 1y and g(F az)
belong to a finite union of holomorphic curves in H? U P! (K) for all constants a.

Similarly, we define a membrane of a Hilbert modular variety. Let wy, .. ., @, be
holomorphic 2-forms on Yr = H?/ " which are continuous at the cusps P'(K)/T.
Let

g:10,11* — Xr

be a continuous map which is smooth almost everywhere, where X = H>UP!(K).
Let f; : Xr — P!(C) fori = 1, 2 be two algebraically independent rational func-
tions on the Hilbert modular surface Xr. Denote by F! and F? the following
coordinatewise foliations: for any a € [0, 1], define the leaves

F,={(,0)€l0,1P|n=a} and F;={(,n)<l0,1’|n=a}.
Let also
Pl={PeXr|fi(P)=x} and P>={PeXr|fi(P)=x).

Definition 3.2. We call the above map g : [0, 11> - X a membrane on X if it is
a continuous and piecewise differentiable map such that for each a there are x; and
x2 such that g(F)) C P} and g(F?) C P

We define three types of iterated integrals over membranes —type a, type b
and type ¢. Type a consists of linear iterations, while type b is more general and
involves permutations. Type a is less general, but more intuitive. The advantage of
type b is that it satisfies integral shuffie relation (Theorem 3.21). In other words
a product of two integrals of type b can be expresses as a finite sum of iterated
integrals over membranes of type b. However, one might not be able to express
a product of two integrals of type @ as a sum of finitely many integrals of type a.
Both type a and type b are defined on a product of two upper half-planes. Type ¢
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is defined on a Hilbert modular surface; that is, on a quotient of a product of upper
half-planes by an arithmetic group which is commensurable to SL,(Ok). Type ¢
also satisfies a shuffle product, that is, a product of two integrals of this type can be
expresses a finite sum of such integrals.

Definition 3.3 (type a, ordered iteration over membranes). Let
g:10, 11> > H2UP!(K)

be a membrane on H> UP!(K). Then define

/601 R :/ /\Tzlg*(l)i(ll,j, n.j),
¢ D

where
D={(ti,1,....0m) €[0, 1" |0<t1 1 <+ <ty m <1, 0<ty < - <t m<1}.
Definition 3.4 (type b, two permutations). Let

g:[0, 11> > H*UP'(K)

be a membrane on H? U P!(K), and let 01, p2 be two permutations of the set
{1,2,...,m}. Then define

P1,P2 m
/ w1 O =f Ni=18" @ (11,010 2.02))
g D
where
D={(t1.,....) €[0, 11" <ti1 < <tim<1, 0=t < - <tym=<1}.
Definition 3.5 (type ¢, two permutations). Let
g:10,1> — Xr

be a membrane on the Hilbert modular surface Xr = (H> UP!(K))/ T, and let
01, p2 be two permutations of the set {1, 2, ..., m}. Then define

P1,P2
m
/ wl"'wm=/ Ni=18" @ (11,01(): 2.025)
g D

where

D={(t1,.... ) €0, 11" [0<t; 1 <+ <t1y<1, 0=t < - <ty <1}.
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Examples (iterated integrals of type b). Let «; (f1, ©2) = g*w; (¢1, t2). Denote by (1)

lvan Horozov

the trivial permutation and by (1 2) the permutation exchanging 1 and 2.

(1) The four diagrams

LX)

11

1o3)

LN

as(ty,2, 122)

ai(tii, 1)

11

112

ai(t,2, 12)

as(t,1,t,1)

1,1

1)

%)

I

[o3)

I

correspond, respectively, to the integrals

(12),(1)
/ wy - w3,
4

(12),(12) (1),(12)
/ w1 - Wy, / w1 - w).
g g

@.(1)
/ w] - w3,
8

(2) The diagram

3

o

11

ax(ty,1, 12,2)

ai(ti2, t,1)

11

12

ai (1, t22)

as(t1,2,12,1)

1,1

oy (t1 3, 1,3)

as(ty,1,1,2)

ai(ti2, 02,1)

11,1

corresponds to the integral

12),(1)
f wi W)y w3.
8

1,2

13

1,2
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Remark 3.6. Let us give more intuition for Definition 3.4. Each of the differential

forms g*wy, ..., g*w, has two arguments. Consider the set of first arguments for
each of the differential forms g*w, ..., g*wy,,. They are ordered as
O<t1’1<l‘1,2<---<t1’m<1 3)

(they are the coordinates of the domain D). Since g*w; depends on #1 p,(j), we
have that #| x is an argument of g*w ol (k) where kK = p1(j). Then we can order the
differential forms g*wy, ..., g*w,, according to the order of their first arguments
given by the inequalities (3), which is

* *k k
8 W) (1) 8 Wpt gy v+ & Oyt -

Similarly, we can order the differential forms g*wy, ..., g*w,, with respect to the
order of their second arguments:

% * %
8T W11y 8 @y gys v+ 5 8 Wyt (-
We call the first ordering horizontal and the second ordering vertical.

Now we are going to examine the homotopy of a domain of integration and
what that reflects about the integral. Let g; : [0, 1> > H*UPY(K) be a family of
membranes such that g;(0, 0) = co and g,(1, 1) = 0. Assume that the parameter s
is in the interval [0, 1].

Let h(s, t1, t2) = gs(t1, t2) be a homotopy between g and g;. Let

G, : [0, 117" - (H*UPY(K)"
be the map
Gy(t1,1, - s tom) = (85 (11,01 (1)s 22,05 (1) &5 (11,012 s 12,05(2))s - - - &5 (T, (m) s T2,0:(m))) -
Let H be the induced homotopy between G and G, defined by
H(s,t11,...,tam) =Gs(t11, .- tam).
We define diagonals in the domain D C (0, 1)2", where

2
D={(ti1. 020, tim o) €0, D" [0<t1 1 St1p < <ty <1
and0 <t <thp<--+<thu<1}.
We define Dy for k =0,...,m by Dy o= Dl =0, Dix = Dls =1, ,,, for k =

l,...,m—1and Dy,, = Dl ,,=1. Similarly, we define D,y for k=0, ..., m by
DZ’O = D|12.1=0’ Dz,k = D|,2‘k:[2,kJrl for k = 1, oo, — 1 and Dz,m = Dltg_,,,:l-
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For iterated integrals of types a and b, we define diagonals in V = (H>?UP!(K))™.
We denote a generic coordinate of V = (H2UPL(K))™ by (21,1, 22,15« - - » Z1um»> 22.m)
Fork=1,....,m—1,let Vi y =V|; =, Letalso Vi o = V]| —o and V} », =
Vlz m=1. Similarly, fork =1,...,m —1,let Vo4 = V|, =z, ,,,- Letalso Vo o=
Vig =0 and Vo =V, =1.

For iterated integrals of type ¢, we define “diagonals” as fibers product of schemes
corresponding to certain varieties (for fiber products of schemes one may look at the
book [Hartshorne 1977]). Occasionally, it will be more natural to realize multiple
fiber products as finite limits in the category of schemes of finite type over C. Let
X;j=Xr fori,j=1,...,n. Let V be the universal scheme (finite limit) that
maps to X;; for each i and j as a part of a commutative diagram. The commutative
diagram is defined as follows: X; ; and X;, ; both map to P!(C) via the morphism
fiforl <i<n-—1andallj,and X;; and X; ;; both map to P1(C) via the
morphism f; for 1 < j <n —1 and all i. Define the following:

o Let Vi g be the subscheme of V defined by putting P!(C) in the place of X;_ i
sothat f1: X ; — P!(C) is replaced by the identity map and the corresponding
fr: X1 = PY(C) is deleted.

o Let V; o be the subscheme of V defined by putting P!(C) in the place of X; 1,
sothat f>: X ; — P!(C) is replaced by the identity map and the corresponding
fi: X1 — PY(C) is deleted.

o Let Vi, be the subscheme of V defined by putting P!(C) in the place of X,,. js
sothat f1: X, ; — P!(C) is replaced by the identity map and the corresponding
f2: Xy j — PY(C) is deleted.

e Let V3, be the subscheme of V defined by putting P! (C) in the place of X ,,
sothat f5: X, ; — P!(C) is replaced by the identity map and the corresponding
fi: Xnj — PYC) is deleted.

 Additionally, let V| ; be the subscheme of V obtained by replacing each factor
Xi,j Xp1(c) Xi+1,j by the corresponding diagonal for fixed i and for all .

e Finally, let V> ; be the subscheme of V obtained by replacing each factor
Xi,j Xpic) Xi,j+1 by the corresponding diagonal for fixed j and all i.

Theorem 3.7 (homotopy invariance theorem I). The iterated integrals on mem-
branes from Definition 3.4 (of type b) are homotopy-invariant with respect to
homotopies that preserve the boundary of the membrane.

Proof. Let

Q= N_10(@1,01(j)s 22,00())-
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Note that 2 is a closed form, since w; is a form of top dimension. By Stokes’

theorem, we have
s=1
=/ /H*dSZ @

s=0 D

f GiQ— / GQ (%)
s= 1m 1

<[ X(f, =), )me ®
s=0 Dy i Dy

k=1

i/_(/ :I:/ )H*Q %
s=0 D1y Dy
s=1
+ / ( / + f )H*Q. (8)
s=0 Dl,m D2.m

We want to show that the difference in the terms in (5) is zero. It is enough to
show that each of the terms (6), (7) and (8) are zero. If z; x = z1 x+1 for types a
and b (or on V| 4 for type ¢), then the wedge of the corresponding differential forms
will vanish. Thus the terms in (6) are zero. If z; = 0 then d¢; = 0, defined via the
pullback H*. Then the terms (7) are equal to zero. Similarly, we obtain that the
last integral (8) vanishes. U

Let A be a 2-dimensional manifold with corners in [0, 1]?. We recall the domain
of integration

={t1,....m) €0, 11" [0<t; 1 <+ <t1 <1, 0=ty < - <ty <1}.
Let us define
AP =1, ....om) €D (1, ;)€ Afori, j=1,...,m}
Let p; and p, be two permutations of m elements. We define a function on A”
Gtr1s - tom) = (81 pi(1)s 2,p2(1)s 8EL () 12225 - - - » 81 py(m)s 12,p(m))) -

Recall that
Q= N_10(1,1()s 220

Definition 3.8. With the above notation, we define an iterated integral over a
membrane of type b restricted to a domain U = g(A) by

, [P
/ wl-‘-wm=/ G*Q.
g,U AD

Now we are going to define iterated integrals of type c:
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Definition 3.9. Let Qp = /\'i'szlﬁ,-’j, where ; j = w;§; j on X; ; = Xr and where
Q;j=1fori#j. Letin: X — [];_; X; ; be the inclusion of the finite limit into
the product of the schemes X; ;. Let = in* Q.

With this definition of 2, we define iterated integrals of type ¢ restricted to a

domain U = g(A) by
P1,02
Cf a)l---wm:/ G*Q.
g.U AD

Let A; and A, be two manifolds with corners which are subsets of [0, 1]2, with
a common component of the boundary. Let A = A; U A,. Let s be a map of sets
with values 1 or 2:

s:{l,...,m}—> {1,2}.

We define a certain subset A of A” as follows: consider the image of the map G.
It has m coordinates. The first coordinate, g (1 p, (1), f2,p,(1))» Will be restricted to
the set Ag(1). The second coordinate, g(t1 p,(2), 12, p,(2)), Will be restricted to Ag(2),
and so on, and the last m coordinate g (1 o, (m), 12, p,(m)) Will be restricted to Ag(y).
Formally, this can be written as

AP ={(t11,....tom) € AP | (t1 i)y o pnii) € Asqiy Fori =1,...,m}.
Note that the image of the map s is 1 or 2.

Definition 3.10. With the above notation, we define an iterated integral of type b
or ¢ over two domains U; and U,, where U; = g(A;) and U = U; U U,, by

p1p2
/ wl"'me/ G*Q. )
g, U,s AD

For type b we have that U is in H?> UP!(K) and for type ¢ we have that U is in
Xr = (H*UPY(K))/T.

Again we examine the homotopy of iterated integrals on membranes. Now we
restrict the domain of integration to a manifold with corners A that is a subset of
[0, 1]%. Assume that for the boundary of a domain A, denoted by dA, we have that
g(dA) belongs to a finite union of complex analytic curves in H? for type b and
in Xr for type c. We call the minimal union of complex analytic (holomorphic)
curves such that g(dA) belongs to a finite union of complex analytic curves in H?
for type b and in X for type ¢ the complex boundary of g(dA).

Theorem 3.11 (homotopy invariance theorem II). Iterated integrals over mem-
branes are homotopy invariant with respect to homotopies that change the boundary
dU of the domain of integration U so that the boundary varies on a finite union of
complex analytic curves.
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Proof. Assume that go(0A) and g;(0A) have the same complex boundary. Let & be
a homotopy between go and g, such that for each value of s we have that A (s, 0A)
has the same complex boundary as /4(0, 0A) = go(dA). Let A C B be a strict
inclusion of disks. Identify B — A° with A x [0, 1]. Leti : B— A° — [0, 1] x 0A.
Here A° is the interior of A and 0A is the boundary of A. Let gy be a map from B
to H? such that go(a) = go(a) for a € A and go(b) € h(i(b)). Since the restriction
of the pullback (gjw;)|p—4 = 0 is mapped to a finite union of complex curves, it

vanishes. Therefore
/ggsz:/g;;sz. (10)
A B

Let g; be a membrane from B defined by g;(a) = g1(a) fora € A and g;(b) =g1(a)
for i(b) = (s, a). (Note that i (b) € [0, 1] x 0A.) Again,

fg;‘sz:/gm. (11)
A B

However, the boundary of B is mapped to the same set (pointwise) by both g and g;.
Moreover, the homotopy between g and g; extends to a homotopy between gg and
g1 that respects the inclusion into the complex boundary. Thus by Theorem 3.7, we

have that
| wa=[ sa
B B

Using (10) and (11), we complete the proof of this theorem. O

3B. Generating series. We are going to define two types of generating series —
type a and type b, corresponding to the iterated integrals on membranes of type a
and type b.

Definition 3.12 (type a). Let A be a domain in R?. Let g be a membrane. Let
U=g(A) cH?’ Andlet w, ..., w, be holomorphic 2-forms on H2. We define a
generating series of type a by

Ja(U)—1+Z Z Xc(l)®"'®Xc(k)/ We(1) * ** Oc(k) s
g, U

k=1 c{l1,....k}—{1,..., m}
where c: {1,...,k} — {1,...,m} is a map of sets.
Consideramap of setsc: {1, ..., k}— {1, ..., m} and two permutations p;, p, of

{1,2, ..., k}. We call two triples (c’, pj, p5) and (c”, p{, p) equivalent if they are
in the same orbit of the permutation group S;. That is, (c” pis py) ~ (', pi, Py)
if for some 7 € S; we have ¢’ = ¢'t7!, Pl = pjT~ I and Py = pyT ~!. Then
for the equivalence class of a triple (c, p1, p2), we can associate a unique pair
(c o p1, co py) (which are precisely the indices of the X- and Y-variables in (12)
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and (13), respectively.) The reason for using such an equivalence is that the integral
in (13) is invariant by the above action of T € S; on the triple (c, p1, p2).

Definition 3.13 (ring R, values of the generating series). The values of the genera-
tion series of iterated integrals on membranes will be in a ring R, which we define
as follows. Let

Ro :C«Xls Yi,.... X, Ym»/l

be the quotient of the ring of formal power series modulo the two-sided ideal
generated by X;Y; —Y;X; fori, j=1,...,m. Let R C R be the subring of formal
power series whose monomials have the following property: in every monomial of
R, X; occurs as many times as Y;.

Definition 3.14 (type b). We define the generating series of type b on U by

(o.¢]
b —
JSU) =1+ E E Xeortan @ B X (oo (12)
k=1 (c,p1,p2)/~

P1,02
®Yc<p;'<1>>®'“®Yc<p;'<k)>/U We(t) * ey, (13)
8,

where the second summation is over all maps of sets c: {1,...,k} — {1,...,m}
and all permutations p;, p, of k elements, up to the above equivalence.

Let Y1 be a Hilbert modular surface. Let « and 8 be two rational functions
on Yr. We denote by D the union of the divisors () and (8).o at infinity. Let
F :Yr — D — C? be defined as F(y) = (a(y), B(y)). Let g : (0, 1)> — Yr — D be
a membrane, so that the composition F o g respects the coordinatewise foliations.
Consider the differential forms w; from the definition of type b. They are invariant
under the action of the arithmetic group I'. Thus, we can treat them as differential
forms on the Hilbert modular variety Y.

Definition 3.15 (type c). With the new definition of a membrane g and a domain
U C Yr, we define the generating series of type ¢ by

o0
JO =1+ Y Xy ® - ®X o4 (14
k=1 (c,p1,02)/~

P1,P2
®Yc<p;'<1>>®'”®Yc<p;'(k)>fU @e(1) Oy, (13)
8

where the second summation is over all maps of sets c: {1,...,k} — {1,...,m}
and all permutations py, p, of k elements, up to the above equivalence.
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Definition 3.16 (ring R’, generating series J (U, Uy)). We define a generating
series of iterated integrals on two disjoint domain U; and U, (see Definition 3.10).
Let U; = g(A;). Define

J (U1, Uz)
o0
=1+ > Yo K ansm ® © X o) s (16)

k=1 s:{1,....k}={1,2} (c,p1.02)/~
P10

®Y (o (1).s) @ ®Y, (pzl(k))s(k)/U We(l) + Wy, (17)
K

The generating series takes values in a ring R’ defined as follows. Let
Ry=C{X11, X122, Y11, Y12, o s X1 X2, Yoo 1y Y 2 /1

be a quotient of the ring of formal power series, where I’ is the two-sided ideal
generated by the Lie commutators of all the X; ; and Y ;. Let R’ be the subring of
R(, with the property that in every monomial of R’, X; ; occurs as many times as ¥; ;.

Lemma 3.17. Let ¢ : R" — R be the homomorphism of rings defined by ¢ (X; 1) =
dXi)=X;and p(Yi) =¢(Yi2) =Yi. If U = U U Uy is in H2 UP(K), then

o(J (U, Up) = JP(U).
IfU=U,UU,isin Xr, then
¢(J(Uy, Up)) = JE(U).

Proof. After applying the homomorphism ¢ the formal variables on the left-hand
side become independent of the map s. Therefore, we have to examine what
happens when we sum over all possible maps s. The value s(i) is 1 or 2. This
has the following significance: if s(i) = 1, then we restrict the form g*w.( to A;
(instead of to A). Similarly, if s(i) = 2, we restrict g*w,(; to A,. If we add both
choices (restriction to A; and restriction to A,) then we obtain the restriction of
g8*we(iy to A= A; U Aj. Thus, we obtain the formula

P1,02 P1,02
Z / We(1) = - We(k) =/ We(1) * - We(k)-

k={1,2) &U

We do the same for every monomial in R. That proves the above lemma for the
generating series. U

3C. Shuffle product of generating series. The regions of integration that we are
mostly interested in will be ideal diangles, that is, 2-cells whose boundaries have
two vertices and two edges, and ideal triangles. All other regions that we will deal
with are going to be a finite union of ideal diangles and ideal triangles. The first
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type of decomposition is based on a union of two diangles with a common vertex.
The second type of decomposition will be based on two of the cells (diangles or
triangles) with a common edge.

Let g; and g, be two membranes. Let P = (0, 0) and Q = (1, 1) be the vertices of
adiangle A C R?and Q=(1, 1) and R = (2, 2) be the two points of a diangle B C R2.
Assume that A lies within the rectangle with vertices (0, 0), (0, 1), (1, 1), (1, 0).
Similarly, assume that B lies within the rectangle (1, 1), (1, 2), (2, 2), (2, 1). Let
U=g(A)and V = g(B).

m

Theorem 3.18. (i) / wl---wm:Zf C()l"'a)j/ Wil On.
g, uuv \%

j=0 g.U &,

(i1) The generating series of type a from Definition 3.12 satisfies
J9(g: AUB; Q) = J%(g; A; 2)J%(g; B: Q).

The proof of the first statement is essentially the same as the combinatorial proof for
composition of paths, when one considers iterated path integrals (see Lemma 2.3).
The proof of the second statement combines all compositions into generating series
(see Definition 3.12), resembling Manin’s approach for the noncommutative modular
symbol.

For generating series of type b, we have a similar statement:

Definition 3.19. Let p’ and p” be two permutations of the sets {1, ...,i} and
{i+1,...,i+j}, respectively. We define the permutation p'~'Up” 1 of {1,...,i+j},
which actson {1, ...,i}asp 'andon {i+1,...,i+ j} as p”"~!. We define the
set of shuffles of two given permutations, denoted by sh(p’, p”), as the set of all
permutations p of the set {1,2,...,i + j} such that p~! is the composition of a
shuffle of sets T € sh(i, j) (see Definition 2.4) with p'~! U p”~!. That is,

pl=Tt0(p U .
Definition 3.20. We define a shuffle of two monomials
01:P%
M =X (11 ® O X o117y @Y1 1) @7 Y1y /g g PEW e
and ’

" e .. ..
M= X211 © O X1y @ Yerpr=11y) @+ @ Y1)

"o

PPy
X / W' (i+41) " O (i+j)s
g’U//

where p; and p) are permutations of {1, ...,i}, ¢’ is a map of sets {1,...,i} —
{1,...,m}, p{ and p are permutations of {i +-1,...,i 4+ j}, and ¢” is a map of
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sets{i +1,...,i+j} — {l,...,m}. By a shuffle product of the monomials M’
and M”, we mean the sum

/ " ..
M xsuM"= Y Xy @ ® X s
p1€sh(o],p))
p2€sh(p},p7)
P1,02
QY. 11y s ® Y1t i sii / @e(1) * * * We(i+j)»
c(py ' (1).s(1) ey DD [
where ¢ : {1,...,i 4+ j} — {1,...,m} is such that its restriction to the first i
elements is ¢’ and its restriction to the last j elements is ¢”. Here the maps s takes
the value 1 on the set ¢~ '{1,...,i} = ¢~ '{1,...,i} and the value 2 on the set

cMi41, . i+ ="+, i+ )
Theorem 3.21 (shuffle product). For iterated integrals of type b and the corre-
sponding generating series, we have the following shuffle relations:

1P PPy P1:P2
(1) / wle/ Wty Oy = E f Wi Wy (18)
8 U

U U
presh(o},pf) 8
paesh(ph, 0

" "

01P5 o0y 01,02
(i1) / wl---wjf Wjg] Oy = E / 1o, (19)
g.u’ gU” g.Us

presh(oy, o))
p2€sh(py,p)
where s is a map from {1, ..., m} to {1, 2} such that {1, ..., j} are mapped to
1 and the remaining elements are mapped to 2.
(iii) ¢ W) xsn I (U") = J*U'VU"). (20)
(iv) ¢(JU") xsn JU")) =JU VU"). 2D

Proof. For part (i), it is useful to consider the two orderings of differential forms,
given in Remark 3.6. Note that we need to order the forms both horizontally and
vertically in the terminology of that remark. Let us consider first the horizon-
tal order. That is the order with respect to the first variables of the differential
forms g*a)pifl(l), cee, g*a)prl(j) and g*wpi/—l(j+1), cee, g*wpilfl(m), corresponding
to the two integrals on the left-hand side of (18). In order to arrange both of
the above orderings in one sequence of increasing first arguments, we need to
shuffle them (similarly to shuffling a deck of cards). That leads to p; € sh(p{, o}
(see Definition 3.19). We proceed similarly with the second arguments and the
permutations p), o5 and p,.

For (ii), apply the equality from part (i) with the differential forms g*wy, ..., g*w;
multiplied by the function 14/, defined by

1 forxe A,

14 =
#(x) {0 forx ¢ A',
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and the differential forms g*®;11, ..., g*w, multiplied by 14~.

For part (iii), we are going to establish similar relation among generating series
as elements of R’. Applying the homomorphism ¢ : R” — R from Lemma 3.17,
we obtain the desired equality. Every monomial from J(U;) is of the form

P1:02
- oo oo 7 cee e
M= X o1 1)@ X 11119 ¥ o171 (1) B O (-1 1) /g , CeD @)
and similarly every monomial from J(U>) is of the form

” = DY DY
M™=Xeniop=1ay @+ @ KXoty @ Yergoy1ay @+ @ Vo1 )

"o

P1->Py
. / We(i41) " O (i+ )
8

7U//
where p| and p) are permutations of {1, ...,i}, ¢’ is a map of sets {1,...,i} —
{1,...,m}, p{ and p) are permutations of {i +-1,...,i 4 j}, and ¢” is a map of
sets {i +1,...,i+j}— {1,..., m}. We take the shuffle product of the monomials
M’ and M" (see Definition 3.20):
/ " _
M'xsiM"= 3 X asm @ O Xeot 4 )i
presh(oy, pf

p2€sh(},p)
P1:02
®Yc<p;‘<1>),s<1>®"‘®Yc<p;‘(z’+j>),s<i+j>/U We(l) *** Oci+))
g, )

where the map s takes the value 1 on the set ¢ 1, ..., i} and the value 2 on the
setc™'{i+1,...,i+ j}. This determines the map s uniquely.

In order to complete the proof, we have to show that every monomial in J (Uy, U»)
can be obtained in exactly one way as a result (on the right-hand side) of a shuffle
product of a pair of monomials (M, M>) from J(U;) and J(U,). Every monomial
from J (U, U,) is characterized by two permutation p;, po and two maps of sets
c:{l,....k} = {1,...,m}and s : {1,...,k} — {1,2}. Leti be the number
of elements in s~'(1) and j the number of elements in s~!(2). Then i + j = k.
Then i is the number of differential forms among g*w,(1y, - - - , §* ¢k Which are
restricted to the set A;. The remaining j differential forms are restricted to Aj.
Also, every permutation p; can be written in an unique way as a composition of a
shuffle 71 € sh(i, j) and two disjoint permutations p; and p{’ of i and of j elements,
respectively (see Definition 3.19). Similarly, p, can be written in a unique way as
a product of a shuffle 7, € sh(i, j) and two disjoint permutation p} and p;. The
map of sets ¢y is defined as a restriction of the map c to the image of p|. Similarly,
the map c; is defined as a restriction of the map c to the image of p;’. Now we can
define the monomials M’ and M” in J(U;) and J (U>) based on the triples p{, p5, ¢’
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and p{, p¥, ¢”, respectively. Such monomials are unique. One can show that the
shuffle product of M’ and M” contains the monomial in J (U, U,) that we started
with exactly once. The proof of part (iii) is complete after applying Lemma 3.17. [J

4. Hilbert modular symbols

In this section, we recall the Hilbert modular group and its action on the product
of two upper half-planes. Then we define commutative Hilbert modular symbols
(Section 4A) and its pairing with the cohomology of the Hilbert modular surface
(Section 4B). In Sections 4C and 4D, we define noncommutative Hilbert modular
symbols (Definition 4.13) as generating series of iterated integrals over membranes
of type b. We also examine relations among the noncommutative Hilbert modular
symbols (Theorem 4.12), which we interpret as cocycle conditions or as a difference
by a coboundary (Conjecture 4.14). In Section 4E, we consider a two-category
C with a sheaf J on C. Then the noncommutative Hilbert modular symbol is a
sheaf on a two-category. This is done in order to give a plausible approach to
defining a suitable noncommutative cohomology set. In Section 4F, we make
explicit computations and compare them to computations for multiple Dedekind
zeta values.

4A. Commutative Hilbert modular symbols. In this subsection, we define com-
mutative Hilbert modular symbols, using geodesics, geodesic triangles and geodesic
diangles. Then, we prove certain relations among the commutative Hilbert mod-
ular symbols, which are generalized to relations among noncommutative Hilbert
modular symbols (Section 4D).

Let K = Q(v/d) be a real quadratic extension of Q. Then the ring of integers in
K is
_[ZI(0 ++/d)/2] ford=1mod 4,
K= {Z[ﬂ] for d = 2,3 mod 4.

Then I' = SL,(0k) is called a Hilbert modular group. Let y € I'. We recall the
action of ¥ on a product of two upper half-planes H?. Let

(a1 b
Yy=n= o dy)

Let ay, by, ¢, d> be the Galois conjugates of ay, by, c1, dy, respectively. Let us

define y, by
(a2 b2
V2= e dy)

Let z = (z1, z2) be any point of the product of two upper half-planes H2.
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For an element y € GL,(K), we define the following action: If det y is totally
positive, that is det y; > 0 and det y» > 0, then the action of y on z = (z1, 22) € H?
is essentially the same as for y € SL,(K), namely,

Yz = V121, Y222),
where
a1z1 +b a2+ by
=———— and pp=—"-—"
c1z1+d; 20+ do

are linear fractional transforms. If det y is totally negative, that is, dety; < 0 and
dety, < 0, then we define

yz_<_a121+b1 _a222+b2>
cizit+d’ oirtdy)

Y1z1

Similarly if one of the embeddings of det y is positive and the other is negative, for
example, dety; > 0 and dety, <0, e.g., for dety = \/g, then

(0121 +by azZz-i-bz)
7= , ——— .
cizi+di cr+do

We add cusp points P'(K) to H?. Then the quotient SL;(Ox)\(P'(K) U H?)
is compact.
We are going to carefully examine geodesics joining the cusps 0, 1 and oco.
Let zo, 21, Zoo be three distinct cusp points. There is a unique y € PGL,(K) that
sends zp, z; and zs to 0, 1 and oo, respectively.
Let
itH—H?,  i(x)=(x,x)

be the diagonal map and A be its image. Consider the Hirzebruch—Zagier divisor
X = y*A. Itis an analytic curve that passes through the points zg, z; and zeo. Then
X is a holomorphic curve in H? if det y is totally positive or totally negative. If
det y is not totally positive or totally negative, then X is a holomorphic curve in
H! x H'U P!(K); in other words, it is an antiholomorphic curve in H2, such as
71 = —Z2. Let Ax = y*A be the pullback of the geodesic triangle A formed by
the points 0, 1, co in the analytic curve X.

Given four points on the boundary in H? U P! (K), we are tempted to consider
them as vertices of a geodesic tetrahedron in H2UP'(K), whose faces are triangles
of the type Ax. However, there is one problem that we encounter: Two distinct
cusps could be connected by two different geodesics in H? UP!(K). In particular,
two triangles from the faces of the “tetrahedron” might not have a common edge,
but only two common vertices. Thus, we are led to consider a thickened tetrahedron
with two types of faces on the boundary: the first type is an ideal triangle that we
have just defined and the other type is an ideal diangle —a union of geodesics
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connecting two fixed points, which has the homotopy type of a disc with two
vertices and two edges. The two edges of an ideal diangle in the boundary of a
thickened tetrahedron correspond to the two geodesics connecting the same two
cusps, where two geodesics belong to the geodesic triangles that have the two cusps
in common.

Let us describe a diangle Dg .1, Whose two vertices are 0 and oo and whose
two sides are geodesics that belong to each of the ideal triangles 0, 1, co and 0, «, o©.
The geodesic [y between the points 0 and oo that lie on the geodesic triangle 0, 1, co
can be parametrized in the following way: {(it, it) |t € R, t > 0} C Im(H) x Im(H).
Here by Im(H) we mean the imaginary part of the upper half-plane. The ele-
ment y € I" that sends 0, ¢, 00 t0 0, 1,00 is y = (“61 ‘1)) Then (y‘l)*(it, it) =
(Joeplit, |eealit). Therefore, the geodesic [, between the points 0 and oo that lie on the
geodesic triangle 0, o, 0o can be parametrized as {(Jo1|it, |az]it) |t € R, t >0} C
Im(H) x Im(H). Then, we define the diangle Dy .1, as the two-dimensional
region in Im(H) x Im(H) between the lines [y and /,. We also consider the diangle
with orientation. If || > |ap| then it is positively oriented. If the inequality is
reversed then the diangle is negatively oriented; if ||| = || then it is a degenerate
diangle, which consists of a single geodesic. All other diangles that we will consider
are translates of Dy ~:1,, via the action of any element y € PGLy(K).

Lemma 4.1. (i) Each geodesic triangle A lies either on a holomorphic curve or
on an antiholomorphic curve.

(i1) Each geodesic in a geodesic triangle Ax belongs both to a holomorphic curve
and to an antiholomorphic curve.

Proof. Part (i) follows from the construction of a geodesic triangle before the lemma.
For part (ii), consider the following: Let A(0, 1, o) be the geodesic triangle in
the diagonal of H? connecting the points 0, 1 and oco. It is a holomorphic curve.
Thus, a geodesic {(it, it) € H?| t > 0}, connecting the points 0 and oo as a face
of the geodesic triangle A(0, 1, 00), lies on a holomorphic curve. Now consider
the geodesic triangle D(0, v/d, c0). It lies on an antiholomorphic curve in H?,
by which we mean a complex curve in H? (where we have taken the complex
conjugate complex structure in one of the upper half-planes), since the linear
fractional transformation that sends D(0, v/d, 0o) to D(0, 1, c0) does not have
totally positive (or totally negative) determinant. Explicitly, the linear fractional
transformation that sends (0, ~/d, 00) to (0, 1, 00) is

(5

(5 -2)

Then
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We have y,(it) = (1/+/d)it and y»(it) = —(1/+/d)it = y1(it). Then the same
geodesic (it, it) belongs to the antiholomorphic curve given by the pullback of
the diagonal with respect to the linear fractional map y. Thus, we obtain that the
geodesic (it, it) connecting 0 and oo belongs to both a holomorphic curve and an
antiholomorphic curve. Similarly, any translate of the geodesic (it, it) via a linear
fractional map from GL;(K) would belong to both a holomorphic curve and an
antiholomorphic curve. That proves part (ii). U

Definition 4.2. Let p1, p», p3, ps be cusp points in H> U P! (K). To each triple of
points p1, p2, p3, we associate the geodesic triangle {p;, p>, p3} with coefficient 1
as an element of the singular chain complex in C>(H?> UPY(K), Q). Also, to
each quadruple of points pi, pa, p3, p4, we associate the geodesic diangle between
the two geodesic connecting p; and p; so that the first geodesic is a face of the
geodesic triangle {p1, p2, p3} and the second geodesic is a face of the geodesic
triangle {p1, p2, p4}. We denote such a diangle by {p1, p>; p3, ps}. We call the
geodesic triangle {p;, p», p3} and the geodesic diangle {p1, p2; p3, ps}, considered
as elements of Co(H? U PY(K), Q), commutative Hilbert modular symbols.

Theorem 4.3. The commutative Hilbert modular symbols, modulo the boundary of
singular 3-chains dC3(H?> UP(K), Q), satisfy the following properties:

(1) If o is a permutation of the set {1, 2, 3} then

{Po(1), Po2)» Po3)} = sign(o){p1, p2, p3}.

(2) If p1, p2, P3, p4 are four points on the same holomorphic (or antiholomorphic)
curve of the type y* A, then

{p1, P2, p3} +1{p2. p3, P4} ={p1, P2, P4} +{P1. D3, P4}.

For every four points p1, p2, p3, pa, we associate a diangle with vertices p|
and py. Let {p1, p2; p3, pa} be the corresponding symbol.

) If p1, p2, p3, pa are four points on the same holomorphic (or antiholomorphic)
curve of type y* A, then

0={p1, p2; p3, pa}.

(4) For every distinct four points p1, pa2, p3, P4, we have the following relations,
based on the orientation of the domain:

{p2, p1: p3. P4} = {P1, P2: P4, p3} = —{P2, P1: P4, p3} = —{P1, P2; P3, P4}.



Noncommutative Hilbert modular symbols 345

(5) For every five points p1, p2, P3, P4, Ps, we have

{p1. p2; p3. pa} +1{p1, P2; pa, ps} ={p1. P2; P3. Ps).

(6) We also have a relation between the two types of commutative Hilbert modular
symbols. For every four distinct points p1, p2, p3, P4, we have

0={p1, p2, p3} +1{p2, P3. P4} — {P1. P2, Pa} —{P1, P3, Pa}
+1{p1, p2; p3, pa} +1{p2, p3; p1, pa} +1{p3, p1; p2, pa}
+{p3, p4; p1, p2} +1{p1, pa; p2, p3} +{p2, p4; p3, p1}.

Proof. Part (1) follows from the orientation of the simplex in singular homology.
Part (2) is an equality induced by two different triangulations on a holomorphic
(or antiholomorphic) curve with four vertices. In that setting the diangles are trivial,
which proves part (3). Part (4) follows from the orientation of the diangle. Part (5)
corresponds to a union of two geodesic diangles with a common face, given by
a third geodesic diangle. Part (5) will be used for a noncommutative 1-cocycle
relation for the noncommutative Hilbert modular symbol (see Conjecture 4.14).
Part (6) is a boundary relation for the boundary of a thickened tetrahedron. By a
thickened tetrahedron, we mean a union of four geodesic triangles corresponding to
each triple of points among the four points py, p2, p3, p4 together with six geodesic
diangles that correspond to the area between the faces of the geodesic triangles.
They correspond exactly to the thickening of the six edges of a tetrahedron. [

Part 6 will be used to derive explicit formulas for the noncommutative Hilbert
modular symbol of type ¢’ resembling a noncommutative 2-cocycle relation (see
Conjecture 4.15).

4B. Pairing of the modular symbols with cohomology. In this subsection, we
consider pairings between commutative Hilbert modular symbols and cusp forms.
In some cases, we prove that such pairings give periods in the sense of [Kontsevich
and Zagier 2001].

We are interested in holomorphic cusp forms with respect to I'. Equivalently,
we can consider the holomorphic 2-forms on X, the minimal smooth algebraic
compactification of X [Hirzebruch 1973]. At this point we should distinguish
between geodesic triangles that lie on a holomorphic curve and those that lie on an
antiholomorphic curve. The reason for this distinction is that a holomorphic 2-form
restricted to a holomorphic curve vanishes. The way to distinguish the two types
of geodesic triangles is the following: Let y be a linear fractional transform that
sends the points pi, pa2, p3 to 0, 1, co. If det y is totally positive or totally negative,
then the geodesic triangle p;, pa, p3 lies on a holomorphic curve. If det y is neither
totally positive nor totally negative, then the geodesic triangle pi, p2, p3 lies on an
antiholomorphic curve.
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Definition 4.4. Define M,(H? UP!(K), @) to be the span of the Hilbert modu-
lar symbols {p1, p2, p3} and {p1, p2; p3, p4} as a subspace of the singular chain
C(H?* UP'(K), Q). We define the pairing

(. ):My(HPUP'(K)) x S5,(I) — C

by setting

({p1, P2, p3}, fdzi Ndz2) = / fdzindz

{p1.p2.p3}
for geodesic triangles and
{p1, p2; ps,p4},fdzmdzz>=/ fdzindz
{p1.p2:p3.p4}

for geodesic diangles.

We are going to use that a Hilbert modular surface X (C) can be realized as the
complex points of an arithmetic surface defined over a number field F.

Theorem 4.5. The image of the above pairing is a period over a number field F
when we integrate a normalized cusp Hecke eigenform f of weight (2, 2). (For
Hecke eigenforms, see [Shimura 1978; Berger et al. 2013].)

Proof. From Lemma 3.1(ii), the boundary of the geodesic triangles of the diangles
are geodesics that lie on holomorphic curves in H?> U P!(K). Therefore, in the
quotient by the congruence group I', the geodesic lies in a Hirzebruch—Zagier
divisor on the Hilbert modular surface. Thus, we integrate a closed algebraic
differential 2-form (that is, a global differential 2-form with algebraic coefficients)
on the Hilbert modular surface, with boundaries Hirzebruch—Zagier divisors. [J

Conjecture 4.6. Let f € Si «(I") be a normalized cusp Hecke eigenform of weight

(k, k). Then
/ fdzindz
{p1,p2.p3}

for geodesic triangles and

/ fdundz
{p1,p2; p3, pa}

for geodesic diangles are periods.

Theorem 4.5 is a proof of Conjecture 4.6 for the case of cusp form of weight (2, 2).
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4C. Iteration — revisited. We defined iterated integrals on diangles in Definitions
3.14 and 3.15. However, these definitions have to be extended to other domains of
integration in order to consider iterated integrals on geodesic triangles.

A consequence of the results from this subsection is the following:

Theorem 4.7. Iterated integrals of type ¢ on a geodesic diangle and on a geodesic
triangle of algebraic differential 2-forms on a Hilbert modular surface are periods
in the sense of Kontsevich—Zagier.

Before giving the proof, we need definitions of several objects, as well as their
properties. In the process, we will be able to extend the definition of iterated
integrals on membranes when the domain of integration is a geodesic triangle.

For type b, in Definition 3.14, we have a map g : U — H? that sends the two
R-foliations on U into two coordinatewise C-foliations of H?. The same definition
does not work when the domain U is a geodesic triangle. The reason is that a
geodesic triangle is either a holomorphic curve or an antiholomorphic curve. In
both cases, a pullback of one leaf to the geodesic triangle is a point not a line (which
is the case for the diangles).

In order to extend Definitions 3.14 and 3.15 to the case when the domain U is a
geodesic triangle, we are going to construct a new space using the fiber products
multiple times.

Now, we are going to define a space Y, associated to an iterated integral on n
2-forms on H?. We are going to use fiber products (see [Hartshorne 1977]). Let p;
and ps be the projections of H? on the first and the second component, respectively.
Define X;; = H?for1<i<nandl< Jj < n. (One should think of the component
X; as the complexification of the real coordinate (s;, ;).) Let C; =H for 1 <i <n
andC}:I]-I]forlstn. Let

Xj=X1jxc; Xaj xcy - X, Xnj.
(X corresponds to the variable 7;.) Then

XjCleXXZjX--~Xan.

Let also
Pi=(p1,....,p1): X1j x Xpj x - xXj > Cy x -+ - X Cp.

Let Pj‘f’ = Pj|x; be the restriction of P; to the subset X ;. We define Y, as the fiber
product of Xy, ..., X, with respect to the morphisms P/, ..., P’ over the base
Cy x---x Cy, namely

Ynle XC'--Xan, (22)

where C =C; x- - -xC,. Note that X ; is isomorphic to X ;. Let Z; be the subspace
of Y, defined by setting the j- and the (j 4 1)-components of Y, = X| X¢c---x¢c X,
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to be equal. (The space Z; corresponds to a boundary components obtained by
letting #; = ¢;11.) Similarly, we could have defined Y, by defining first

/
X; = Xi1 X¢; Xia X¢; -+ X¢; Xins

i

(X! corresponds to s;) so that

X;CX“ X Xip X -+ X Xip.
Let

P/ =(p2,....p2): Xit x Xj2 X+ x Xj > Cy x---xCl.

Define P/° = P/| x; to be the restriction of P! to X!. We define Y, as the fiber
product of X1, ..., X, with respect to the morphisms P,°, ..., P,° over the base
C| x --- x C;, namely,

Yn=X/1 Xcre X! X,;, (23)

where C' = C| x - -- x C,,. Similarly we define Z to be the subspace of ¥, defined
by setting the i- and the (i 4 1)-components of ¥, = X| x ¢/ - - - x ¢’ X, to be equal.
(The space Z; corresponds to a boundary components obtained by letting s; = s;41.)
We have given two definitions (22) and (23) of the space Y,,. In the two definitions
we have only exchanged the role of p; and p,. We will prove that both definitions
lead to the same object in the case n = 2. The general case is left to the reader.

Lemma 4.8. For n =2, the two definitions (22) and (23) define isomorphic objects
Y>.

Proof. The space Y, can be defined as a finite limit (in a categorical sense) of a
diagram in the following way. Consider the commutative diagram

e
SN

X1 X3
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For any space W such that
o

X1 Xz

NN
VAW

e N
o G (24)
AN d

X71

NS
¢

commutes, we have that the maps f;; : W — X;; factor through g;; : Y> — X;j, so
that f;; = g;j oh for some h : W — Y», and Y> is part of the commutative diagram

/\

X11

C/ \
AN /
X1 X2

\/
/\
\/

In order to prove this universal property of Y, we follow the first definition of Y,.
This leads to the commutative diagram

X1 =— X1 X¢; X12 — X2

C/ VTV \C
N

Xo1 =— Xo1 X ¢y X2 — X

G

Then we have that X1 = X Xc X2 mapsto C=C{xC, and also X» = X5 xcéng
maps to C = C; x C,. Thus the maps from W to any element of the diagram
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factors through Y, = X| x¢ X». Similarly, W factors through X ’1 X X’z, where
X| = X11 x¢, X21, X, = X12 X¢, X2 and C' = C| x C}. Since both X| x¢ X»
and X| x ¢ X/, are universal objects with respect to the diagram (24), we have that
they are isomorphic. O

Now, we return to the initial question of this subsection, namely, how to iterate
over a geodesic triangle so that it is consistent with the current definition of iteration
over a diangle.

For an n-fold iteration of 2-forms of types b or ¢, we have to specify a domain
U c H?, dimg U =2, and a pair of permutations p; and p; of n elements. We make
an essential assumption that the boundary of U C H?, denoted by dU, projected
onto the Hilbert modular surface Yr lies on a finite union of Hirzebruch—Zagier
divisors. We will denote the finite union of such Hirzebruch—Zagier divisors by HZ.

Let

Ppipp 2 X1 X X Xan = Xpy(1)pa(1) X+ X Xpy o (m)

be a projection to n of the factors. Let U;; = U for 1 <i <nand 1 < j <n. Let

L2 Upy1ypa1) X+ X Upyypa ) = Xpi(pa(1) X =+ X X oy ) pa(n)

be induced from the product of inclusion of the domains U — X. We will use the
notation

UP =Up)p) X -+ X Upymypy(n)
and

X7 = Xp (1) X -+ X Xpy () pam) -

Then the map I becomes
1:U” — X*.

Let
J:Y,— X’

be the composition of the natural inclusion Y,, — X1 X - - - X X},,, and the projection
P,, - Then we define the domain of integration to be

P
Upy =U’ xx0 Yo,
Yu 4

which is the fiber product of the maps / and J. Since I : U” — X* is an inclusion,
we have that the induced map
Uy =Y,
is an inclusion.
In the above constructions, we have used a parallel between type b and type ¢
iterated integrals on membranes. The following definition allows us to extend in

some sense the two types when the domain of integration is an ideal triangle:
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Definition 4.9 (iterated integrals on membranes of types b’ or ¢’). For any manifold
with corners of dimension 2 on a Hilbert modular variety, we define an iterated
integral

2, (p1,02)
f (Frdzi Adza) - (frdzy Adz2)
U

Z/,, J*(fidzi Adza, ..., fudzi Adz2), (25)
U

Yy,

where fi dzi Adz; is a form defined on X, (k)p, k) for 1 <k <n. If Y, and Q%
are constructed in the setting of type b iterated integrals on membranes, then the
above definition is of iterated integrals on membranes of type &’. Similarly, if Y,
and U ’;n are constructed in the setting of type c¢ iterated integrals on membranes,
then the above definition is of iterated integrals on membranes of type ¢'.

If U is a diangle, then the relation of the above integral to the ones defined by
iterated integrals over membranes is the following: The integral

En(pl,ﬂz)
f (fidzindzo) -+ - (fndzi Adzp)
U

is the sum of the integrals from Definitions 3.14 or 3.15, namely, the sum

(pp1,p02)
Z / (fidzindzo) -+ (fudzi Ndz2)
U

PEZ,

over the orbit of the diagonal action of the permutation group X, on any chosen
pair of permutations (o1, p2).

Proposition 4.10 (properties of the iterated integral (25)). (1) The iterated integral
(25) is well-defined when U is an ideal triangle both for types b and c.

(2) The iterated integral (25) for type c is a period if U is an ideal triangle
or an ideal diangle, when fi, ..., f, are normalized Hecke eigenforms of
weight (2, 2).

(3) The iterated integral (25), both for types b and ¢, is homotopy invariant with
respect to homotopies that vary within the divisors

-1 —1
T (X i ypany X - X Py (@) X - X X pimypa())

where q; is a point of X, i)p, i) for fixed i and p1 : X, i) p2i) = C; or homo-
topies that vary within the divisors

-1 -1
T X pypay X ==X Py (@) X -+ X X mypa(m))

where q; is a point of Xy, (iyp,(i) for fixed i and py : X (i) ps(i) — C'.
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Proof. (a) The integral (25) is well-defined for any two-dimensional submanifold
with corners of the Hilbert modular variety [Borel and Serre 1973].

(b) The iterated integral (25) is a period since:
(1) A Hilbert modular variety can be defined over a number field.

(2) The normalized Hecke eigenforms fi, ..., f,, of weight (2, 2) can be realized
as algebraic differential forms on the Hilbert modular variety.

(3) The boundary of the region of integration U ';in is a divisor on Y,,, namely,

LHJHZi,
i=1

where
HZ; = 77 (Xp,(1)pot) X - X HZ X+ X X py () oo )

is a divisor of Y, obtained as a pullback of a divisor whose i-th component is
a Hirzebruch—Zagier divisor HZ, and the rest of the factors are X, (x)p,x) for
k#i.

(c) The proof is essentially the same as that of Theorem 3.7. (|

The domain Uy, might be cut into disconnected components by the Z; and Z',.
In order to choose a connected component we need to define another region of
integration. Recall that for the case of iterated integrals on membranes of type
b, p : H> = C and p, : H> — C’ are projections onto the first and the second
component, with C ZH and C' = H.

For the case of iterated integrals on membranes of type ¢, p; = @ o w and
P2 = ap o are compositions of

7 H? > X rs
the map from the universal cover to the Hilbert modular surface, with
o1, 0 Xr d [FDI,

two algebraically independent rational functions on the Hilbert modular surface,
and C; = P! andC}EI]J’1 forl<i<nand1<j<n.
Letqo, g1, 70,11 € P! be points. Let Qp, Q1, Ryp and R be connected components
of pi'(qo), py'(g1), py ' (ro), and py ' (r1), respectively.
Let V — H? be a domain in H? with boundary on the union
QoYU Q1URyURy,

but with interior disjoint from this union. We define the divisors Zy, Z,,, Z(/), Z, of
Y, as follows: Zj will be the beginning of the integration of the #; variable (t; = 0),
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Z, will be the end of the integration of the #, variable (¢, = 1), Z(’) will be the
beginning of the integration of the s; variable (s; = 0), and Z, will be the end of
the integration of the s, variable (s, = 1). We define them as the fiber product
Zo= Qo xc X2 Xc- - Xc Xn, Zn=X1Xc - Xc Xn—1 Xc Q1,
Z(/) = R() X X’z Xcre Xcr X;, Z;l = Xa X X X;z—l X’ Rl.

We will use the notation

VP =Vopm) X - X Vo and  X? = Xy, 1)pp(1) X+ =+ X Xy () po ) -

Then the map I’ becomes

Let
J Y, — X°

be the composition of the natural inclusion Y,, — X1 X - - - X X},,, and the projection
Py, p,- Then we define the domain of integration to be

‘_/IlY)n =‘_/p XX'D Yl’h

which is the fiber product of the maps I’ and J’. Since I’ : U? — X* is an inclusion,
we have that the induced map

X_/é),n - Y,
is an inclusion.

Then the divisors Zo, Z, ..., Z,—1, Z, and Z(, Z}, ..., Z, _,, Z, cut out from
Vy, a product of two n-simplices, which corresponds to the region where the
product {0 <s; <.-- <5, <1} x{0<1; <---<t, <1} is embedded. Denote
by \_/’;n the connected components of \_/‘;n that contains the image of the product
{0<s;<---<s,<1}x{0<1; <---<t, <1} under the map g from Definition 3.5.

Proof of Theorem 4.7. We consider the type of iterated integrals defined in Definition
3.15. Using the above notation, the domain of integration is U C V. We define

7P P ATP
Uy =Uy NVy.
Then the boundary of l7f,n lies on the union of divisors

Uy, C <U Zi) U (U z;).
i=1 j=1

The normalized Hecke eigenforms of weight (2, 2) can be realized as algebraic
differential forms on the Hilbert modular variety. Then the iterated integrals on a
membrane of type ¢ over the domain U are periods, since:
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(1) A Hilbert modular variety can be defined over a number field.

(2) The normalized Hecke eigenforms fi, ..., f, of weight (2, 2) can be realized
as algebraic differential forms on the Hilbert modular variety.

(3) The boundary of the region of integration U ;1 is a divisor on Y,, namely,

n n
(U Zi)U(U Z}). O
i=1 j=1

4D. Generating series and relations. In this subsection, we examine the generat-
ing series of iterated integrals on membranes (of types b’ or ¢), evaluated at geodesic
triangles and geodesic diangles. We prove relations among them. Most importantly,
the generating series J will be used in Section 4E to define noncommutative Hilbert
modular symbols. Moreover, the relations that we prove in this subsection will be
interpreted as cocycles or as coboundaries of the noncommutative Hilbert modular
symbols satisfy in Section 4E.

Definition 4.11. Let f1, ..., f,, be m cusp forms with respect to a Hilbert modular
group I'. Let fidz; Adzo, ..., fmdz1 Adzp be the corresponding differential
forms defining the generating series. Let J(p1, p2, p3) be the generating series J
evaluated at the geodesic triangle with vertices p1, p2, p3. Let J(p1, p2; p3, p4)
be the generating series J evaluated at the geodesic diangle {p1, p2; p3, pa}.

Both J(p1, p2, p3) and J (p1, p2; p3, p4) will be called noncommutative Hilbert mod-
ular symbols after the action of the arithmetic group is included (see Definition 4.13).

Theorem 4.12. The generating series J is one of the types b, ¢, b’ or ¢'. Note
that J(p1, p2; p3, p4) is defined for all types, while J(p1, p2, p3) is defined only
for types b’ or ¢'. Then the generating series J(p1, p2, p3) and J(p1, p2; p3, p4)
satisfy the following relations:

(1) If o is a permutation of the set {1, 2, 3}, then
J(Pot)s Po2)s Pa3) = J72 ) (p1, p2. p3).

(2) If p1, p2, p3, p4 are four points on the same holomorphic (or antiholomorphic)
curve of type y* A, then

I =J(p1, p2, p3)J (P2, P3, p4)
x J(p2, p1, pa)J (p1, pa, p3) .

Q) If p1, p2, p3, pa are four points on the same holomorphic (or antiholomorphic)
curve of type y* A, then

I =J(p1, p2: p3, p4).
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(4) For every four points p1, p2, P3, P4, we have the following relation based on
the orientation of the domain:

J(p2, p1; p3, pa) = J(p1, P2; P4, P3)
= J Y (p2, 1 pa, p3)
= J"Y(p1, p2; 3, pa).

(5) For every five points p1, p2, P3, P4, Ps, we have

J(p1, p2; p3, pa)J (p1, p2; p4, ps) = J(p1, p2; P3, P5)-

(6) For every four points p1, p2, p3, P4, we have the following relation, based on
the boundary of a thickened tetrahedron:

L =J(p1, p2, p3)J (P2, p3, pa)
x J(p2, p1, pa)J(p1, pa, p3)
x J(p1, p2; p3, pa)J (P2, p3; p1. pa)J (p3, p1; P2, p4)
x J(p3, p4; p1, p2)J (p1, pa; p2, p3)J (P2, pa; 3, p1)-

Proof. For part (1), let o be an odd permutation. Let U be the union of two triangles
along one of their edges. Let the first triangle have vertices p, p2, p3 and the
second triangle have vertices ps, p2, p; with the opposite orientation. We can glue
the two triangles along the edge p; p>. (Gluing along any other edge would lead to
the same result for the corresponding generating series.) From the shuffle product
formula (Theorem 3.21(iii)), it follows that J(U) = J(p1, p2, p3)J (p3, p2, P1).
(Note that the product is not the product in the ring R. It is induced by a shuffle
product of iterated integrals on membranes.) From the second homotopy invariance
theorem (Theorem 3.11) it follows that the generating series J (U) depends on U up
to homotopy, which keeps the boundary components p; p3, p3p2, p1p3 and p3pi
on fixed unions of holomorphic curves. We can contract U to its boundaries U so
that the contracting homotopy keeps the boundary components on a fixed union of
holomorphic curves. Therefore, J(U) = J(0U) = 1.

Parts (2), (4) and (5) can be proven similarly.

For part (3), if p1, p2, p3, pa belong to the same holomorphic (or antiholomor-
phic) curve, then the corresponding diangle has no interior, since the two edges
will coincide. Recall that the edges of the diangle are defined via unique geodesic
triangles lying on a holomorphic (or antiholomorphic) curve.

The proof of part (6) is essentially the same as the one for part (1); however, we
will prove it independently, since it is a key property of the noncommutative Hilbert
modular symbol. Consider a thickened tetrahedron with vertices pi, p», p3, pa.
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The faces of the thickened tetrahedron are precisely the ones listed in the product
of part (6). The whole product is equal to J(V'), where V is the union of all faces
of the thickened tetrahedron. From the second homotopy invariance theorem it
follows that the generating series J (V') depends on V up to homotopy, which keeps
the boundary components on a fixed union holomorphic curves. Since V bounds a
contractible 3-dimensional region (a thickened tetrahedron), from Theorem 3.11, it
follows that J (V) = J (point) = 1. O

4E. Definition of noncommutative Hilbert modular symbols. In this subsection,
we define noncommutative Hilbert modular symbols. They are analogues of Manin’s
[2006] noncommutative modular symbol, applicable to the Hilbert modular group.
Instead of the iterated path integrals that Manin uses, we use a higher-dimensional
analogue, defined in Section 3.

Usually, a modular symbol represents a cohomology class. Manin’s noncommu-
tative modular symbol represents a noncommutative first conomology class. We
would like to say that the noncommutative Hilbert modular symbols represent non-
commutative cohomology classes; this is formulated in Conjectures 4.14 and 4.15.

After defining the noncommutative Hilbert modular symbols, we prove some
of their properties. These properties will be interpreted intuitively as cocycle or
coboundary conditions. The approach in this subsection is more geometric. The
purpose of presenting them here is to give many examples of relations and to help
establish a suitable cohomology theory that truly captures these relations in a more
structured way.

The cocycle interpretation is only for intuition; it is not precise. The formula
holds for geometric reasons. Note that the composition is not the multiplication in
the ring R; it is given by the shuffle product (see Theorem 3.21), which works for the
generating series on iterated integrals on membranes. The multiplication is written
linearly as we would multiply several elements in a group or in a ring; however,
the multiplication is two-dimensional among regions with common boundaries.

In the next subsection will give some intuition about higher categories, for the
purpose of giving more structure to the noncommutative Hilbert modular sym-
bols and for a possible approach to defining a first and second noncommutative
cohomology class.

For definitions of iterated integrals on membranes, see Definitions 3.4 and 3.5
for types b and ¢ and Definition 4.9 for types b" and ¢’.

Definition 4.13. We define noncommutative Hilbert modular symbols as generating
series of iterated integrals on membranes of types b, ¢, b’, or ¢’ over a geodesic
diangle by

Cprprips V) = T(P1. P23 P3. ¥ P3).
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We also define noncommutative Hilbert modular symbols as generating series of
iterated integrals on membranes of types b’ or ¢’ over a geodesic triangle by

3 (v, 8)=J(p,yp. ydp),
where p, p1, p2, p3 are cusp points in H?UP!(K) and B,v,8 € SLy(0k).

We are going to define an action of Mat, (Og )™ on the generating series J¢, where
Mat, (O )™ is the semigroup of 2 x 2 matrices with totally positive determinant.

In order to interpret ¢! (y) and ¢?(y, 8) as cocycles, we are going to define an
action of the semigroup Mat,(Ok)™* on the whole ring R where the generating
series take values. Such an action can be given via Hecke operators.

For simplicity, we shall assume that O has narrow class number 1. We consider
all Hecke eigenforms of weight (2, 2) with respect to Mat, (O )™. Now, let u be a
unit such that #; > 0 and u, < 0, where u| and u, are the images of # under the
two real embeddings of K into R. It exists, since the narrow class group is trivial.
(For example, K = @(«/5) is such a field.) We define an action of y € Mat;(Ok)
on the ring R (Definition 3.13) where the generating series takes values. We define

yef=T,(f)

for y € Maty(Og) ™. Let fi, ..., fn be a basis of Hecke eigenforms of the space of
cusp form of weight (2, 2). Let X, Y1, ..., Xy, Y,y be generators of R, and to each
f; associate X; and Y;. Then the action of ¥ € Maty(Og)™ is given by T,(X;) =
c(y, fi)X; and T,, (Y;) = Y;, where c(y, f;) is the eigenvalue of the Hecke operator.

In this setting the group action, namely, the action of the Hilbert modular group,
is trivial. This trivial action extend to the action of 77 = id on the whole ring R.
In fact, for an element 8 € SL,(Og), the trivial action on c},l’ i s and cf, can be
realized as

1 _ .1
(ﬂcplypz;[h)(y) - Cﬂplﬁpziﬂ[& (ﬁy)

and
(Be2) (v, 8) =c3,(Bp. Byp. Bydp).

The last two relations hold because for a cusp form of weight (2, 2) the differential
form f dz; A dzp is invariant under the action of the Hilbert modular group I.
Algebraically, for any geodesic diangle, we have

BJ(p1, p2; p3, p4) = J(p1, p2; p3, pa) = J(Bp1, Bp2: Bps, Bpa).

Similarly, for a geodesic triangle,

BJ(p1, p2, p3) = J(p1. p2, p3) = J(Bp1, Bp2, Bp3)-
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The relations among the symbols are based on two properties: composition
via shuffle product Theorem 3.21(iii) and homotopy invariance (Theorems 3.7
and 3.11).

Conjecture 4.14. The noncommutative Hilbert modular symbol C;n,pz;ps is a 1-
cocycle. Moreover, if we change the point p3 to g3, then the cocycle changes by a
coboundary.

Property (5) of Theorem 4.12 can be interpreted as a 1-cocycle relation. Consider
the analogy with a noncommutative 1-cocycle of a group acting on a noncommuta-

tive ring; we define the boundary of C;In, i s by

Ay, paips Bs V) = €y s BBy i) )€y BV

The action of B on the cocycle is given in Definition 4.13. In contrast to a first
noncommutative cocycle (see for example [Brown 1982]), here we have two-
dimensional composition of symbols, that is, one can compose the symbols as
two-morphisms in a two-category.

Then

ey, (B ¥) = J(P1, P23 p3, BP3)(BI (1, p2; p3, yp3))d ' (p1, pa; p3, By p3)

= J(p1, p2; P3, BP3)J (p1, p2; Bps, Byp3)J ' (p1, pa; p3, BYp3)
=1. (26)

If we change p3 to g3 then the cocycle changes by a coboundary. Let b° =
J(p1, p2; p3, q3) be a 0-cochain. Then

Cpropwas @) = J(P1, P23 P3. ¥P3)

= J(p1, p2; 3, q3)J (P1, P2; 3. Yq3) J (P1. P2; Vq3. Y P3)
= J(p1, p2; 3 ) (1, P23 43, v@3) (v I (p1, p2; P3, q3)) "

=0} s N @7)

Conjecture 4.15. The noncommutative Hilbert modular symbol clz7 (B, y) satisfies
a 2-cocycle relation. Moreover, if we change the point p to g, then the cocycle
changes by a coboundary up to terms involving c!.

Recall

(B, )= J(p, Bp, BYp).
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Then clz7 satisfies a 2-cocycle condition up to a multiple of the 1-cocycle c}]] it

for various points g1, g2, g3. For the 2-cocycle relation, we compute dclz7 B, vy,96):

dey (B, v, 8) = (B, ) (B, y)(*(By. ) (B- (v, )~
= J(p, Bp, Byp)J(p, Bp, Bydp)
x J(p, Byp. Bydp)~'J(Bp, Byp. Byép)~". (28)

In order to have dcf, (B, v, 8) = 1, we must multiply by suitable values of ¢!,
corresponding to edges of a certain thickened tetrahedron. Then

des (B, 1. 8) X [€h g pyp (BYISBYY Nl 5y p BYOChyy ppp (BIVSB™)
x Cllﬂyp,ﬂyﬁp:p('B)czg,ﬁyép;ﬁp(ﬂyﬂ_l)cflﬂp,ﬁw?p;ﬁyp(('3)’)_1)]
=[5 (B, Y)* (B, y8)( By, ) (B- (v, 8) ']
X [C;,ﬂp;ﬁ}/p(('BV)(S('BV)_I)Cllﬁp,ﬂyp;p(ﬁy‘s)céyp,p;ﬂp((ﬂ)yaﬁ_l)
x Cllﬁyp,ﬁyﬁp:p(ﬂ)cé,ﬂyép:ﬁp('BV'B_I)cép»ﬂyap:ﬂyp((ﬂy)_l)]
=[J(p. Bp. Byp)J (p, Bp. BYSp)J (p., Byp. Bydp)~' J(Bp. Byp, Byép)~']
x [J(p, Bp; Byp, Bydp)J (Bp. Byp; p, BySp)J (Byp. p; Bp, BY5p)
x J(Byp, BvSp; p. B»)J (p, BySp; B, Byp)J (B, BySp; Byp, )]
=1.

The first equality follows from (28). The second equality follows from the definition
of the symbols. And the last equality follows from property (6) of Theorem 4.12 with

(P1> P2, p3» p) = (p, Bp, By P, B, y8p). Therefore, we obtain that dc3 (8, v, 8)
is 1 up to values of the 1-cocycle c'.

Conjecture 4.16. The conjectural cocycles clzj and cZ are homologous:
2 (B.y)=co(B.y)dbh, (B. I [ (D).

up to a product of J(D;), where the D; are geodesic diangles.

Before we proceed, we would like to make an analogy between 1-dimensional
and 2-dimensional cocycles. For the 1-dimensional cocycle, the property that it
is a cocycle uses the geometry of a triangle, where the faces of the triangle are
essentially the 1-cocycle. We want commutativity of the triangular diagram. We
think of the commutativity of the diagram as follows: consider the interior of the
triangle as a homotopy of paths and think of the 1-cocycle as a homotopy-invariant
function. The 2-cocycle relation is represented by the faces of a tetrahedron. By
“commutativity” of the diagram, we mean a homotopy invariant 2-cocycle and a
homotopy from one of the faces to the union of the other three faces.
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! and c! are homologous is given by a square-

The comparison that ¢ . .

. P1,P2;P3 . _P1,P2,_43 .

shaped diagram. The analogy with dimension 2 is that the cocycles c?, and cé are
two faces of an octahedron. The vertices associated to c% (B, y) are (p, Bp, Byp)
and the vertices associated to cs are (g, Bq, Byq). The two faces will be opposite
to each other on the octahedron Oct so that the three pairs of opposite vertices are
(p, Bvq), (Bp,q) and (Byp, Bq). The remaining six faces are combined into two
triples. Each of them corresponds to a coboundary of a 1-chain.

Let
by, ,(B)=1J(p.q, Bp)J (4. Bg, BPILJ (4. Bp; p, Ba)].

Consider the action of ¥ € I' on b'! by acting on each point in the argument of J,
denoted as before by y - b!. Then, we define

db, ,(B.y)=b, (BIB-b, , (b, (B,

where B-b, . (v) =1J(Bp, Ba, Byp)J (Ba, Byq, Byp)ILJ (Ba, Byp; ps By q)).
Consider the above octahedron Oct. Remove from it the tetrahedron 7 with

vertices (p, g, Byq, Byp). Then the triangles of the remaining geometric figure
are precisely the triangles in the definitions of clz7 B, ), cg (B, y) and db},’ (B Y).
Now, consider thickenings of the edges, which are common for two triangles. It
can be done in the following way. Instead of any triangle, we can take a geodesic
triangle. The two triangles that had a common edge might have only two common
vertices. Then the region between the two geodesic, one for each of the geodesic
triangles, forms the induced diangle. Take J of the induces diangles from the
octahedron Oct and J~! of the induced diangles from the tetrahedron 7. Their
product gives [ [, J(D;). The equality holds because we apply J to the union of
the faces of the thickened Oct —T', which gives 1.

4F. A two-category. Why do we need a two-category? Is there an example of a
sheaf on this category/topology? How does the noncommutative Hilbert modular
symbols represents a sheaf?

The ideas presented in this subsection will be developed in a follow-up paper.
Here we present the basic constructions that give justification for the conjectures
that the noncommutative Hilbert modular symbols ¢! and ¢? are cocycles in some
categorical and sheaf-theoretic setting. For sheaves on 2-categories one may consult
[Street 1982]. Since our 2-morphisms are invertible one may also use Lurie’s
constructions [2009] of sheaves on higher categories.

We are going to construct a 2-category C and a sheaf J on C. We define p to be
an object of the 2-category C if p is a cusp point, that is p € P!(K). We define
1-morphisms in the following way. Let o be the geodesic connecting 0 and oo
that lies on the diagonal A =i(H) C H x H. There is unique such geodesic. All
geodesics y*o together with a choice of orientation are defined to be 1-morphisms,
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where y € PGL,(K). We define the 1-morphisms of C to be finite concatenations
of geodesics of type y*o or the trivial path whose image coincides with a cusp
point. Consider ideal triangles and ideal diangles as cells from which we build
manifolds with corners. A 2-morphism is a finite union of manifolds with corners,
made from finitely many ideal diangles and ideal triangles, which is path-connected
and has orientation.

The boundary of a 1-morphism is a union of two objects — the starting point
and the ending point of the directed path. The boundary of a 2-morphism (a 2-
manifold with corners) is a finite union of 1-morphisms (oriented loops), where
the orientation of the loops on the boundary is induced by the orientation of the
2-manifold with corners.

Now we are going to define a 2-sheaf J, whose values on a 2-morphism will be
in a subset of the ring R and whose values on an object and on a 1-morphism will
be a subset of a countable product of the ring R with itself.

As always, S, 2(I") denotes the space of cusp forms of weight (2, 2) with respect
to the group I'. Here we will consider this space as the space of holomorphic
2-forms on H x H which vanish on the cusps and which can descend to the Hilbert
modular surface Xr = I'\(H? U P!(K)). Every n-tuple of such holomorphic
forms 2 € (522(I"))" defines a value of a 2-morphism f in C. Let this value
be the generating series J;(£2). Let J be the collection of all values J;(£2) for
Q e (S2(IM)". Let e be a 1-morphism. We say that e is in the boundary of a
2-morphism f, denoted e C df, if the image of the loop e is in the boundary of the
image of the membrane f together with the induced orientation on e from f. We say
that an object p is in the boundary of a 1-morphism e, denoted by p € de, if p is a
source or a target of e. We define the values of J on a 1-morphism e to be the product

[T/ <c[]r

eCof eCof

We define the values of J on objects p to be

[17/<c[]®

pede pede
eCof eCof

The sheaf conditions for 1- and 2-morphisms resemble the classical conditions
for a presheaf to be a sheaf.

Let fi : A; — [0, 1]? be a finite collection of disjoint 2-morphisms, whose union
is a morphism f : A — [0, 1]%. We define a finite collection fl’; of 1-morphisms
and O-morphisms (objects) such that the union Uk im( fl';) =im(f;) Nim(f;) is a
disjoint union of the intersection.
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Then the equalizer

J_,»—>]f[Jf,. =[17x

ijk

is exact (for a definition of equalizer one may consult [Borceux 1994]).

Similarly, let e be a 1-morphism and let {e;} be a finite set of disjoint 1-
morphisms such that the union _J; im(e;) is equal to im(e). We can write the
intersection im(e;) Nim(e;) as a finite union of 0-morphisms | J, im(ef.‘j), for some
k

1-morphisms ;.

Then the equalizer

Jo— 117 :;HJefj
i ijk
1s exact.
The cochain is defined as

[T - II %= II - TII 7%

p:0-morph e: 1-morph f:2-morph g:2-morph
0g=0
The maps J, — J, and J, — J are surjective when they are defined, resembling
flabby sheaves. Thus, we should have trivial zeroth and first cohomology set.
The only nontrivial cohomology will be the second cohomology set. The cocycle
conditions for both noncommutative Hilbert modular symbols ¢! and ¢? can be
interpreted as a particular case of maps

IT /- ] 7

f:2-morph g:2-morph
0g=0

For ¢!, the boundary condition is that a union of two diangles with a common
edge is a third diangle. One can think of the these three diangles as the boundary
of a degenerate 3-dimensional region. One can realize this cocycle condition as
a sheaf-theoretic one by modifying the above definition so that the 2-morphisms
consists of a finite union of ideal diangles (without using the ideal triangles). Then
the sheaf-theoretic second cocycle condition is the one for noncommutative Hilbert
modular symbol ¢!,

If we are able to quotient the 2-category described in the beginning of this
subsection by the 2-morphisms generated by diangles, then we have only two
morphisms generated by ideal triangles. The noncommutative Hilbert modular
symbol ¢? is exactly the one that considers ideal triangles. Note that its cocycle
relation for ¢? is satisfied up to 2-morphisms generated by diangles.
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4G. Explicit computations. Multiple Dedekind zeta values. In this subsection,
we make explicit computations of some ingredients in the noncommutative Hilbert
modular symbol. Manin [2006] compared explicit formulas of integrals in the
noncommutative modular symbol to multiple zeta values. The similarities are in
terms of both infinite series formulas and formulas via iterated path integrals. Here
we compare certain integrals in the noncommutative Hilbert modular symbol to
multiple Dedekind zeta values (for multiple Dedekind zeta values, see [Horozov
2014b]). Again the similarities are in terms of both infinite series formulas and
formulas via iterated integrals over membranes.

We are going to consider the Fourier expansion of two Hilbert cusp forms f and g.
Let wy = fdzy Ndza, wg = gdz1 ANdzp and wy = dzy A dzp. We are going to
associate L-values to iterated integrals of the forms w; and wg. The L-values
will be iterated integrals over an union of diangles. One can think of a diangle
connecting 0 and co as a segment or as a real cone. The union will be a disjoint
union of all such real cones connecting 0 and oo or simply Im(H) x Im(H). We
also recall the definition of a multiple Dedekind zeta values via (discrete) cones.
Finally, we prove analogous formulas for iterated L-values associated to Hilbert
cusp forms and for multiple Dedekind zeta values.

We will be mostly interested in the modular symbol associated to a diangle. Let
us recall what we mean by a diangle.

Let p1, p2, p3, pa be four cusp points. Let y; € GL,(K) be a linear fractional
transformation that sends y;(p1) to 0, y1(p2) to oo, and y;(p3) to 1. Let A be the
image of the diagonal embedding of H! into H?. Then 0, 1 and oo are boundary
points of A. Let A(0, co) be the unique geodesic in A that connects 0 and co. And let

A (p1, p2) = y; 20, 00)

be the pullback of the geodesic A to a geodesic connecting p; and p;.

Now consider the triple p;, p> and p4. Let y» € GL2(K) be a linear fractional
transformation that sends y»(p1) to 0, y2(p2) to 0o and y»(p4) to 1. Let A be the
image of the diagonal embedding of H! into H?. Then 0, 1 and oo are boundary
points of A. Let A(0, co) be the unique geodesic in A that connects 0 and co. And let

A (p1, p2) =y, ' M0, 00)

be the pullback of the geodesic A to a geodesic connecting p; and p;.

By a diangle, we mean a region in H> UP!(K) with the homotopy type of a disc,
bounded by the geodesics A1(0, o) and A, (0, 00).

We are going to present a computation for the diangle D, defined by the points
(0, 00, u', u~1), where u is a generator for the group of units modulo +1 in XK.
Let (1) be the trivial permutation.
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Lemma 4.17. Let u be a totally positive unit. Then

ma 1 W2 — 2
// e2ilzi+m) dzi Adzy = — 2 1 )
D, (2mi)= (oyuy +oouz)(ajus +oouy)

Proof. Let u; and u; be the two embeddings of u into R. Then (0, co, u) can be
mapped to (0, oo, 1) by y; = ( o : (1)) The geodesic A(0, co) can be parametrized
by (it, it) for t € R. Then the geodesic A (0, co) on the geodesic triangle (0, oo, u)
can be parametrized by {(iu ¢, iust) |t > 0}. Similarly, the geodesic 1,(0, o0)
on the geodesic triangle (0, oo, u~1) can be parametrized by {(iust, iuit) |t > 0}.
Then the diangle D, can be parametrized by

{(Zl, Zz) €|]'|]2 | Re(zl):Re(zg):O, Im(zl) € (;l, %l), Im(z2):t € (0, OO)}
2 1

Then we have

ma 0/ rist
f/ eZm(oqu—azzz) le /\de :f (/ eZm(alm-szt) dZ1) dt
D, o) %t
1 0 uj uy
— : eoc] 0 t+ont _ eon i t+ont dl‘
2miay Joo

. 1 1 1 1
_(27Ti)2051 Ollz—;—l-()tz ou”—f—i—ozz

u
2 2
1 uy —ujy

- 2mi)? (ajuy + aouz)(aus + aouy)

Therefore, one term of the Fourier expansion of a Hilbert cusp form paired with
a symbol given by one diangle does not resemble a norm of an algebraic integer.
However, if we integrate over an infinite union of diangles, then a similarity with
Dedekind zeta and multiple Dedekind zeta values occurs.

Consider the limit of D,» when n — oo. It is the product of the two imaginary
axes of the two upper half-planes. Set

Im(H?) = Im(H) x Im(H).

One can think of this region as an infinite union of diangles.
Denote by «z the sum of products «1z; + apz2. Using the methods of [Horozov
2014b, Section 1], we obtain

2mi) 2 M .
N(of)]j:,—l(zx_i_/g)=/ P dzy Ndzy - e P dzy Adzo
Im(H2)
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and

1 1
(27i)? N(a)3N(a+p)?

M . .
= / e J7 i Adzo-(dzy Ad7a) - (dzi Ad 7)€ P2 dzy Adza - (dzy Adzp).
Im(H?)

Let f and g be two cusp forms of weights (2k, 2k) and (2/, 2[), respectively.
Consider the Fourier expansion of both of the cusp forms. Let

f= Z aanniaz and g= Z bﬁeZJTiIBZ‘

>0 B>0

Since f is of weight (2k, 2k), we have that a,, = a,, where u is a unit. For such a
modular form the modular factor with respect to the transformation z — uz is 1.
The L-values of f are

(1) ,
Li(n) = / age™** dzy Adzp - (dzy Adza) "V
Im(H?) ae@;/u+

1 Qg
= Qi) 2 N(a)"

a0t /Ut

Here @4,; denotes the totally positive algebraic integers in K and U™ denotes the
totally positive units.

We recall some of the definitions from [Horozov 2014b]. We fix a positive cone
C in Ok, by which we mean

C=NU{a €0k | a+be, a,beN},

where € is a generator of the group of totally positive units. By €*C, we mean the
collection of products €, where o varies in the cone C.
The following infinite sum is an example of a multiple Dedekind zeta value:

1
{k.c.ekc(m,n) = Z Z N ()" N(a + B)" ‘

aeC BeekC

Let Z(m,n) =) ;7 Ck.c.ckc(m, n), where C is any set representing the totally
positive algebraic integers @; modulo totally positive units U™,

Lemma 4.18. The values Z(m, n) are finite for m > n > 1.
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Proof. Let € be a generators of the group of totally positive units U™ in K. For the
two real embeddings €| and €; of €, we can assume that €; > 1 > €. Otherwise we
can take its reciprocal.

1
Z(m,n) = — - (29)

;BZC N(a)™N(a +€kp)

< Everliaa Sl ) o
o pe CN(Ot)’" N(a+ B)" P ef agﬁ’f

2 (N(a+p)" = N()"

- %E:CN(a)’"<N(a+ﬂ)"+;3< N@+p)" )) D

:Z 1 ( 1 n 2 <N(a+/3) — N(x) >> (32)
o pec N@)" \ Na+p)" € —1 N(x+ )"

1 2 1 2
B ﬂZC N@"N@+p"  e—1N@' N@" "Na+py 33

2
=k (Cim,n) = —— (L (Cin) + L (Cm —n, n)). (34)

Equation (29) is the definition. Inequality (30) is based on the following: €; < 1
is replaced with 1 when k£ > 0. For k < 0 we use 6§ = el_k. We put 1 for e'l‘ for
k < 0. The case k = 0 is treated separately. Finally we group the terms with equal
powers of €. In inequality (31) we estimate the mixed terms in the brackets. In
(32) we take the sum of the geometric series in € ' Then in (33) we open the
brackets. And finally, in (34), we express the sums as a finite linear combinations

of a Dedekind zeta value and multiple Dedekind zeta values. U

The following definition of an iterated L-value is a coefficient of one monomial
from the noncommutative Hilbert modular symbol of type b:

Definition 4.19. For a pair of Hilbert cusp forms f and g with Fourier expansions

f= Z aanm'otz and g= Z bﬂeZm'ﬂz’

a>0 B>0
we define iterated L-values

MM .
Lyglm.m) = / Z (age™** dz) Adz) - (dz1 Adz) ™™V

Im(H2) ~
(a,8)e(0%,0%)/U :
SOOI e 47y Adz) - (dzy Adza) D,
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Theorem 4.20. Using the above definition, we have

B aqgbg
Lyg(m,n) = Z Z N(@)"N(a+p)"

keZ aeC,BeekC

Proof.
MM o
Lpgm.n) =/ > (ag€®™** dz) Adzs) - (dz) Adzp) ™"V

Im(H?2) T ot
(o, 8)€(0%,0%)/U i
o K°'VK . (bﬂeZn'lﬂz le /\dZZ) . (dZI /\dZZ)-(n—l)

3
a N(@)"N(x + B)*
(a.)€(0F.05)/U @) ( p)

- ¥ ey
- k
keZ;a,BeC N(Ol)mN(Ot Te ﬁ)n

. aab,g
"L 2 L NapNai o .

keZ, aeC BeekC

We would like to bring to the attention of the reader Definition 4.19, the definition
of the multiple L- values. More specifically, we would like to point out that the
region of integration is an infinite union of diangles (or equivalently an infinite union
of real cones; see the beginning of this section). Note also that in Theorem 4.20 the
values of the multiple L-functions are expressed as an infinite sums over different
discrete cones, namely, over €C for k € Z. However, a single real cone D,,
as in Lemma 4.18, does not correspond to a single discrete cone. Only a good
union of real cones Im(H) x Im(H) corresponds to a good union of discrete cones
Ukez(C, €kC) as a fundamental domain of (07, @;)/UJF.
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