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Single-valued hyperlogarithms, correlation

functions and closed string amplitudes

PIERRE VANHOVE AND FEDERICO ZERBINI

We give new proofs of a global and a local property of the integrals
which compute closed string theory amplitudes at genus zero. Both
kinds of properties are related to the newborn theory of single-
valued periods, and our proofs provide an intuitive understanding
of this relation. The global property, known in physics as the KLT
formula, is a factorisation of the closed string integrals into prod-
ucts of pairs of open string integrals. We deduce it by identifying
closed string integrals with special values of single-valued correla-
tion functions in two dimensional conformal field theory, and by
obtaining their conformal block decomposition. The local property
is of number theoretical nature. We write the asymptotic expansion
coefficients as multiple integrals over the complex plane of special
functions known as single-valued hyperlogarithms. We develop a
theory of integration of single-valued hyperlogarithms, and we use
it to demonstrate that the asymptotic expansion coefficients belong
to the ring of single-valued multiple zeta values.
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1. Introduction

In this work we study the integrals

(1.1) MN+3(s n, )

N
- (5 ) / 20— 25259 (51 — 2 (5 — 5,) [[ dei i,
& cN 0<z<]<N+1

i=1

with zp := 0 and zy41 =1, for N € N and n;j, n;; € Z, as functions of the
complex variables s;;.

These integrals are building blocks of closed string theory amplitudes on
genus-zero surfaces, and are known to admit a meromorphic analytic contin-
uation to s € CVIN+3)/2 (see Section .

More specifically, we are interested in a well-established global property,
known in physics as the KLT formula (see below), and in a recently proven lo-
cal property, which concerns the number-theoretical nature of certain asymp-
totic expansion coefficients. These two properties are related, in two different
ways, to the newborn theory of single-valued periods, as explained below.

Periods are special complex numbers, defined as the entries of the matri-
ces P that represent Grothendieck’s isomorphism Hlz ®q9 C=Hp ®g C be-
tween the de Rham and the Betti (relative) cohomology groups of an algebraic
variety over Q. Single-valued periods are defined as the entries of the matrices
PV := P~1P, that represent an automorphism Hir ®9 CHHlz ®q C of the
de Rham cohomology induced by the action of complex conjugation on the
complex points of the variety [Brol3].

To explain the origin of the terminology “single-valued”, consider a family
of algebraic varieties, which depends algebraically on parameters living on
a base space. Then the associated periods also depend on the parameters
and, as functions of them, they satisfy special differential equations, known
as Picard-Fuchs equations. In particular, they can be seen as multi-valued
functions on the base space, in the sense that they are local solutions of the
Picard-Fuchs equations, whose analytic continuation along a path depends
on the homotopy class of the path. The associated single-valued periods are,
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on the other hand, Well—deﬁnedﬂ on the base space, so they are single-valued
functions of the parameters, and single-valued periods are special values of
these functions.

There is no canonical way in general to associate to a (motivic) period
a single-valued period. Such a canonical map exists, however, for (motivic)
periods of mixed Tate motives [BD1§|, which contain all periods appearing
in this article; we call it a single-valued projectz'owﬂ We remark that single-
valued projections are a priori only defined on motivic periods, but assuming
the period conjecture we can think of them also as maps on actual periods.

The introduction in mathematics of this single-valued formalism was
mainly motivated by the surprising relations noticed in physics between the
integrals ((1.1)) and the integrals
(1.2)

AN+3(8,n>p)=/ |

0<z,(1) < <2 <1 0<i<j<N+1

N
Sij (xl — .%‘j)mj H di‘z s
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where g := 0, zy41 := 1, and p € Gy is a permutation, which are the build-
ing blocks of open string theory amplitudes at genus zero.

The first of these surprising relations is the KLT formula, discovered by
(and named after) Kawai, Lewellen and Tye in [KLT], which expresses closed
string integrals in terms of products of pairs of open string integrals (|1.2)).
This identity is a global property of the integrals , as it holds for any s.
It was noticed by Mizera that the KLT formula can be interpreted in terms
of twistedlﬂ cohomology [Miz16, Miz17]. Recently, Brown and Dupont built
on this observation to show that, in all cases relevant for closed string am-

plitudes, while the integrals (1.2]) are (twisted) periodsﬂ the integrals ((1.1)

n general, single-valued periods in families are well-defined Zariski locally (the
bundle with connection underlying the family may be non-trivial), but in the cases
that we consider they are well-defined on the whole base space.

2This is standard but perhaps unfortunate terminology in the field of string
amplitudes. In particular, it should not be confused with the single-valued period
map of [BDI8, BD19b], which maps de Rham motivic periods to single-valued
periods. Our single-valued projection is the composition of that map with the de
Rham projection from motivic periods to de Rham periods, which exists in the
catgory of mixed Tate motives but not in general.

3The Betti twisted cohomology is the cohomology with coefficients in the local
system associated with the monodromies of a multi-valued “twist function”, in this
case of the form [[(z; — x;)*7. The de Rham twisted cohomology is the cohomology
with coefficients in an algebraic vector bundle with a connection integrated by the
twist function.

4These are not periods (in families) in the classical sense.
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are single-valued (twisted) periods, obtained from the former via the single-
valued projection [BD19b]; the KLT formula is then a consequence of the fact
that P% := P~!'P. In other words, the KLT formula is intrinsically related
to the single-valued nature of the closed string integrals .

The second surprising relation between the closed string integrals
and the open string integrals , discovered experimentally, is of local na-
ture. One of the most important goals in the field of string amplitudes is that
of studying the asymptotic expansion at the pole s = 0. Standard techniques
allow to show [BSST] that the asymptotic expansion coefficients at s = 0 of
the integrals belongﬂ to the ring of multiple zeta values, real numbers

defined for &y, ..., k. € N, k. > 2, by the absolutely convergent nested series

(1.3) by = S

0<ni<---<ny n n.r

Extensive computations [SS12, [Stiel3, [ST14l [FEST] led to conjecture
that the analogous asymptotic expansion coefficients for the closed string
integrals should be single-valued multiple zeta values, i.e. single-valued
periods ¢*V(k1, ..., k,) obtained as single-valued projections of multiple zeta
values [Brol3|. Furthermore, it was conjectured in [Stiel3] that the whole
asymptotic expansions of closed string integrals could be obtained from those
of open string integrals by applying term-by-term the single-valued projection.
An argument proving this conjecture was recently sketched in [SS18], and
shortly afterwards a (different) full proof appeared in the already mentioned
paper of Brown and Dupont [BD19b]. This result gives a second, differenﬁ
relation between the integrals and the theory of single-valued periods.

The proofs of the single-valued projection from open to closed string in-
tegrals contained in [BD19b] and in [SS18] are rather abstract, and use some
deep algebraic geometry. The main purpose of our paper is to give new more
elementary analytic proofs of the KLT formula and of the appearence of
single-valued multiple zeta values in the asymptotic expansion, which also
provide a more heuristic explanation for the “single-valued nature” of the

integrals ((1.1)).

®This is proven only in the cases which are relevant in open string theory.

6Despite the fact that the proofs of the global and of the local results are contained
in the same paper [BD19b], they do not seem to be related in any simple way. The
recent work [BD19a] starts exploring the possibility of relating them via a theory
of hypergeometric motives.
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Our idea, in both cases, is to add a variableﬂ to obtain single-valued func-
tions (single-valued periods in families), and to study their analytic proper-
ties. More specifically, in the global case our idea is to understand the KLT
formula as a specialisation of the conformal block decomposition of a correla-
tion function, whose single-valuedness is also required for physical reasons. In
the local case, our idea is to develop a theory of integration of single-valued
hyperlogarithms, i.e. single-valued special functions containing single-valued
multiple zeta values as special values, and to use it to algorithmically com-
pute the coefficients of the asymptotic expansion. Precise statements of our
results are contained in the next section.

An important motivation for our work is that it seems suited for studying
analogues of the integrals on higher-genus surfaces, i.e. higher orders in
the perturbative expansion of closed string amplitudes. More precisely, the
existence of global and local relations between open and closed string inte-
grals, and their interpretation in terms of suitable single-valued periods and
single-valued projections, is expected to hold in some form also at higher
genus. Since a conformal block decomposition must exist also for correlation
functions on higher-genus surfaces [DMS], it would be interesting to use it to
identify higher-genus analogues of the KLT formula. It would also be interest-
ing to adapt our results on the integration of single-valued hyperlogarithms
to compute (a degeneration of) the asymptotic expansion of genus-one closed
string amplitudes in terms of single-valued multiple zeta Valuesﬂ along the
lines of our article [VZ].

1.1. Content

1.1.1. Closed string amplitudes and correlation functions. Here we
review our results of global nature. The starting point is that the integrals (|1.1))

"The idea of adding an extra variable has been exploited also in other contexts
related to string amplitudes computations, e.g. in [BSST] or [Miz19] at genus zero
or [BK, IDGGV] at genus one.

8The building blocks of open and closed genus-one string amplitudes are functions
of the modulus 7 of the genus-one surface. One can consider a double expansion,
first at s =0, then at the degeneration point 7 =ico. In the open string case,
the coefficients of this expansion are known to be multiple zeta values [BMMS]
BMS, BMRS]. In the closed string case, it is still a conjecture that the coefficients
are single-valued multiple zeta values [Zer1d, [DGGVI], obtained via a single-valued
projection from the open string coefficients [BrolT7al, [Brol7bl BSZl [Zer18]. Special
cases of this conjecture were proven in [DG| [ZZ, [VZ].
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can be obtained as special values (either at n = 0 or at n = 1, with the appro-
priate identification of the exponent parameters) of the correlation function

B <227T>N /c H S (L= 2)P (1 — 2)% (0 — )% (71— 5)°

Ni=1
X H (zi — 2;)% (% — % ”Hdzzdzz,

1<i<j<N

with exponents (a, b, ¢,d, @, b,é, J) € CNWV+5) such that (@ — @,b — bc—¢&d—
d) € ZNIN+9)/2 (gee Section. This condition on the exponents insures that
the integral defines, in its region of absolute convergence, a single-valued
real-analytic function of n € C. This is a physically motivated property of cor-
relation functions in conformal field theory (see Section [3.1).

Conformal field theory also predicts that the function Gy has a conformal
block decomposition

15 on (fhegh) = ZGM(

for some M € N, some coefficients GG, ; independent of 7 and some functions 1,
which are holomorphic in 7, called conformal blocks. This kind of formula is
also called a holomorphic factorisation of the function Gy (see Section .
In order to write down such a formula explicitly, and demonstrate it, we
first study the functions which will play the role of conformal blocks. It turns
out that they are contained in a class of generalised hypergeometric functions,
systematically studied in the 1980s by Aomoto [Aom| and, independently, by
Gel'fand [Gell, given by the integrals
(1.6)

Fa(a,b,c;d;n) : /1_[|zZ

abed

ied) Mabedn) Labad),

a;

z— 1

Il lz—2

N
di H dZi,
1<i<j<N i=1
where n € (0,1) and A is a connected component of {(zy,...,zy) € RV |2 #
0,1,7 and z; # z;}. We call the integrals Aomoto-Gel’fand hypergeo-
metric functions. As functions of 7, they can be extended to holomorphic
multi-valued functions on C\ {0, 1}.
Our first result is to identify a basis of these functions, suitable for our
purposes (see Theorem (4.3)).
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Theorem 1.1. Let N € N. The (N + 1)! Aomoto-Gel’fand hypergeometric
functions I, 5 (a,b,c;d;n) = TN (a,b,c;d;n) which are associated, for
permutations p € &,., 0 € G5 withr+ s = N, to the domains

(L.7) Apoy(m) ={0< 2501) - <20 SN <1< 2p0) <00 < 200 )

form a basis the vector space of (N-dimensional) integrals (1.6) over the field
(1.8)

L Tial mian |, wib1 mwiby _ Ticy
F:=Q(e™,... e

ﬂ'iCN 7Tid12 7T’L-dN,1N
L0t TN e e ).

,€ yee €

This theorem could be proven using results from the twisted cohomology
literature. In particular, we rely on a result of Aomoto for the linear inde-
pendence [Aom|, but we provide an alternative and more constructive proof
that the functions /(, , (a,b,c;d;n) generate the whole space, using a contour
deformation technique which is well-known in physics [DF84] [DF85, BBDVI,
but less so in mathematics (see Proposition .

The Aomoto-Gel'fand hypergeometric functions I, »)(a,b, ¢;d; 1) take the
role of conformal blocks in our holomorphic factorisation of the correlation
function Gy (see Theorem [5.1)):

Theorem 1.2. There exist unique coefficients G, 4) (55)(a,b,¢;d) € F such

that
abed i\
1.9 bea) N _ (L
( )gN(abéd") <2w>
8 2 G po)(55)(@ b, ¢;d) [, (a,b,¢;d;) [5,5(@,b, & d; 7).
(). (5.5)6, X,
7,520, r+s=N

The fact that Gy is a single-valued function of 1 allows us to immediately
deduce constraints on the form of the matrix of the coefficients G, ), (5.5 (see
Proposition . In fact, one may try to construct a holomorphic factorisa-
tion by imposing that the monodromies of the Aomoto-Gel’fand functions
must disappear, along the lines of the classical paper of Dotsenko and Fa-
teev [DE84], where the existence (but not the uniqueness) of a holomorphic
factorisation like is proven for special kinds of exponents.

Our proof is constructive, and it combines Theorem with the contour
deformation method proposed in the original proof of the KLT formula. In
particular, it is not surprising that specialising Theorem[I.2ton = 1 or ton =
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0 one gets back the original KL'T formulaﬂ In other words, the KLT relations
are obtained by specialising a physically motivated formula which combines
a chosen basis of holomorphic and anti-holomorphic multi-valued functions,
which are twisted periods in families, into a (uniquely determined) single-
valued function. This is a heuristic and physically motivated justification of
the fact that the KLT formula is related to the theory of single-valued periods.

1.1.2. Closed string amplitudes and single-valued hyperlogarithms.
Let us now turn our attention to local aspects of the integrals (1.1]). More
precisely, we focus on the subfamily of integrals

(1.10) M, q(s) := (2,L7T)N

- N _
[ocicj<nit |25 — 2?0 T[iz, dzdz

X
/(Pé)N 2o(1) Zo() (1 = 2o ) (1 = Zo () TTS2 (20() — Z0(i=1)) (i) — Zo(i=1))

)

where p, 0 € Gy, which is obtained for special values of n, n and which con-
tains all relevant information for closed superstring theory, and we look at
the asymptotic expansion at s =0 of these integrals. We then give a newm
proof of the following (see Theorem [7.1)):

Theorem 1.3. The asymptotic expansion coefficients of the integrals (|L.10))
are single-valued multiple zeta values.

As explained in Section [5.3] one may combine Theorem with folk-
lore results on the asymptotic expansion of Aomoto-Gel’fand hypergeometric
functions (see Section to deduce information on the asymptotic expan-
sion coefficients of the integrals . Unfortunately, this does not suffice to
prove Theorem Our proof takes instead a completely different route, and
it relies on a technical result for the integration of a class of functions called
single-valued hyperlogarithms.

Hyperlogarithms are homotopy invariant iterated integrals of rational func-
tions on the punctured complex plane. Once the starting point of the inte-
gration path is fixed, hyperlogarithms only depend on the position of the

9More precisely, we introduce Jip,oy(@,b,c;d;n) := 1, ) (a,b,c;d; 1 —n), which
can also be seen as Aomoto-Gel'fand functions Fa for suitable domains A, and
constitute an alternative basis (see Corollary . This basis is then best suited,
after specialising to n = 1, to a comparison with a version of the KLLT formula stated
in [Miz16].

10This statement was first proved (in a stronger form) in [SSI8] and [BDI19b]
while we were writing our paper.
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endpoint (holomorphically) and on the homotopy class of the path, and so
they are multi-valued functions of the endpoint. Brown described a way to
combine hyperlogarithms and their complex conjugates to remove their de-
pendence on the homotopy class of the path, thus constructing a family of
(real-analytic) functions defined on the whole punctured plane, called single-
valued hyperlogarithms [BroO4a]. This construction can also be explained, a
posteriori, with the theory of single-valued periods: hyperlogarithms are peri-
ods in families, and single-valued hyperlogarithms are their images under the
single-valued projection.

In the case where the points removed from C are 0 and 1, (single-valued)
hyperlogarithms are called (single-valued) multiple polylogarithms, and their
special values at z = 1 are (single-valued) multiple zeta values. Even though
all the integrals that we consider can eventually be expressed in terms of
(multi-valued or single-valued) multiple polylogarithms and multiple zeta val-
ues, our analysis of the asymptotic expansion of the integrals ((1.10]) crucially
relies on the general theory of hyperlogarithms.

Our idea is to generalise at the same time results of Panzer on the integra-
tion of (multi-valued) hyperlogarithms [Pan15|, and results of Schnetz on the
integration of single-valued multiple polylogarithms [Sch13]. We demonstrate
that (absolutely convergent) integrals of the kind

f(z)dzdz
(1.11) R ey et

for o; € C and f a single-valued hyperlogarithm, can be written as single-
valued hyperlogarithms in any of the variables ¢;, with coefficients contained
in a ring of special values of single-valued hyperlogarithms which depends
on f (see Theorem for a precise statement). This is the key result to
prove Theorem , but it is also an interesting general resuldﬂ which can be
useful in other contexts, as already shown in [VZ].

The asymptotic expansion coefficients of can be WrittenE as multi-
ple integrals over CV of single-valued hyperlogarithms. As integrals over any

USimilar kinds of results were obtained with a more geometric approach
in [D5MPV] to study multi-Regge kinematics or in [BPP] to study Kontsevich’s
deformation quantization.

I2This is a rather delicate point, as one first needs to separate a polar part
from an absolutely convergent part of the integrals (|1.10]). We indicate an analytic
procedure to do this, but we do not give the details in the general case. A different
approach to separate and compute the polar part in the general case can be found
in [BD19b].
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of the coordinates z;, they have the form , hence they can be recur-
sively integrated using our above-mentioned result, which eventually implies
the statement of Theorem It is possible (see Sections and to im-
plement our proof’s method and explicitly compute the asymptotic expansion
coefficients of , without any knowledge of the analogous open string co-
efficients, contrary to all previous approaches. Moreover, our method exposes
the fact that these coefficients are special values of single-valued functions,
thus providing an intuitive explanation for their single-valued period nature.

1.1.3. Organisation of the paper. Sections |2 and [3|contain the mathe-
matical and physical background of the article, respectively. In Section [2 we
give an overview of some aspects of the theory of hyperlogarithms. In par-
ticular, we introduce multiple polylogarithms and multiple zeta values (both
multi-valued and single-valued). A reader who is already familiar with these
notions can skip Section 2] and still be able to read the paper until Section [6]
where we go back to the general theory of hyperlogarithms and discuss their
integration. In Section [3] we give an overview of the physics involved in this
paper. In particular, we introduce correlation functions, and genus-zero closed
string amplitudes.

In Sections [4] and [5] we focus on global aspects of the closed string ampli-
tudes. In Section 4l which may also be read independently from the rest of
the paper, we introduce Aomoto-Gel’fand functions and study some of their
properties. The results obtained are used in Section [5, where we prove the
holomorphic factorisation of the correlation function and deduce some
of its consequences. In particular, in Section [5.4 we derive the KLT formula.

In Sections [0 and [7] we focus on local aspects of the closed string ampli-
tudes. In Section [6] which is the logical continuation of Section [2| we recall
some known results on the integration of hyperlogarithms, and we present new
results for the integration of single-valued hyperlogarithms. These results are
then used in Section [7], which is entirely devoted to prove Theorem Be-
fore proving the general case in Section [7.3] where due to notation complexity
we omit some details, we give detailed proofs in Sections and of the
N =1 and N = 2 cases, respectively. This is also intended to help the reader
interested in a practical algorithmic implementation of our method.

Finally, in Appendix [A] we discuss the convergence of the integrals con-
sidered.
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2. Hyperlogarithms

The material presented in this section is not original, except for the formu-
lation of some results in slightly more general contexts. We prove only those
statements whose proof is not an obvious adaptation of arguments from the
literature, and we provide precise references for the omitted proofs.

2.1. Definition and first properties

Let M be a smooth manifold, let wq,...,w, be smooth complex-valued 1-
forms on M and let y : [0,1] — M be a parametrization of a piecewise smooth
path. We can write v*w; = f;(t)dt for some piecewise smooth function f; :
[0,1] — C, where 1 < i < r. The iterated integral of wy, . .., w, along v (which
does not depend on the chosen parametrisation of 7) is

(2.1) /wl---wr ;:/1 At St e
o >ty >t >

We say that r is the length of the iterated integral. We will need the following
properties:

e Composition of paths.

T
(2.2) / wl CEEEY w’r pr— / wl DR wZ / wl+1 CEEEY w’f'
2 =0 7 711 V2

7=

e Shuffle product. Denote by LL(r, s) the set of permutations p of {1,...,
r+ s} such that p(1) < p(2) <---<p(r) and p(r+1) < p(r+2) <
-+ < p(r+s). Then

(2.3) /w1 e Wy / Wr41 s Wrys = Z /wp—l(l) te wp—l(H_S).
v v v

pELLI(T,S)

Let X :={xg,x1,...,2,} be an alphabet of n + 1 letters, and let ¥ :=
{00,01,02...,0,} C C be a set of n + 1 distinct complex numbers obtained
as the image of an injective map X < C (so o; is associated to the let-
ter x;). We always assume that og = 0 and 01 = 1. We denote by X* the free
non-commutative monoid containing all possible words in the alphabet X,
including the empty word e, and denote by R(X) the free R-module on X*,
equipped with the (commutative) shuffle product L which makes it into a
ring. A string of r consecutive letters x; will be denoted by zj, and the length
of a word w = m;, -+ - x;, is |w| = r.

T
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Define D := C\ 3, then any iterated integral of the differential forms
dx/(x — 0;) is homotopy invariant on D (by holomorphicity). Let us fix a
simply connected domain U obtained from D by cutting out closed half-lines
[(0;) starting at the points o; and not intersecting among themselves, and let
us choose a branch of the logarithm on C\ [(0). If w = z;, - - - @;, and 4, # 0,
we define for z € U the hyperlogarithm associated with w as the homotopy
invariant iterated integral

(2.4) Lw(z):/[o]xdx L

)
— 04y r — 0;

T

where [0, z] is any path containedE in U starting at 0 and ending at z. In order
to define hyperlogarithms for any word w € X*, we set L,r(2) = log"(2)/r!,
L.(z) = 1, and we require that w — L, (z) respects the shuffle product (which
by and is already true for words not ending with z). We say that w
is the label and z is the argument of L (z).

All hyperlogarithms extend to holomorphic multi-valued functions on D.
For instance, for i # 0

(2.5) Lyr(2) = %logr (1 - Z).

0;

If X ={zo, 21} and ¥ = {0,1} then hyperlogarithms are called multiple
polylogarithms (in one variable) [Bro04b|, and they contain for instance all
the classical polylogarithms:

(2.6) Ly, Z i —Lip(2).

k>0
Hyperlogarithms are characterised as follows:

Theorem 2.1 (Brown, [Bro04al). The hyperlogarithms {L,(z) : w € X*}
constitute the unique family of holomorphic functions satisfying for z € U

0 Ly,(z)
=Ly = - _

0z (2) z—0;

such that Le(2) = 1, Lyr(2) = log"(2)/r! for alln € N and Ly(2) — 0 as 2 —
0 for any other word w.

(2.7)

13The starting point O lies outside U. This forces us to define separately the
hyperlogarithms associated with words ending with xg, because the corresponding
iterated integral would diverge. Alternatively, one can define all hyperlogarithms
as iterated integrals making use of a regularization procedure.
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2.2. Rings of hyperlogarithms

For any ringiﬂ R < C and any alphabet X we define the R-module Hx g :=
R(Ly(2) |w € X*) (which implicitly depends also on the set ¥ associated to
X). Because all hyperlogarithms satisfy shuffle-product identities, Hx g is
also a ring, contained in the ring of holomorphic functions on U.

We consider also the ring Ax g := Ox r ®r Hx, r, Where

1 1

)
zZ — 0 O'j—O'i

(28) 0273 = R|:Z,O’Z‘, 104,05 € >, 0y #O’j

Ax r is closed under holomorphic differentiation, and via w — L, it is
isomorphic, as a differential ring, to the wuniversal ring of hyperlogarithms
Os, g ®@r R(X), equipped with a suitable derivation 0 [BroO4al, Theorem 3.7].
Using this, one can prove that every function f(z) € Ax r has a primitive
in Ax g, which is unique up to a constant, and that shuffle-product identities
between hyperlogarithms are the only algebraic relations in Ax g [Bro04al
Corollary 3.13]. In particular, both Ax r and Hx g inherit a grading by the
length of the labels, and H x g is then isomorphic as a graded ring to R(X)
via w — Ly,.

2.3. Special values of hyperlogarithms

For any w € X* and for any o0; € ¥ there exists an integer K;(w) > 0 such
that, in the intersection of a neighborhood of ¢; with the cut plane U,

(2.9) Lu(2) = 3 Y e (w) (2 — 057 logh(z — ),

k=0 j>0

where cgzl)g(w) € C. Similarly, for z € U close to oo there are Ko (w) > 0 and

c,(fj)(w) € C such that

Koo (w)

(2.10) Ly(2) = Z ch?)(w) 279 logh(2).

k=0 j>0

For 0; € ¥ U {oo} we define the regularized value of L, (2) at o; to be
Ly(0y) == c((]%(w). In particular, L,,(0) = 0y . From now on, whenever we talk

A1l results of [Bro04al presented here were originally demonstrated only in the
case R = C. If their proof can be straightforwardly adapted to any ring R, we will
state the more general version and still attribute them to [BroO4al.
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of special values of hyperlogarithms, we implicitly mean regularized values.
For i # 0, we define the weight W (L,,(0;)) of Ly (0;) to be the length |w| of
the label w.

For an alphabet X = {z;}o<j<n, a ring R < C and for everyE| 1<j<
n we define the R-module Sx g ; = R(Ly(0j) : w € X*) (keeping again the
dependence on the set 3 associated to X implicit). This is a subring of C
because of the shuffle-product property of iterated integrals. Then we
define Sx g to be the smallest subring of C containing all Sx g ;. This ring is
endowed with a ﬁltratiorm induced by the weight.

If X ={xo,z1} and ¥ = {0,1}, the special values L, (1) are multiple
zeta values. These (real) numbers generate a Q-algebra Z := Sy 211,01 =
Sfzo,01},0 and are usually defined as the nested series

)

(2.11) N S D Dl 1

0<ny<--<n, 1 n,"

where k; € N k. > 2. It is a simple exercise to verify that ((ky,..., k) =
Losrry -1, (1). The weight of ((ki, ..., k;) is therefore
0 0

-1 ki—1
leg ™ xy- x| =k A 4 ke

2.4. Generating series and monodromy

For a given alphabet X (and its associated set ) consider the C((X))-valued
generating series

(2.12) Lx(z)= Y Lu(z)w

weX*

of all hyperlogarithms, where C({X)) denotes the ring of formal series in X*
with complex coefficients. Theorem is then equivalent to saying that

(2.13) (,iLX(z) -y =

=0

L
o x(2),

15We exclude the trivial case where j = 0.

16Computer experiments, as well as the period conjecture, suggest that this fil-
tration should be a grading in some cases, including that where Sx r = S(4),41},0
leading to multiple zeta values, but such conjectures seem out of reach.
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and that Lx is the only C((X))-valued solution of (2.13]) on the simply con-
nected domain U such that

(2.14) Lx(2) = fo(z) exp(wo log(2)),

where fy(z) is a holomorphic function on U with lim, o fo(z) =1 [GL]. If
X ={wg, 71} and ¥ = {0,1}, the generating series Ly, ,3(1) of regular-
ized special values at z = 1 is known as the Drinfel’d associator, and equa-
tion is known as the Knizhnik-Zamolodchikov equation. More generally,
we will be interested in all (regularized) special values Lx(o;).

Let now C*°(U) denote the algebra of real-analytic functions on U, and
let us fix zp € U. The fundamental group (D, 2g) of the punctured plane D
is the free group on generators 7y, . . ., 7n, where each ~; is a loop based at zg
and winding around o; once in the positive direction. For each 0 < ¢ < n we
write My, : C>*°(U) — C*°(U) for the monodromy operator given by analytic
continuation of functions around ;.

Proposition 2.2 (Brown, [Bro04al). For each 0 <i < n we have
(2.15) My, Lx(2) = Lx(2)(Lx(0:)) " e*™ Lx (03).

2.5. Single-valued hyperlogarithms

We define a map ~: X* — X* by sending w = x;, - - - ;. to @ = x;, - x4,
and we extend it by linearity to C((X)). We call single-valued hyperlogarithms
the coefficients £,,(z) of words w € X* in the generating series

(2.16) ﬁx(z) = Lx(Z)LX/(Z),

where X’ is an alphabet associated to the same set ¥ formed by letters x} €
C((X)) which satisfy

(217) TX/(UZ)tﬁgLiXI(O'Z)il = Lx(di)ilxiLx(Ui).

This construction was first proposed by F. Brown in [Bro04a], where
eq. (2.17) was proven to admit a unique solution z; € C((X)). In particular,
one has z{, = zo and, for i # 0, ; = x; modulo words w € X* with |w| > 4.
Knowing that such a solution exists, Proposition [2.2] implies that, for all
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My Lx(2) = Lx(2) L (00) '™ L (00) Lo ()™ Lo ()" Lo (2)
(2.18) = Lx(2)Lx(2) = Lx(2),

which proves that £x(z) is indeed well-defined, i.e. single-valued, on the whole
punctured complex plane D.

The simplest examples of single-valued hyperlogarithms are L.n(2) =
log™ |z|?/n! and (for i # 0)

2
z

1- =
g;

1 n
(2.19) Lon(z) = ] log .

i

They are indeed “single-valued versions” of the corresponding hyperloga-
rithms Lyn(2) and Lyn (2).
One can characterise single-valued hyperlogarithms as follows.

Theorem 2.3 (Brown, [BroO4a]). The series Lx(z) is the unique real-
analytic solution on D to the differential equations

0 - Xy
(2.20) gﬁx(z) = ; . Lx(2)
and

o) T
oo o= xSt

such that Lx(z) ~ exp(zolog|z]?) as z — 0.
2.6. Rings of single-valued hyperlogarithms

For any subring R < C and any alphabet X consider Hx r @ Hx g and
Ax.r ®r Ax g, which are subrings of C°°(U). The only algebraic relations in-
side both rings are induced by shuffle identities, and so in particular all prod-
ucts Ly, (2) Ly, (z) are linearly independent ove Os.c ®c Os ¢ [Bro04al,
Corollary 7.2].

17Os g is the ring generated over R by the complex conjugates of the generators

of Os g from (2.8).
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We define the R-module H¥ p := R(L,(2) |w € X*), as well as AY p :=
Os.r ®r Ox,r @r HY g- They are both contained in C*(D). By construc-
tion, the restriction of HY p and AY p to the simply connected subdomain
U C D are submodules of Hx r ®r Hx r and Ax r ®r Ax g, respectively.
An important result of [Bro04al (see Theorem 7.4) is that, even though single-
valued hyperlogarithms are not defined as iterated integrals, they satisfy shuf-
fle identities

(2.22) Lu()Luy(2) = Y Lul2),

wew Wwsg

so that HY p and AY p are rings and are isomorphic (as graded rings) to
R(X) and Os. p @ Ox, g ®r R(X), respectively, via the map w — L,,. More
precisely, the ring AY p is isomorphic as a differential graded ring (with re-
spect to the holomorphic differentiation) to Ox g ®r Ox g ®r R(X); it is a
single-valued realisation of the universal ring of hyperlogarithms mentioned
in Section The “single-valued projection’ﬁ sv: Ly, — L, then induces
isomorphisms Hx r ~ HY p and Ax r ®r Os g =~ AY g

As in the multi-valued case, there are important consequences of these
isomorphisms. First of all, the only algebraic relations inside both HY p
and Aﬁ}’, r are induced by shuffle identities. Moreover, importantly for us,
every element in AY p has a primitive in AY p with respect to 9/0z.

One may also consider the anti-holomorphic differentiation. Eq.
implies that AY p is closed under its action as soon as R is a subring of
C which contains the coefficients of every series x}, and in fact with these
assumptions every element in AY p has a primitive in AY p with respect to
0/0z.

We conclude with a characterisation of HY p and AY p.

Proposition 2.4. Let I’ be a single-valued function on D which is an R-
linear combination (resp. Os g @r Ox. g-linear combination) of products
Ly, (2) Ly (2). Then F € HY g (resp. F' € AX ).

Proof. These statements were proven by Brown in [Bro04a)] (see Theorem 8.1)
for R = C. We want to prove them for general subrings R < C, and we only
prove the first, as the proof of the second is completely similar. Suppose
that F(2) = 32, up Curus Ly (2) Luy (2) is single-valued and that cy, ., € R.
By Brown’s result, we can also write F'(z) = >, kwLw(2) for some k,, € C.

18This is a single-valued projection from periods to single-valued periods, in the
sense of the introduction.
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Because z = z;+ higher-length terms, for any word w we have L, (z) =
Lu(2) + (Lw(2) = Luw(2)), with Lu(2) = Luw(2) = 2w, w, bwrws L, (2) Ly (2)
such that |wy| > 1. We have mentioned at the beginning of this section that
all products L, (2)Ly,(z) are linearly independent over Os ¢ @c Osc. In
particular, we can compare our two different expressions for F'(z) term by
term. Comparing the holomorphic monomials, obtained in the second expres-
sion by discarding the terms k(L (2) — Lw(2)), we find ky, = ¢y € R, as
claimed. g

2.7. Special values of single-valued hyperlogarithms

Similarly to the holomorphic case, for each o; € ¥ there exists an integer
K;(w) > 0 such that, in a neighborhood of o;,

(2.23) Ly Z Z Z Chmn(W) (2 —03)™ (2 —7)" log® |z — 0%,

k=0 m=0n=0
and also there exists K (w) > 0 such that, in a neighborhood of oo,

(2.24) Z Z Z c,(:fn)n 2™z logh |2,

k=0 m=0n=0

where cg)mn(w) c,(f;)n( ) € C.

Just as we did in the holomorphic case, we can therefore define regularized
values of single-valued hyperlogarithms at points o; € ¥ U {o0} as L, (0;) :=
c(% o(w), we can consider their regularized generating series Lx(0;), and for

i # 0 we can define their weight W (L (0;)) := |w|.

Definition 2.5 (Single-valued multiple zeta values [Brol3|]). Let X =
{zo, 21} and ¥ = {0,1}. We call single-valued multiple zeta values the (regu-
larised) special values Lq,(1).

We denote by Z*v the Q-algebra generated by single-valued multiple
zeta values. The restriction to z =1 of the morphism sv: L, — £, from
the previous section induces a surjective maplﬂ from Z to Z%. Using the
notation ((ky,...,k,) for multiple zeta values from , and denoting by
¢V (k1, ..., k) theimage of ((kq, ..., k,) in Z% viasv, so that (*V(ky, ..., k,) =

19 Assuming the period conjecture, this is a morphism of Q-algebras [Brol3],
otherwise it must be regarded as a map of sets.
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£x(l§r—1x1“_x§1—1x1 (1), one finds that (°V(2k) = 0 and that (*V(2k + 1) = 2((2k +
1) for all & > 1. We refer to [Brol3] for more details on Z*", including a con-
jectural description of its Q-algebra structure.

It is important to remark the fact that Z*¥ is contained in Z, as ex-
plained below. By definition, for any X and any w € X* the single-valued
hyperlogarithm £,(z) can be written in a unique way as a C-linear combi-
nation of products Ly, (2)Ly,(2). Looking more carefully at the equations
defining the alphabet X', however, one can see that the coefficients of these
linear combinations must in fact belong to Sx.g ®g Sx ¢ C C. In particular, if
X = {xg, 21} and ¥ = {0, 1}, the coefficients belong to Z, and so L,,(1) € Z.
The next proposition refines this observation and provides an optimal state-
ment about the ring containing these coefficients, generalising the analogous
result for the alphabet {x¢, z;} demonstrated by Schnetz in [Sch13]. In order
to be able to state it, however, we need some notation.

For an alphabet X and a ring R < C, we define SY g ; = R(Ly(0;) 1 w €
X*) (by eq. this is a ring) and SY p to be the ring generated over R by
all 8Y p ; with j # 0. Therefore if X = {xo, 21} we have Z% =S8y o, =

f;om}’(@. The ring Sy is endowed with a filtration induced by the weight.
In particular, we say that ¢ € SY p has homogeneous weight if it is an R-
linear combination of monomials (given by products of special values), and
each monomial has the same weight.

Proposition 2.6. For all w € X* one can write

(2.25) Ly(2) = Z Cury ywy L, (2) Ly (2,

w1 ,w2€X*

where the coefficients cy,w, belong to SY g and have homogeneous weight
W(Cwyw,) = |w] = wi] — [ws].

Proof. First of all, by Theorem [2.3] we have for all 0 < 7 <n

9 o i “,
Jim (2= 05) 52 £x(2) = Jim (2= 05)Lx(2) (T 4+ 22

(2.26) = Lx(0;)2!

Vi )
which implies that

(2.27) lim (z — ;) 0

Z2—0j %

Lo(2) = (:r;|w) + Z ,Cu(aj)(mﬂv),

wv=w
o] <[w|

where (7’;|w) denotes the coefficient of the word w in the series z; € C({(X)).
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In particular, since for j = 0 we know that z(, = z¢ and that £,,(0) = dy,
we get

. _0
(2.28) ll_r)r(l) zﬁﬁw(z) = Ow.zp-
Moreover, we have the following:
Lemma 2.7. For any 1 <1i <n consider the injection ¢; : X — C given by
xj—0;—0; for 0<j<n. Let Lx4,(2) be the generating series of single-

valued hyperlogarithms associated to the alphabet X and to the set of points
¢Z(X)7 then

(229) ,CX(O'i - Z) = £X7¢i(z),cx(01)

Proof of the lemma. Formula (2.2) for the composition of paths of iterated
integrals implies that

(2.30) Z wx(z) - -wx(z)
§>070 ‘
j
=) wx(z) - wx(2) Y [ wx(z)wx(z)
j=0+ i “’—j j>070 —/_’j
where wx(z) = > 1, % The left-hand side of this formula is Lx(o; — 2),

while the second term on the right-hand side is Lyx(c;). Substituting 2’ =
0; — z in the integrands of the first term on the right-hand side leads to the
identity

(2.31) Lx(Ui — Z) = LX7¢Z.(Z)L)((UZ'),

where Ly 4,(2) is the generating series of hyperlogarithms associated to the
alphabet X and to the set of points ¢;(X). This implies that

—_—

(2.32) Lx(0i — 2) = Lx 4,(2)Lx(0:) Lx:(05) Lx1,4,(2).
The right-hand sides of (2.29) and (2.32)) both satisfy the differential equation
0 ° €Zj

(2.33) &F(z) =>

=0

F(z),

Z—Tj

where 7; := ¢;(x;) = 0; — 0. Since their asymptotic behaviour at z = 0 is the
same, they must coincide. 0
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Combining this lemma and eq. (2.28)) we find that for any w € X*

L .0 sv
(2.34) Zlgglj(z — aj)éﬁw(z) = lim z££w(aj —z) € SX g, -

Comparing egs. and and using induction on the length of the
words, we conclude that the coefficients of 2’ belong to S¥ ¢ ; (recall that 2, =
xj+ higher-length terms). This immediately implies the first statement of the
proposition. To demonstrate the second statement about the homogeneity of
the weight, we observe that if we assign weight —1 to each letter z; of the
alphabet X, we obviously have that Lx(z) has weight zero. Therefore, by
the definition of Lx(2), it is enough to show that each z; has homogeneous
weight —1, i.e. that (2|w) has weight |w| — 1 for any word w. Once again,
this follows by comparing eqs. (2.27)) and (2.34]) and using induction. O

3. Correlation functions and closed string amplitudes
3.1. Single-valuedness of CFT correlators

Conformal field theories are local two dimensional quantum field theories.
Correlation functions are vacuum expectation values of the product of dy-
namical composite fields (or vertex operators in string theory) V;(z) with
z = (z,y) € R? (see [Gin, [DMS] for some review and introduction)

(3.1) G(xy,...,x,) = <ﬁ V;(a:,)> = ;/DV ﬁVi(mi)e_S-

Z is the partition function. The action .S is a function of the elementary fields
and of the two-dimensional metric. This metric is determined by the geometry
of the Riemann surface > on which the theory is considered.

One axiom of conformal field theories is the requirement of single-
valuedness of the correlation functions as functions of the positions x; =
(z;,y;) of the vertex operators in the euclidean plane R? (locality of the
theory depends on the absence of branch cuts) [DMS| Chap. 5]. It means
that a physical correlator should not have monodromies when one varies the
position of a given operator around the position of other operators.

After complexification one can consider that the composite fields are func-
tions V;(z, 2) on C x C. The correlation function becomes a multi-valued func-
tion of the doubled coordinates G(z1, ..., zn, 21, ..., Z,) in C" x C"™. The eu-
clidean real space is recovered when 2 is identified with the complex conjugate
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of z, so that Vi(z,2) = Vj(x,y) for z = x +iy and z =z — iy with z,y € R.
It is only on the real slice that the correlation functions are single-valued.

This is particularly clear in the case of the two-point correlation function
determined by the SL(2,C) x SL(2,C) Ward identities

6A1:A25A1:A2N12
(Zl — ZQ)QAI (21 — 22)2A1 .

(32) 9(21,21,22,22) = <‘/1(21,21)V2(22,§2)> =

The two-point correlation function is non-vanishing only for fields Vi(z, %)
with the same conformal dlmenswn' A1 Ay and Al = Ag, as indicated
by the Kronecker delta functions, and it is therefore single-valued for zZ = Z,
as required. Npo is a constant determined by the normalisation of the fields.
Likewise, the three-point correlation function is fixed to be

(33) g(217217227227z37'z3 <HV Zz;Zz >

_ C123
o (Zl — Z2)A1+A2_A3(Zl p— ZS)A1+A3_A2(Z2 — 23>A2+A3_A1
1
x Z —Z A1+Ar—As Z —Z A1+Asz-A, Z5 — 2 Ast+Az—Ay -~
(21 — 22) (21— 23) (22 — 23)

In this case, there is no restriction on the individual conformal dimensions
and (13 is a constant depending the type of fields.

The single-valuedness of the correlation functions and on the
real slice Z = Z imposes that the difference of the conformal weights A; — A;
(the spins) has to be integral. The single-valued condition does not determine
the value of the constants Nio nor Ca3.

The four-point correlation function is a non-trivial function of the unique
independent cross-ratio in two dimensions

(21 — 22)(23 — )

(3.4) = (21— 23)(22 — 24)

20The  holomorphic and  anti-holomorphic  conformal dimensions are
the exponents A and A under a coordinate transformation V(z,Z) —

(52)" () vue s
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and reads

(3.5) G(21,%1,...,24,5) = <H Vi(zi,éi)>

=1
G12134(n, 1)

[icicjca(zi — 25) it Ri=8 (5 — )

Ai+Aj—A ’

with A= 131  Ajand A =3 51  A,
Using the associativity of the operator product expansion one can expand
the four-point function on the conformal blocks Fia34(k;n) and Fioszq(k; 7)) as

(3.6) Graa(n, 1) = ZG’f’g’|€34]:12|34(/f;U)ﬁ12\34(]~€; ) -
kk

The conformal blocks Fia34(k; 1) are holomorphic functions of 7 and the con-
formal blocks .7-'1234(k; 7)) are holomorphic functions of 7. We call this formula
a holomorphic factorisation. Keeping in mind that we are interested in the
case 77 = 1, we call anti-holomorphic blocks the functions of 7 only. The n-
point correlation function G(z1, 21, . . ., 2n, 2,) can be inductively decomposed
into a sum of holomorphically factorised contributions generalising the n = 4
case. We refer to [DMS] §9.3] for a more extensive discussion.

These four-point conformal blocks are not single-valued when 7 or 77 move
in the complex plane because they have monodromy around the points n = 0
and 1 = 1. The coefficients Glf’;‘“?) 4 need to be such that the correlation function
Gr9j34(n, 1) evaluated on the real slice i) = 7 is free of monodromies.

For the minimal models described by a Coulomb-gas, Dotsenko and Fa-
teev in [DF84) IDF85] showed that the single-valuedness condition of the four-
point correlation function determines the correlation functions, up to an over-
all constant.

We will determine the higher point correlations functions that evaluate
to closed string building blocks at a special value, but with the important
difference that we will determine the overall constant.

3.2. Closed string theory amplitudes building blocks

Let N € N. Any closed string tree-level amplitudes are finite linear combina-
tions [DPL IGSWJ, [Pol98al [Pol98b)]

(37) MN+3(’$’6) = ZCT(S,E) MN+3(37nT7ﬁr)

r
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of the building blocks given by the following integrals

(3.8) Mnys3(s,n,n)

N
= [ TLk
CN =1

N
< JI lz =zl (e = )z - )™ [ d,
=1

1<i<j<N

1— Zi|28iN+1Z;l0iZ?0i(1 _ Zi)niN+1(1 _ Zi)ﬁiNJA

with the integration measure d?z := dzdz/(—2mi). The exponents n;; and 7;;,
which depend on the theory, belong to Z and form tuples n := (n;;)o<i<j<nN+1
and f := (R;;)o<i<j<n+1. The tuple of (Mandelstam) kinematic invariants
s := (si; := /k; - kj)o<i<j<n+1 is the (dimensionless) product of the inverse
string tension o/ with a tuple of scalar products of the external momenta k;,
which are NV 4 3 vectors of a D—dimensiona]@ Minkowsky space-time RHP~1
with metric (+ —---—), subject to the momentum conservation condition
ko + -+ + kni2 = 0 and the condition o/k? € —4 + 4N.

As explained in Appendix @ for any fixed tuples n;;,n;; there exists a
non-empty domain U contained in CVV+3)/2 (which depends on nij, Mij) such
that the integrals converge absolutely for s € U. In fact, as (holomor-
phic) functions of the Mandelstam variables s € U, all closed string building
blocks My3(s,n,7) can be analytically continueﬂ to define meromorphic
function on CNWN+3)/2_ For given values of the scalar products k; - k;, with
0<i<j<N+1, the small o/-expansion, which is a Laurent series in o/,
gives the higher-order string corrections to the field theory limit o/ — 0.

The coefficients ¢, (s, €) in depend on s as above and on a polarisation
vector € = (€;)o<i<ni1, with €, € REP~L and k; - ¢; = 0. More precisely, they
are rational functions in the kinematic invariants s;;, in the product of the ex-
ternal momenta and the polarisation vectors vo/ k; - ¢; and in the product of
the components of the polarisation vector ¢; - €; (for 0 <i < j < N +1). The
precise form of the coefficients ¢, (s, €) depends on the closed string theory one
considers—i.e. the bosonic string, or the type-II superstring or the heterotic
string. For the heterotic string with external gauge fields they would depend
as well on the colour factors through a product of traces (see e.g. [GSW],
Vol 1, Chap. 6]). Expressions for the four-point amplitudes can be found in

21 Tree-level amplitudes are defined for dimension D < 26 in bosonic string theory
, and for D < 10 in superstring theory.

220ne rigorous direct way to do this is described in [BGVZG]. Alternatively,
one can define the analytic continuation combining the KLT relations with the
(well-known) analytic continuation of open string building blocks.
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e.g [GSW], [DPL IGS], higher-point open superstring amplitudes in [MSS], while
open and closed bosonic string and heterotic string amplitudes can be found
in [ACJIS].

The simplest tree-level bosonic closed string amplitude is that between
N + 3 tachyon fields which is given by one building block [DPLIGSWI [Pol98al
Pol98b]

N

— 2z |281N+1 H |2 — 2; 284 HdQZi

1<i<j<N i=1

01 M= [ Tk
i=1

with the on-shell condition o/k? = —4 for 0 <i < N + 2.
The building blocks in (3.8]) arise from the correlation functions between
N + 3 physical vertex operators V;(z) := V;(z, z):

(3.10) My a(s.n.7) /CNHdQZZ <v0 Hv ) Vivaa (1 )VN+2(oo)> .

=1

We refer to [DP), [GSW], [Pol98al [Pol98b] for details about the form of the
vertex operators in string theory. The results of this work do not depend on
the precise form of the vertex operators, but only on the structure of the

integrals given in (3.8).

3.3. Conformal correlators for closed string building blocks

For n € C and N € N we introduce the function

abcd
N ~ 7 -~
[T = e a) - 2% - 2)°
CN =1
N
< TI (=2 —2)% [[d*=
1<i<j<N i=1
where the tuples of exponents a,b,¢,d,@,b,é d are formed by complex num-

bers which satisfy

ai—dj,bi_6i7c7;_éi,ez 1S,L§N7
(3.12) - T
dij—dijGZ 1§Z<j§N.
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We will often omit these parameters from the notation and simply write
Gn(n). By condition (3.12)), the integrand of Gn(n) is single-valued, which
implies that the integral over CV makes sense and defines a real-analytic
single-valued function of n € C\ {0, 1} for any values of the parameters such
that the integral is absolutely convergent. The region of absolute convergence
is a non-empty subset of CN(V+5) explicitly worked out in Appendix . As
mentioned in Section [3.1] single-valuedness in 7 is a fundamental physics
requirement for correlation functions of conformal field theorieﬂ

The function Gy (n) evaluates at n = 1 (or n = 0, with a different parame-
ter identification) to the closed string amplitude building block My 3(s,n, )
given by the integral in eq. , if we set

a; := s0; +noi, bi+¢ii=8Nng1+niNy1, 1<7<N,

(3.13) a; := Soi +Noi,  bi+ ¢ = siny1+ NN, 1 <@ <N,
dij = si5 4 nij, Jz’j = Sij + N, 1<i<j<N.

We will explain how to make use of the generalisation , and of the fact
that it is a single-valued function of 7, to deduce informations about the
closed string partial amplitudes.

Following the standard rules for the correlation functions of conformal
field theory minimal models [DMS] and string theory in [DPL I(GSWI, [Pol98al,
Pol98b], one can write the function Gy (n) (3.11), with the integer spin con-
dition , as the integrated correlation function over the positions of the
N + 3 vertex operators V;(z;) and one unintegrated auxiliary vertex operator

Un) :==U(n,1n)

N N
(3.14)  Gn(n) =/ HdQZi<Vo(0)HW(Zi)VN+1(1)VN+2(OO)U(Tl)>

CYN =1 i=1

It will not be necessary for our purposes (and it is not the case in general)
that the total amplitude My3(s,€) is given by the special value at n =
1 of a single-valued correlation function. In particular, in order to obtain
qualitative results on the coefficients of the o’-expansion, it is enough that
each partial amplitude My 3(s,n",f") arises this way because the kinematic
coefficients ¢, (s, €) in are rational functions with rational coefficients of
the kinematic invariants (see [MSS| for some expressions using the pure spinor
formalism, and [ACJS| for bosonic open and closed string and heterotic string

ZConformal fields with non-integer spin, like the twist fields or spin fields [GSW],
Pol98al, [Pol98D)], induce branch cuts. We are not considering amplitudes with such
fields, whose o’-expansion would not be given by single-valued multiple zeta values.
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amplitudes). This is the case, for instance, of the single- and double-trace
contributions to the heterotic-string amplitude given in [GS].

4. Aomoto-Gel’fand hypergeometric functions

Let p > 2, N > 1,let zny41 < --- < 2n4p be real variables, and let us consider
generalised hypergeometric functions given by the integrals

N
(41) FA(A;ZN—H,"' 7ZN+p : / | i—Zj|/\ij H dZi.
A<i<j<N+p i=1

with A a connected component of {(z1,...,2x) € RN |2 # 2z for 1 <i <
N,1<j <N+ p}, depending on some tuple A of complex parameters \;;
such that is absolutely convergent. This kind of functions, and natural
generalisations thereof, was systematically studied by Aomoto (see eq. (0.1)
of [Aom|) and Gel'fand [Gel, [VGZ] at the end of the 1980s. More specifi-
cally, here we are interested in the case where p = 3 and (zy41, 2N+2, 2N+3) =
(0,m,1), given by@

(4.2)

N
Fa(a,b,c;d;n) : /1_[\;:Z d“Hdzi.
i=1

We will call the integrals Aomoto-Gel’fand hypergeometric functions.
For any fixed n and A, the region of absolute convergence in terms of the
complex parameters a;, b;, ¢;, d;; is non-empty (see Appendix , and the in-
tegrals make sense also in the divergent case by analytic Continuatiodﬁ7 thus
defining meromorphic functions over C¥N(V+5)/2 whose polar set is a union of
affine hyperplanes defined over Z [Aom|. As functions of 7, which originally
belongs to the interval (0,1), I(, ) (a,b,c;d;n) can be analytically contin-
ued (by deforming the integration path) to define multi-valued functions on
PEN {0, 1, 00}

a;

zi—1]°

II l=z—=2

1<i<j<N

4.1. Basis of Aomoto-Gel’fand hypergeometric functions

Let us denote by Xy a set of indices {1, ..., N} of cardinality N. We consider
forr+s=N (r,s >0, N > 1) all inclusions p : X, < Xy and o : Xy — Xy

24We have set Xij=a; for j=N+1, N\jj =b; for j=N+3, \jj =¢; for j=
N +2, \j; = d;; otherwise.

25This can be done by taking the “finite part of divergent integrals” in the sense
of Hadamard [Aom)].
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such that Xn = p(X,) U o(X;). We denote by &, the set of permutations
of r elements. By abuse of notation, we sometimes consider p and ¢ also
as elements of &, and &, respectively. For (p,0) as above, we introduce a
special family of Aomoto-Gel’fand hypergeometric functions

(4.3) lpo)(ab,c;din) == Fa,,, mp(a,bed;n),
integrated over
(D) Aoy () =10 z0) S o Sz SN ST 250y S S 50}

Let us now fix n € PL \ {0, 1, 00}, and consider the parameters a, b, ¢,d as
complex variables over any complex domain where the analytic continuation
of the Aomoto-Gel’fand hypergeometric functions does not have poles.
Let us introduce the field
(4.5)

o Tial miay | miby mwiby micy mwicny midio TidN_1 N
F=Q(e™, ... ™MW ™ "N ™ e e ey )

and the (finite dimensional) vector spaces
(4.6) Hyy = F(Fa(a,b,¢;d;n) [ dim(A) = N),

spanned over F by all Aomoto-Gel'fand functions associated with N-
dimensional integrals.

Proposition 4.1. For any fized nePL\{0,1,00} the functions
Iip0)(@,b,c;d;n) generate the vector space Hy,, over IF.

Proof. We use a contour deformation method which was proposed in [DE84]
to study the special case where a1 =---=an, by =---=by,c1 =---=cnN
and dj3 = -+ = dy_1n (corresponding to correlation functions in 2D statis-
tical models). The same argument was later used in [BBDV], [Stie09, BBDSV]
to study open string amplitudes, which can be seen as special values of
Aomoto-Gel’fand hypergeometric functions at n = 1. We only need to adapt
this method to our slightly more general context, following [BBDV],[BBDSV].
For this reason, we will skip a few details, which can be found in the above-
mentioned references.
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We prove the statement for a,b,c,d contained in the region of com-
mon convergence of the functions Fa(a,b,¢;d;n) (which is specified in Ap-
pendix . Since these integrals depend holomorphically on the parame-
ters a,b, c,d, and the region of convergence is open and non-empty, the re-
sult remains true also for their analytic continuations. Moreover, we sup-
pose for simplicity that n € [0, 1], but our argument can be adapted to any
n € P&\ {0,1,00} by deforming the real line.

Suppose now that we can prove the following two claims:

e Claim 1 : Let Fa(a,b,c;d;n) be associated with an N-dimensional
domain A which contains m < N negative coordinates z;, < --- < z; <
0. Then Fa(a,b,c;d;n) can be written as an F-linear combination of
Aomoto-Gel'fand hypergeometric functions Fa/(a,b,¢;d;n) associated
with N-dimensional domains A’ with m — 1 negative coordinates.

e Claim 2 : Let Fa(a,b,c;d;n) be associated with a non-negative do-
main A C (]R*)N such that m < N coordinates n < z;, < --- < z, <
1 belong to the interval [n,1]. Then Fa(a,b,c;d;n) can be written
as an F-linear combination of Aomoto-Gel'fand hypergeometric func-
tions Fa/(a, b, ¢;d;n) associated with positive domains A C (R+)N with
m — 1 coordinates contained in [n, 1].

Then, if we consider an Aomoto-Gel'fand function Fa(a,b,c;d;n), we
could recursively use the first claim to write it as an F-linear combination of
Aomoto-Gel’fand functions with all points contained in [0, 0o]. Subsequently,
we could recursively use the second claim to write Fa(a,b,c;d;n) in terms
of Aomoto-Gel'fand functions of the kind I, (a,b,c;d;n), with all points
contained either in [0,7n] or in [1,00], which therefore generate the whole
space Hy, over .

Hence we are left with proving the two claims, both of which rely on the
following observation.

Lemma 4.2. Fir a connected component A C RN=Y of {(21,...,2n_1) €
(R\A0,7, 1INV 23 # 25 for 1 < i, 5 < N}Y. Let AW .. ANT) ¢ RN ge-
note the N + 3 distinct connected components of {(z1,...,2n) € A x (R\
{0,m,1}) | 2n # 2 for 1 <i < N —1}. Then the N + 3 associated Aomoto-
Gel’fand functions Fay)(a,b,c;d;n) are F-linearly dependent.

Proof. We fix (z1,...,2n-1) € A. Without loss of generality, we can suppose
that A is such that 0 < 2y < -+ < zy_1 < n < 1 (the proof works in the same
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ZN

~

0 ?1 AN-1 1 1

Figure 4.1: Integration contour of Lemma 4.2}

way for any orderings). Let D be the simply connected complex domain ob-
tained by removing from the lowe@ half-plane N + 2 non-intersecting half-
lines starting at the points 0, 21, ..., 2v-1,7, L.

The function

N
(4.7) M=) (m—z) J[ (z—2)%
=1 1<i<j<N

is well-defined for z real and zy_1 < zy < 1, and we denote in the same way
its (unique) holomorphic extension@ to zy € D. Its integral over the closed
contour {Im(zy) = ¢, |zn| < e '} U{|en| =7 Im(zy) > €} depicted in
Figure vanishes for any € > 0 by Cauchy’s theorem. Taking the limit
e — 0, the integral over the semi-circle {|zx| =71, Im(zy) > ¢} also van-
ishes. This implies that

N
; a; bi ci dij _
(4.8) ;g% Im(z)=e H 28 (1 —2)" (n — 2) H (zj —z)" dzy = 0.

lon|<e—t =1 1<i<j<N

On the other hand, the integration domain of (4.8)) can be divided into the
N + 3 possible relative positions of the real part of the variable zy with re-
spect to the points 0, z1, ..., zy—1, 7, 1. Doing this, it is possible to (explicitly)

26The proof would work (with obvious adaptations) also if we chose the upper
half-plane. This freedom will be very important in the proof of Claim

2"Here we made a choice by fixing the branch of the integrand in the domain D
associated to zy_1 < zy < 1, but we could have chosen any other branch.
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determine phases 1, ..., on+3 € F such that
N
(4.9) ll_% Im(zy)=¢ H z (1— 2)" (n — z)" H (2 — z)" dzy
zn|<e—t =1 1<i<j<N
N+3
=Y v Fawl(a,b,c;d;n).
j=1

For instance, in the region zy_1 < Re(zy) < 1 the corresponding phase ¢y 1
is simply equal to 1, because of our definition of , while in the next region
n < Re(zy) < 1 we have @y o = e,

The statement follows by combining and . O

e Proof of Claim |1l We can suppose that the negative coordinates in A
are zi,...,zm. For each 1 <i <m, let us fix a permutation o; € &,,,_1 of
the indices {1,...,i—1,i+1,...m}. We define A®®) to be the N — 1-
dimensional domains of Aomoto-Gel’fand functions with m — 1 negative coor-
dinates z4,(1) <+ < Zay(i-1) < Zag(i+1) < < Zay(m) < 0 and the same N —
m positive ordered coordinates of the original domain A. The number of such
domains is m/!.

We apply Lemma to each A(®) denoting by z; the extra-variable
integrated over the contour of Figure We obtain m! different relations
of F-linear dependence between Aomoto-Gel’fand functions associated with
two kinds of N-dimensional domains: those where the inserted variable z;
is > 0, and those where it is < 0. The former kind of domains has m — 1
negative coordinates, the latter has m negative coordinates. In particular, all
of the possible m! Aomoto-Gel’fand functions associated with domains with
negative z1, ..., 2z, appear in these relations.

Since the m! relations obtained are F-linearly independent, we can solve
the system and express any Aomoto-Gel’fand function associated with an
N-dimensional domain with m negative coordinates, and in particular that
associated with our initial domain A, in terms of Aomoto-Gel’fand functions
associated with N-dimensional domains A’ with m — 1 negative coordinates,
as claimed.

e Proof of Claim[3 Here the idea is the same as above: we want to find
enough equations to express all of the possible domains with m coordinates
in the interval [n, 1] in terms of “better” domains A’, with m — 1 coordinates
in the interval [n, 1] and still no negative coordinates. We cannot, however,
repeat the exact same steps as above, because when we integrate a variable z;
over the contour described by Lemma 4.2 we obtain also an Aomoto-Gel’fand
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function associated with the domain where z; < 0, which is not one of the
desired domains A'.

This issue is circumvented by integrating z; not only on the contour of
Figure (while picking the branch cuts in the lower half-plane), but also
on the same kind of contour in the lower half-plane (while picking the branch
cuts in the upper half-plane). In this way, for any A%) we obtain a pair
of independent equations with coefficients in F, which can be combined to
cancel the contribution from the domain with z; < 0 (see Section [4.2|for more
details). At this point, we are in the same situation as that of the proof of
Claim [1} and we conclude by the same argument. O

We remark that the relations constructed in the proof among
Fa(a,b,c;d;n), viewed as functions of the parameters a,b, ¢,d for fixed n €
P&\ {0,1,00}, do not depend on the position of n; they can therefore be
viewed also as relations among functions of 7.

For fixed r > 0 and s = N — r > 0 there are r! permutations p and s! per-
mutations o, for a total of r! x s! x (N ) = N!distinct ordered integrals, hence
since 0 <7 < N the total number™®| of distinct generators I, ) (a,b,c;d;n)
of Hyy, is NI x (N+1)=(N+ 1)L It followslﬂ from a theorem of Aomoto
(see Theorem 1 of [Aom]) that the dimension of Hy,, is precisely (N + 1)!.
Therefore, combining this counting with the above proposition, we obtain the
following:

Theorem 4.3 (Basis of integrals). For any fired n € P&\ {0,1,00} the
Junctions I, »(a,b,c;d;n) are a basis of Hy,,.

We also consider a different special family of Aomoto-Gel’fand hypergeo-
metric function, related to our basis by a change of variables:

(410) J(p,a) (aa b, &) d; 77) = I(p,U) (b7 a,c; d; 1- 77) :

28 Another way to obtain this counting is to realise that the sets a =
{o(1),...,0(s8),N+1,p(1),...,p(r)} run over all permutations of {1,...,N 4+ 1}
as the permutations o and p vary.

29In order to apply this result, one needs to interpret the vector spaces H Ny
in terms of twisted homology. This would also allow to give an alternative proof
Proposition by adapting the construction in [Aom]| of an explicit (different) basis
of the twisted homology to our context. A nice dictionary between the homological
approach and the more elementary methods presented here is provided in [CMT].
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By the change of variables z; — 1 — z;, with 1 <7 < N, in the integrand
of Jip,s), we can also write

(411) J(p,a) (a’7 b7 C; da 77) = FA(pJ)(n);(aa b7c; d7 77) )
integrated over the domain
(412) Apoy(n) i={zp0) <+ < 2p1) SO < 2009 <+ < 2001y < 1}

By and Theorem for any fixed 7 the functions J, ,(a,b, ¢;d;n)
are a basis of the vector space Hy 1—,. Moreover, eq. implies that they
can also be seen as (linearly independent) elements of the space Hy,, and
therefore constitute an alternative basis of Hy ,. We want to study this change
of basis. Let us introduce the vector notation

In(a,b,c;din) == (o) (@.b.c;din)) | o o rpamn
(413) fN(d,b,C; d7 T}) = (J(p,O') (aa b,C; d7 n))(p,g)egrxgs,H_S:N

such that the first N! rows of the vectors are the integrals I(, ) and Ji, g,
respectively, obtained by setting s = 0, and the last N! rows of the vectors are
the integrals I(p,) and Jig ), respectively, obtained by setting r = 0. Then
one has the following consequence of the previous theorem:

Corollary 4.4 (Change of basis). The wvectors In(a,bc:d;n) and
JIn(a,b,ec;d;n) are related by

(4.14) In(a,b,c;d;n) = Ry(a,b,c;d) Jy(a,b,c:d;n)

where Ry(a,b,c;d) is an invertible (N + 1)! x (N + 1)! matriz with coeffi-
cients in F. In particular, Ry(a,b,¢;d) is invariant under integer shifts of its
parameters, and its inverse is

(4.15) Rn(a,b,c;d)™' = Ry(b,a,c;d).

Proof. We only need to prove (4.15)), which follows from

(4.16) fN(a,b,c;d; n) = Rn(a,b,c;d) fN(b,a,c; d;1—n)
= Ry(a,b,c;d) Ry(b,a,c;d) fN(a,b, cd;n),

and the fact that the integrals I(,,)(a,b,c;d;n) are linearly independent
over IF. O
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4.2. The N = 1 matrix Ry (a,b,c)

We derive an explicit expression for the matrix Ry(a,b,c;d) when N = 1 by
specialising to this case the method of the proof of Proposition [4.1]} Since
N =1, the tuple d is empty and we omit it from the notation. Let us assume
that the integrals considered are all absolutely convergen@ The vectors of
Aomoto-Gel'fand integrals for N = 1 read

+o0o
7 ; 2z —=1)"(z = n)dz
Li(a,b,c;m) = (I(Idv@)(aa b, ¢ 77))) _ /1 ;

Lo ra)(a,b,cm) ) / 29(1 — 2)P(n — 2)°dz
0

)

(4.17)

’ b
Jila,b,cin) = (ﬁfd,m((a’lzc; 77)))) _ /75” (1=2)"(n - 2)d=
0,1d){ @, 0,C; M . , .
2%(1—2)°(z —n)dz

Consider now the function z%(1 — 2)?(n — 2)¢, first defined on 0 < z <7 < 1
and then extended by analytic continuation to the complex plane, with branch
cuts contained in the complex upper (resp. lower) half-plane. We integrate it
along the contour contained in the lower (resp. upper) half-plane depicted in

Figure

Figure 4.2: Two contours leading to eqs.

30This is the case in the non-empty open region where Re(a), Re(b), Re(c),
Re(—2—a—b—c¢) > —1, and the relations obtained extend by analytic contin-
uation.
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Since there are no poles contained inside the integration contour, and the
integrals over the half-circles tend to zero as the radius tends to infinity, we
deduce the two linear relations (corresponding to the two different contours)

e—iﬂ(b+0)](1d7@) (a,b,c;m) + eimJ(zd,m) (a,b,c;m)

+ e g 1ay(a, b, ;) + Lg,ray(a, b, ;1) = 0,
e g0y (a, b, ;) + €7 T a9 (a, b, ;1)

+ €™ .1a)(a b, ;1) + L 1ay (@, b, ;1) = 0.

(4.18)

These relations, which remain valid for n € C\ {0, 1}, can be written in ma-
trix form as

(4.19)

- L 1 sin(ma) —sin(me)\ = _
Ii(a,b,c; 77) = m (_ sin(w(a—i— b+ c)) —sin(7rb)> Jl(au b, c; 77)
(4.20)

- L 1 sin(mb) —sin(me) \ » Wb o
i@ b i) = sin(m(a + ¢)) <— sin(m(a+b+c)) — sin(wa)) Li(a, b, e;m)

Therefore we have that

B 1 sin(ma) — sin(mc)
(421)  Ri(a,b,c) = sn(r(b+ o) <_ sin(m(a+b+c)) — sin(ﬂb)>

and, as expected,
(4.22)

1 1 sin(mb) —sin(me) ) e
Rafa,b,0)™" = sin(m(a + ¢)) (— sin(r(a+b+c¢)) — sin(#a)) = (b.a,0).

Of course there are problems with defining or inverting R; if a +c¢ € Z or
b+ ¢ € Z, but we can discard these values since they correspond to singularity
divisors of I; and Jj.

4.3. Monodromies of the Aomoto-Gel’fand hypergeometric
functions

We consider closed loops vy and 7; around the points n =0 and n = 1. We
want to study the monodromy transformations of the Aomoto-Gel’fand hy-
pergeometric functions I(p)g)(a,b,c; d;n) when n moves around these loops
(this only depends on the homotopy class of the loops, and does not depend
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on the starting point). We will then apply these results to our analysis of the
correlation functions Gy in Section [5.1

4.3.1. The monodromy around n = 0. The monodromy matrix around
1 = 0 of the functions in (4.3 is obtained by performing the change of variable

Zp(m) = gp(m) for 1<m<r,
(4.23) Zo(n) = nCa(n) for 1<n< S,

which gives (setting d;; := dj; if j < @)

s N
(4.24) I, 0 (abc;din) = Hn1+%<n>+%<n> H ndamam/* H |¢;|%

n=1 1<k<I<s Aoy 5=1

T S
X H H |<p(m) - 1|bp(m) Kp(m) - 77|C"<'") |77Ca(n) - 1|bg(n> Ka(n) - 1|c[,(n) ‘Cp(m) - 7’(0'(n)‘dp(m>g(n>

m=1n=1

N
< I 16om) = Gl T 1ot — CGowl®®0 T] d¢;,

1<h<i<r 1<k<i<s 7j=1

integrated over the domain

(4.25) (o) =10 <Gy S S Go(e) ST <Gy S0 S G -

Only the powers of 7 in front of the integral give monodromies when n makes
a loop around 0. This shows that, if we write

(4.26) In(a,b,c;d;n) 5 go(a,c;d) In(a,b,c;d;n),
then the monodromy matrix gq is a diagonal matrix independent of b.
When s =0 and o is the empty permutation then all the points z; of

the integration domain (4.4)) belong to (1,00) and the integrals have trivial
monodromies around 1 = 0, i.e.

(4.27) Ip0)(@,b,c;d;n) 3 1(,0)(a,b,c;d;n) .

When s = N and p is the empty permutation then all the points z; of
the integration domain (4.4) belong to (0,1) and the integrals have the same
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monodromies around n = 0, i.e.
(4.28)

N
Ipoy(a,bc;din) B3 T e2momtem) T ™1y, (a,b,c;d;m) .

m=1 1<m<n<N

Note that the arguments of the exponential phase factors can differ from
Gy Cm, dmn Dy arbitrary integers.
Therefore the monodromy matrix around n = 0 has the diagonal form

I o0 0
(4.29) gola,c;d) =0 4o 0
0 0 H%:l e2milamtem) [Li<men<n e2midmn]]

where I is the size N! identity matrix and dy is a diagonal matrix of size
(N — 1)N! whose diagonal elements arise from the phases of the prefactor

in (T20).

4.3.2. The monodromy around 7 = 1. The vectors I(a,b,¢;d;n) do not
have diagonal monodromy matrix around n = 1. If instead we look at the

- =

integrals J(a,b,c;d;n) = I(b,a,c;d;1 —n) and at the transformation
(4.30) In(ab,e;din) 2 g1(b,¢;d) Jy(a,b,¢;d;n),

we find that the monodromy matrix g; is diagonal and independent of a,
given by

H%:l e?m‘(bercm) H1§m<n§N e2m’dmn]1 0 0
(431) gl(b,c;d) = 0 61 0
0 0 I

where I is the size N! identity matrix and 07 is a diagonal matrix of size

(N —1)N.
4.4. Asymptotic expansion of Aomoto-Gel’fand functions

We have already mentioned that the integrals (4.3)), considered as functions
of the N(N + 5)/2 parameters a,b,¢,d, can be analytically continued to de-
fine meromorphic functions on CNW+5)/2 whose poles can only occur along
divisors given by certain affine hyperplanes defined over Z.

With string theory applications in mind, it is of interest to consider the
asymptotic expansion of Aomoto-Gel’'fand functions at points with integer co-
ordinates. Such points always belong to some polar divisor. It is believed but
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probably not rigorously demonstrated in such generality that, in the intersec-
tion of a small neighborhood of a singular point (ag, by, co,do) € ZN(N+5)/2
with the complement of the polar divisors, any Aomoto-Gel’fand function
Fa(a,b,c;d;n) can be written as

Fhl(a,b,c;d;n)
P(a,b,c;d)

(4.32) Fa(a,b,c;d;n) =

for some homogeneous polynomial P with integer coefficients and some holo-
morphic function F"! whose Taylor coefficients at (ag,bo,co,dy) belong to
the algebra Ho1},zj2r) of Z[27i]-linear combination of multiple polyloga-
rithms (see Section . A proof for certain special points (at the boundary
of the convergence region) follows, for instance, by combining the methods
of [BD19b] with Brown’s work on periods of moduli spaces of genus zero
curves [Bro09]. A proof of the general case would require a careful study of
the analytic continuation.

Note that it is known that the coeflicients of genus-zero amplitudes in
open superstring theory, obtained by setting n = 0 or 7 = 1 and considering
special integer points, belong to Z [BSST|. The previous statement about
Aomoto-Gel’'fand functions would only imply that they belong to Z[2mi]. We
do not know whether the coefficients of the asymptotic expansion of the func-
tions Fa(a,b,c;d;n) should belong to the smaller ring Hyg 13,z (thus implying
the optimal result for string theory amplitudes).

We also remark that the polynomials P give massless field theory poles,
and can be considered as well-understood in physics [GSW], [Pol98al, [Pol98b].

5. Holomorphic factorisation

The starting point of this section is a formula to write the correlation function
Gn(n) defined by as a bilinear product in our basis of (holomorphic)
Aomoto-Gel’fand hypergeometric functions or and their complex
conjugates. This yields an explicit conformal block decomposition, that we
call the holomorphic factorisation of Gy (n), which generalises known formulas
from the literature (see e.g. [DF84) [DES5]).

Our proof partly relies on the original method introduced in [KLT] to
construct holomorphic factorisations of closed string building blocks in terms
of open string building blocks, now known as KLT relations. It is of course
necessary to adapt the method to our context with the extra-variable 7, which
can be set to 1 (or to 0) to get the KLT relations back (see Section [5.4.1).
Some more details, omitted in the general case, can be found in Section[5.2] for
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the N = 1-case, or for instance in [BBDSV] for the general (string amplitude)
case.

Theorem 5.1. (Holomorphic factorisation).

(i) There exist square matrices Gy(a,b,¢;d) and Gy (a,b,c;d) of size (N +
1)l with coefficients in the field F such that

(5.1)
abed iNY - .- R
o (330q) = (55) Tv@bedn’ Gy @b.ed) Ivabedn)
and
(5.2)
abed i\Y - - s oA -
gN <656J 77) = (27T> JN(a,b,C,dﬂ’]) GN (a,b,C;d) JN(a,b,C;d; 77)

(it) The matrices Gn(a,b,c;d) and @N(a,b, ¢;d) such that (5.1)) and (5.2)

hold are unique.

Proof. (i) For each 1 <r < N we set 2, = x, + iy, with z,,y, € R. The main
idea is to consider the real variables y, as complex variables integrated over
the real line, and to rotate these integration paths to the straight lines y, —
(i — 2¢)y, contained in C, with ¢ € RT, which tend to be purely imaginary
as € = 0. Because the poles of the integrand with respect to the variable y,
are located on the purely imaginary axis, and the integrand behaves nicely
as Y, — 00, our original integral is invariant under this path deformation for
any positive e.

The complex variable z, = x, + iy, is thus deformed to z, =z, — y, +
2iey,, and s0 z, = x, — Y, — 2i€y,. Setting vF =z, £y, € Rand §, := v} —
v, € R, so that z, = v, +i€d, and z, = v —ied,, the integral in is
therefore equal, for any positive e, t0E|

SN
(5.3) Gy(n) = ( ) H v +ied, ) (v —i€d, ) (v — 1+ i€d, )™
R2N .7
x (v — 1 —ied,) T(vr — 1+ i€d,) (v — 7 — i€d, )5T

H (v — vy +ie(6, — 0,)) 4 (v — v —ie(6, — d,) H dvfdv;

1<r<s<N

31The prefactor comes from the change of variables.
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We are interested in the limit of this integral as ¢ — 0, which leads to the
sought for factorisation. One must be careful when taking this limit and pay
attention to the branch cuts of the integrand, in order for lim. G§(n) to be
well-defined and equal to Gy (7). This leads to the formula

(5.4)

.\ N N
— L — |Ur + ~7' - br + Br - T + n ~r
Gn(n) = (%) /Rzzv T|:|1\vr o1 oy = 1 o = 1P oy = ] o — 7)°

B N
T lor = o™ fof —of 1™ p(a,b.c.d;v™ 07) [] dvfdv,
1<r<s<N r=1

where ¢ takes different values in F depending on the positions of each v;"
relative to its singular points 0, 1,1, 0], ... ,vj\“,, and on the positions of each
v, relative to its singular points 0,1,7,v;,...,vy (compare with [KLT) eq.
(3.21)]). It is very important to remark that these phases do not depend on
the relative positions of the v;” and v, variables, as one may expect from the
factors v + v appearing in the imaginary parts of the integral , due
to the complete symmetry of the integrand with respect to v;" <+ v~ modulo

integer shifts of the exponents. The consequence is that

(5.5) QN(W)=<;F>N > caplab,ed)

a,fESN

N - P
/ TL lo o o o oy = 1Pt — 1
Aq(

vH)XAp(v7) r=1

N ~
I e =l =al™ ] vy = o™
r=1 1<r<s<N

T

N
v — v |4 H dvtdv;
r=1
where the domains A, (resp. Ag) range over all the possible simplexes for
which the ovf-part (resp. v, -part) is well-defined, and the coefficients
ca,p(@,b,c,d) belong to F. Each of the integrals in the sum is therefore the

product of two Aomoto-Gel’fand hypergeometric functions, one in 7 and one
in 7. The statement follows from Theorem

(77) Suppose that eq. (5.1]) holds for two matrices Gy and G’y with coef-
ficients in F. This implies that, for any 7,

(5.6) In(@,b,éd;7)" (G (a,b,c;d) — Gy (a,b,¢;d)) In(a,b,c;d;n) = 0.
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Suppose by contradiction that Gy # G'y. We can assume that (a, b,e, c~i) =
(a,b,c;d), because integer shifts leave G and G’y invariant.

As explained in Section the coefficients of the asymptotic expansion
of Aomoto-Gel’fand functions at somdﬂ singular points with integer coordi-
nates are known to belong to Hy 1} z, while those of the entries of Gy — Gy
obviously belong to Q[27i]. Combining these expansions Wit yields
non trivial Z|[2mi]-linear relations between products L, (z)Ly,(2), but this
contradicts the fact, mentioned at the beginning of Section [2.2] that such
products are linearly independent over Oy, ¢ ®c Ox c. O

Our construction applies as well to the holomorphic factorisation of the
four point correlation function of the minimal models considered in [DF84],
where the authors used an approach based on differential equations satisfied
by the conformal blocks and on the fact that correlation functions are single-
valued to construct a solution. They could only determine the solution up to
an overall scale, and the argument that we have used fixes this scale.

Corollary 5.2. The intertwining matrices Gy and G in the holomorphic

factorisation in (5.1)) and (5.2)) are related by
(5.7)  Gnl(a,b,c;d) = Ry(a,b,c;d)” Gn(a,b,c;d) Ry(a,b,c;d).
where Ry(a,b,c;d) is the matriz of change of basis from Corollary .

Proof. This follows from the holomorphic factorisations (5.1) and (5.2) by
combining the unicity of the factorisation with Corollary [4.4] O

5.1. Single-valuedness and holomorphic factorisation

We derive constraints on the matrices Gy and G n in the holomorphic factori-
sation of Theorem from the absence of monodromies around 1 = 0 and
n = 1 of the function Gy (7).

32Conjecturally, this should be true for all such points.
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Proposition 5.3. The intertwining matrices Gy and Gy in the holomorphic
factorisation have the block diagonal form

GV oo o0 GV 0 o0
(58 Gv=|0 G o |. Gv=[0 &Y o |,
o o0 GY o o &Y

where G%) and G’gf,) fori=1,3 are square-matrices of size N while G%) and
@g\%) are diagonal matrices of size (N — 1)N.

Proof. The absence of monodromies of Gy(n) around n = 0 implies that

(59) fN(d,B, Ev &7 ﬁ)T GN(a,b,C, d) (a’ b &) d 77)
= Iv(@b&d:n)" (0@ d)" Gu(a,b c;d) gola, c;d)) In(a,be;dsn),

where go is the monodromy matrix from (4.26]). The form of the entries of

go and equation (3.12) imply that go(a,é;d) = go(a,c;d). The unicity of the
holomorphic factorisation implies that

(5.10) Gn =94 Gn g0

Decomposing Gy into block matrices (Gy);; with 1 <14, < 3, and using the
block diagonal form for gg given in Section [4.3.1} we have the following set of
equations

(GN)12(1 —d9) =0

N
GN 13( H 62m am~+cm) H 62”%”]1) =0

m=1 1<m<n<N

(1—100)(GNn)21 =0

N
( H 627T2(a7n+cm H 627T’idmn 50) (GN)23 = O

me—1 1<m<n<N
N .
( H 6—27rz(am+8m) H Q_QWldm”]I> (GN)Bl =0

m=1 1<m<n<N

N
(511) ( H 6727” (@m+cm) H €2mdm"(50> (GN>32 =0.

m=1 1<m<n<N

The matrix §g is a diagonal matrix with diagonal elements given by the phases
factors in (4.28)). Since the complex parameters a,,, by, ¢m, dmyn belong to a
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non-empty open domain, one concludes that Gy has the block diagonal form

GV oo o0
(5.12) Gy = 0 GE\?) 0 7
o o0 GY

where Gg\i,) := (Gn)i for i = 1,3 are square-matrices of size N! and Gg\?) =
(GN)22 is a diagonal matrix of size (N — 1)N!.

Similarly, the absence of monodromies around 1 = 1 implies that the ma-
trix G in the holomorphic factorisation satisfies the condition

(5.13) Gy =91 Gnar.

Since g1 has the block diagonal form given in Section then Gy has the
block diagonal form

Gy 0
(5.14) Gv=| 0 &9 o |,
o o &Y

where é%) for i = 1,3 are square-matrices of size N! and ég\?) is a diagonal
matrix of size (N — 1) N O

5.2. The N = 1 case

We want to perform the holomorphic factorisation of the integral

(515) G (a{w

abée

77) = /Czag&(z — 1)b(5 _ 1)5(2 — )z — ﬁ)édzz)

with a,d,b,b, ¢, such that l) is absolutely convergen and such that
the integer spin conditions a —a € Z, b — b € Z, ¢ — ¢ € Z are satisfied.

33This region is specified by the conditions Re(a + @), Re(b + b),Re(c+ &) > —2
and Re(a+a+b+b+c+¢é) < -2
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As in the proof of the general case, we deform the integration path of the
imaginary part so that Gi(n) is equal, for any positive €, to

L / (v™ +ied)* (vt —ied)i (v — 1 4 ied)?
2 R2

x (vt —1-— 7;6(5)5(1)_ —n+ied) (vt — 7 —ied) dvtdv,

(5.16) Gi(n) =

with ¢ := v™ — v~. Taking correctly the limit of this expression leads to the
formula

(5.17) Gi(n / o™ oot o — 117

— 1Pl =l — iF(a,b, ¢ vt o7 )dvt v

where p(a,b, c;v,v7) € F, and it takes different values depending on whether
vt and v~ belong to (—o0,0), (0,7), (n,1) or (1, 00). For instance, ¢ = 1if v
and v~ both belong to (—oc,0) or (0,7) or (n,1) or (1,00), but if v* (or v7)
belongs to (—00,0) and v~ (or v*) belongs to (1,00) we get ¢ = em(atb+e),
We invite the reader to do the instructive exercise of determining the phase
© in each possible domain.

Since our purpose is to explicitly obtain the holomorphic factorisation,
we now need to write each Aomoto-Gel’fand function in terms of our basis
Li(a,b,¢;n) or Ji(a,b,c;n). To do so, we first follow a method of [KIT] to sim-
plify the computation, and then we use the explicit change of basis worked
out in Section We therefore take a step back from , and we con-
sider (5.16). We fix v in one of the four possible domains (—o0,0), (0,7),
(n,1) or (1,00), and consider the integration path of the variable v~ + ied for
each of these cases, as in Figure below.

The situation in the four different cases is the following:

» If v € (—o0,0) then the integration contour for v~ + ied is given in
Figure (a) Since the only poles in the variable v~ + ied are at 0,1, 7
we obtain that the integral vanishes.

» If v € (1,+00) then the integration contour for v~ +ied is given in
Figure (b) Since the only poles in the variable v~ + ied are at 0,1,
we obtain that the integral vanishes.

» If v+ € (0,n) then the integration contour for v~ + ied is given in Fig-
ure [5.1)(c). By deforming the part of the contour which is in the lower
half-plane to the left to get a loop around 0 based at —oo, one picks the
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Figure 5.1: The contour of integration C~ for the variable v~ 4 i€d depending
on the position of v+ on the real axis.

contribution from v~ = 0. Hence we get

(5.18) lim [ (v 4ied)*(v™ — 14 ied)’(v™ — n + ied)°dv™
=0 Jo—

=21 sin(wa)/ (=) (1 — v ) (n— v )dv™.

—0oQ

» If vt € (n,1) then the integration contour for v~ + i€d is given in Fig-
ure [5.1f(d). By deforming the part of the contour which is in the upper
half-plane to the right to get a loop around 1 based at —oo, one picks
the contribution from v~ = 1. Hence we get

(5.19) lim [ (v 41ied)%(v™ — 14 ied)’(v™ — n +ied)°dv™
=0 Jo—

1
= 2isin(7b) / YL —v ) (n—v)dv.
n

Therefore we obtain that

(5.20) G (abz| ) _ _sin(ra) /On(v+)ﬁ(1—v+)5(ﬁ—u+)édv+

™
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Following the notations and results of Section [4.2], we have

+o00
/1 2%z — 1)b(z —n)%dz

1
241 = 2)°(n — 2)%d=
0

> Iirap(a,b,cn)
5.21) L(a,b,c;n) = [ UGONDZET
( ) 1( 77) (I(@,Id) (CL, b7 C; 77)

and
(5.22)

0
—z a1 — z b — CdZ
f1(a b C'n) = J(Ide)(avbvc”?) _ /OOE ) ( ) (77 )
R A
n

The linear relations (4.20) give

sin(7b) [ (14,0)(a, b, c;n) — sin(we) (g 1a)(a, b, c;n)
sin(m(a + c))

J(Id,@) (a'7 bv & 77) =
(5.23)

)

P —sin(m(a + b+ ¢))I1ap)(a, b, & 1) — sin(wa)l (g 1q)(a, b, & mn)
Jw.1a)(@, b, &) = sin(m(a + c)) '

We can therefore rewrite (5.20)) as
abce T =, = . _ -
(5.24) G1 (a[;&]n> = —N(a,b,&0)" Gi(a,b,c) I1(a,b,c;n).

The off-diagonal elements of G are (G1)12 = 0 and

(5.25) (G1)a1 = 2isin(7h) (Sin?ifgi)c)) - Sinifgi)@)) ~0,

as required by the absence of monodromies for G, (ggg |77) Hence we have
(5.26)
9 ’ -
Gy(a,bc) = — i sin(m(a + b+ c)) sin(wb) . 0 . '
sin(m(a + ¢)) 0 sin(ma) sin(7c)

Similarly, by expressing the holomorphic factorisation using the other
basis of Aomoto-Gel’'fand hypergeometric functions

abce T >, = _ _poa -
(5.27) g1 <dl~)é‘n> =5 Ji(a,b,¢; n)T Gi(a,b,c) Ji(a,b,c;n),
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we get

(5.28)
. ~ —2i f[sin(n(a+b+c))sin(ra) 0
Gila,b,e) = sin(7(b+ ¢)) ( 0 sin(7b) Sin(”@) .

The relation between this expression and the holomorphic factorisation of
closed string theory amplitudes in [KLT, BBDSV] is discussed in Section
The arbitrariness in choosing to close the contour of integration to the left or
to the right is taken care by the linear relations derived earlier between the
various integrals appeared, as discussed in details in [BBDSV].

5.3. The a’-expansion of the correlation function Gn(n)

The meromorphic continuation in the parameters (a,b,c,d) € CNIV+9)/2 of
the Aomoto-Gel’fand hypergeometric functions can be combined with the
holomorphic factorisation to analytically continue the correlation function
Gn(n) outside the region of convergence of its defining integral. In particular,
with the identification of the parameters in (3.13]), we can consider the small
o/-expansion (in the sense of Section of Gn(n) for fixed values of the
integers n;; and 7.

We have mentioned in Section [4.4]that the coefficients of the expansion of
the Aomoto-Gel’fand functions should be Z[27i]-linear combinations of mul-
tiple polylogarithms. Moreover, since the entries of the matrix Gy belong to
the field F, the coefficients of their expansion belong to Q[27i|. Therefore,
by the holomorphic factorisation, the asymptotic expansion coefficients of Gy
should be Z[(2mi)*!]-linear combination®’] of products of holomorphic and
anti-holomorphic multiple polylogarithms, which are single-valued as func-
tions of . By Proposition (with R = Z[(27i)*!]) we conclude that these
coefficients should then belong to the ring H{j 1y z(gxi)+1) Of Z[(27i)*!]-linear
combinations of single-valued multiple polylogarithms (see Section .

We believe that these coefficients should even belong to 7—[%,1}7 Zw, and a
proof of this fact, at least for special points at the boundary of the convergence
region, should follow from the methods used in Section[7]in the case of string
amplitudes.

34The negative powers of m come from the prefactor (i/2m)". In fact, following
more closely [BBDSV], it is possible to prove that the coeflicients of the o’-expansion
of Gx belong to (27i)N Q[r], which implies that we can get rid of all negative powers
of 7, but we have preferred to skip these technical details.
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5.4. Back to closed string amplitudes

We now specialise some of the previous results on Gy (n) to the value n = 1.
With the parameter identification from eq. (3.13]), these special values corre-
spond to the partial amplitudes My 3(s,n,n), which are the building blocks
of the closed string amplitude My3(s,€) (see eq. (3.7)). We could have also
specialised Gn(n) to n =0, using a different parameter identification. Our
choice of setting n = 1 will lead us to use the holomorphic factorisation
rather than (which would be more convenient if we set 7 = 0 instead).

First of all, we remark that the considerations from the previous sec-
tion, even if rigorously proven, would not imply that the coefficients of the
o/-expansion of My3(s,n,n) belong to the ring Z%V of single-valued mul-
tiple zeta values (specializing to 7 =1 we would land in the larger space
Z[(2mi)*!]). As announced in the introduction, we will give a proof of the
single-valued nature of these coefficients (see Section [7]), but for this we will
have to take a different route. We therefore turn to other aspects of the holo-
morphic factorisation.

5.4.1. Relation with the KLT representation of closed string am-
plitudes. Setting n = 1 in the expression for the holomorphic factorisation
in . ) leads to a fairly simple expression, because at n = 1 only the first
N I rows ]N of the vector of Aomoto-Gel’fand hypergeometric functions Iy

in are non—vamshlng.

(5.29) Jy(a,b,c;d; 1) = (]N(a,g, c; d)) 7

and Jy(a,b,c;d) = (J(,0)(a,b,c;d;1)),cs, With

N

(5.30) J(py)) (a,b,c;d; 1) = / H (Zp(m) — Zp(n))dp(m)p(n)

p(N)<'"<Zp<1><0 1<m<n<N

N
m bpm Cpm .
X || Zp(m)) 1™ (1 = 2y ) P m >||dzz.

i=1

Hence, using the parameter identification (3.13), the partial closed string
amplitudes read

@m)ﬂm%@mﬁp4m<

b
b
_<Z> in(@b,e;d)" GV (a,b,c;d) v (a.b,c;d).
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In other words, although the end result for the closed string building block
only depends on ég\p, it was necessary to have the full matrix Gy to be able
to cancel the monodromies when 7 varies.

The integrals in are colour-ordered open string amplitudes. The
expression for the closed string amplitudes in , which is equivalent to
the original KLT relations [KLT], is the same appeared in [Miz16} eq. (4.3)]
or [Mizl17, Example 3.1], involving the inverse of the momentum kernel from
[BBDV], [Stie09).

5.4.2. The single-valued expansion of the four-point amplitude. We
illustrate the previous results on the N =1 case corresponding to the four-
point amplitude

(5.32) M4(3,n7ﬁ) — / ’z|2501zn01§ﬁ01‘1 _ Z|2812(1 _ Z)mz(l _ 2)7312 d2z.
C
We can write
b
(5.33) My(s,n,3) = Gr (‘Lf\l) ,

with the identification of the parameters a = sg1 + ng1, @ = So1 + Tig1, b+
¢ = S12 + ni12 and b+ ¢ = $12 + N1 and the assumption that the Mandelstam
variables so1, So2, S12 ¢ Z satisfy the momentum conservation condition sg; +
So2 + S12 = 0.

With such identifications, the holomorphic decomposition in eval-
uated at n =1 gives

sin(7sp1) sin(msoz)

5.34) M. n) =
( ) a(s,m.7) 7 sin(mwsya)

0 0
% (/ (_2)801+n01(1 _ Z)$12+n12 dZ) (/ (_Z)So1+ﬁ01(1 _ z)812+ﬁ12 dZ) )

By specialising the change of basis equation (4.19) to n = 1 one getﬁ

0
(5.35) Sin(7T802)/ (_Z)so1+no1<1 _ 2)812+n12 dz

—00

1
= sin(7s12) / ZS0H0L (] — p)s2tm gy
0

35 Alternatively, one can substitute z — 1/(1 — 2), use Euler’s formula for the

beta integral in terms of I'-functions and Euler’s reflection formula I'(z)T'(1 — z) =
sinzrﬂ'w)
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Plugging this relation in (5.34]) (or specialising ([5.20]) to n = 1) we recover, up
to a normalisation prefactor, the original KLT expression [KLT) eq. (3.11)]

0
(5:36)  Mis,n,) = sin(msor) (/ <—z>sm+nm<1_z>m+mzdz>

@ —o0

1
X (/ Z801+ﬁ01(1 _ z)812+ﬁ12 dZ)
0

1 0 - -
= ——sin(7so1) (/ (—z)sortnon(] — z)s2tme dz)
7r

—0o0

1
% (/ Z801+n01(1 _ z)812+n12 dZ) ]
0

This illustrates how in this case the momentum kernel S := sin(mso1)
from [BBDSV] arises (up to a normalisation factor) as the product of the

holomorphic factorisation matrix ég\l,) times a change of basis matrix between
colour-ordered amplitudes.

The I-function representations of the integrals appearing in eq. ([5.35)) are

1
/ 2801+7l01(1 _ z)812+n12 dz
0

F(l + So1 + n01)F(1 + s12 + n12)
I'(2 4 so1 + si2 + no1 + n12)

0
/ (_2)801+n01 (1 _ Z)812+n12 dz

(5.37) — P(1+ s01 + 7o) (=1 — (30} + 512) — Tlo1 — T12)
[(—s12 — M12)

By momentum conservation and Euler’s reflection formula the four-point
partial amplitude reads

. o D14 s01 4+ n01) T'(1 + s12 + n12)
My(s,n,n) = (—1)"2 — —
4( ) ( ) F(—S()l — n()l) F(—312 - n12)
r(-1 — Figy —
(5.38) « (—1 + sp2 — fig1 — N12)
I'(2 — sp2 + no1 + n12)



Single-valuedness of closed string amplitudes 505

Using repeatedly that I'(1 4+ z) = 2I'(z), one can find a rational function
Q(so1, 512, So2) with integer coefficients (depending on the integer parame-
ters no1, N12, ﬁgl,fllg) such that

D(1 4 s01) D(1 + s12) T(1 + s02)

(539) M4(s,n,ﬁ,) = Q(S()l, 512, Sog)r(l — 501> F(l — 512) F(l — 802) .

Euler’s formula

(5.40) I(1+2)=e"exp (Z C(mm(—x)m) ,

m>2

where v is the Fuler-Mascheroni constant, implies that

r (2
(541) m — —27(I+n exp< 2 Z <27:Li11) ($+n)2m+1> .

Therefore, by momentum conservation, the four-point partial amplitude takes
the form

(5.42) My(s,n, i) = Q(80178127302)
XCXP( QZ 2m+1 D sty vsig) )

The argument of the exponential factor only involves odd Riemann zeta val-
ues, i.e. single-valued multiple zeta values (we recall that ¢*V(2n) =0 and
¢*V(2n+1) = 2¢(2n + 1)). This shows that M4(s,n, ) is the product of a ra-
tional function in sg1, S12, Sg2 times a function whose Taylor expansion only
involves single-valued multiple zeta values. The rest of the paper is devoted
to prove the same statement for any N.

6. Integration of single-valued hyperlogarithms

We recall that in Section [2] starting from an abstract alphabet X and its as-
sociated set of points ¥ = {0, 1, 09,...,0,} C C, we have defined two families
of functions: hyperlogarithms L,,(z), which are multi-valued on D :=C\ X,
and their single-valued analogues £,,(z). Both families are indexed by labels
w € X*, i.e. words in the abstract non-commutative letters x; € X. Through-
out this and the next section, in order to lighten the notation, we will denote
by X both the alphabet and the set of complex points, and by o; both a
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point and a formal letter. The meaning will always be clear from the context.
The goal of this section is to prove a qualitative result on integrals of single-
valued hyperlogarithms over Pt (Theorem which plays a crucial role in
Section [T

6.1. Label dependence in the multi-valued case

For every 2 < i < n we consider the alphabets X; := X \ {o;}. We also recall
from Section that Sx r denotes the ring of regularised special values
of hyperlogarithms over a ring R with respect to an alphabet X. The next
proposition, due to Panzeriﬂ7 clarifies the behaviour of (special values of)
hyperlogarithms as functions of a letter o; in their label. We include a sketch
of the proof, where we explain the main idea but omit the technical detailﬂ

Proposition 6.1 (Panzer [Panl5]). For any w € X*, any 0 < j <n and
any2<1<n

(61) Lu) (Uj) = Z CuLu(Ui)7
u
where ¢, € Sx, g2 and the sum runs over a finite number of words u € X;.

Proof. The statement is proven by induction on the length |w| of the word
w. If Jw| =1 then the only interesting case is w = 0;, where one needs to
rewrite log(l — oj/0;) in terms of Lg(o;) and L, (o). This introduces an
integer multiple of i which depends on the chosen branch of the logarithm.
To prove the general case, we need the following:

Lemma 6.2. Foranyw € X*, any 2z € C and any 2 <i <n

0 A
(6.2) —Ly(z) = > —Ly(2),
80i TeX;U{z} i =T
veX™

where A\r, € Q, |v] < |w| and the sum is finite.

36This is a key ingredient of the Maple procedure HyperInt developed by
Panzer [Panl4] which allows to compute multiple integrals of hyperlogarithms.

37Special values of hyperlogarithms are defined in the divergent cases by a regular-
isation procedure. Here we will not verify that the steps of the proof are compatible
with such regularisation. The omitted details can be found in [Panl5].
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Proof of the lemma. If we denote oy, := 2, 0;.,, := 0, dlog(0) := 0, a simple
computation shows that the total differential of any Ly, ..., (2) is given (in
terms of regularised values) by

(63)  dLu(2) =3 Lowor 0. v (2)dlog (H)
E—1 B M Tipyr — Oiy,
Comparing the two sides of eq. (6.3]) we get (6.2)). O
By the lemma and the inductive hypothesis,
0 Cy
(6.4 o bel@) = 3 Sl
uEX}

where ¢, € Sx, g2ri- Hence we have
(65) Lw(O'j) = Z CuLTu(Ui) +c,

TEX;

ue X/
and CcC = Lw(o-j)|0'i=0 S SXZ',Q[QW’L'}‘ ‘:’

6.2. Label dependence in the single-valued case

We have seen that (special values of) hyperlogarithms, as functions of the
letters in the label, are again hyperlogarithms. We want to prove a similar
result for single-valued hyperlogarithms. The first necessary step is to prove
the following:

Lemma 6.3. For each w € X*, each 2 < i <n and each z € C the single-
valued hyperlogarithm L., (2) is single-valued also as a function of o; € C.

Proof. We need to show that o; — £,,(2) is a well-defined function for all
w € X* and all 0;, 2z € C. Recall that, by Theorem L,(2) is a uniquely
determined and well-defined function of z € D for any o; € C, which we have
extended to a function of z € C. This precisely means that £, (z) takes a
unique value for any z and any w, so 0; — L,,(z) is well-defined. O

We are now ready to prove the single-valued analogue of Proposition [6.1
which will play an important role in the computation of multiple integrals of
single-valued hyperlogarithms. We recall from Section that SY p denotes
the ring of regularised special values of single-valued hyperlogarithms over
the ring R with respect to the alphabet X.
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Theorem 6.4. Foranyw € X*, any2<i<nandany0<j<n

(6.6) Ly(0j) = Zcuﬁu(aiL

where ¢, € SY, o and the sum runs over a finite number of words u € X;'.
Proof. If |w| = 1 we have L,, (c;) = log |1 — 0j/o%|*>. Therefore if k # i then
Lo, (o)) € S g and if k =i then L,, (o) = L,,(0:) — Lo(0:). In order to pro-

ceed by induction on |w|, we first need the following single-valued analogue
of Lemma [6.2}

Lemma 6.5. For any w € X*, any z € C and 2 < i <n, we have

9, Arw
TEX;U{z}
veX™

where the sum s finite and all A;, € SY g have homogenous weighzﬁ
W o) = ol = Jo] = 1.

Proof of the lemma. We will use induction on the length |w|. If |w| =1 the
statement clearly holds. For |w| > 2 let

(6.8) Ly(z) = Z Curr wy Ly (2) L, (2)-

w1, w2

By Proposition Cur s € SXg and W ey, w,) = |w| — wi| — |wa|. Since
SOMeE Cypy, 4, May depend on o; and a%Z_Lw(z) = 0 for all w, we have

0 0
(69) aio_zﬁw(z) = w§2 (%Cwlﬂm Lw1 (Z)sz (Z)
0
+ 3 w5y L (2)) Lo 2)

It is trivial to see from the definition of single-valued hyperlogarithms that
|wi| + |wa| > 0. Therefore we can use the inductive hypothesis on the special
values of single-valued hyperlogarithms at points of X which constitute the

38The notion of weight was introduced in Section
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coefficients ¢, w,, obtaining that

a ’Twl,’wg
(6.10) Foz Corun = S :

rEX; g, — T

where each firu, w, € S¥ g has homogeneous weight given by W (fir.w, w,) =
W(Cwlywz) - L
Moreover, by Lemma [6.2] we have

0 )\T’U
A1 — Ly, = — L,
(6.11) ()= Y L)
TeX;U{z}
veEX™
with A;, € Z and |v| = |w| — 1. Hence we are left with
0 ff( )
v TeX; U{z}

where each f;(z) is a single-valued S% { g-linear combination of products
Ly, (2) Ly, (z) of homogeneous weight |w| — 1. By applying Proposition

thering R = SY g, we conclude that each f;(z) is a S¥ g-linear combination of
single-valued hyperlogarithms Y-, A, L, (2) and W(A;,) + |v| = |w|+1. O

Let us now continue our inductive argument. By Lemma [6.5| we have

(6.13) yncw(aj)z > T Ly(0y),

with A, , € S of homogenous weight W (A;,) = |w| — |v| — 1. We can there-
fore apply the inductive hypothesis both on the coefficients A, and on the
hyperlogarithms £, (o), obtaining (after performing enough shuffle products)

9 For,u
(614) 870_1'5,“)(0']) = Z o, — TLU(O'Z)
TeX;
ue X’

with i, € S¥, g, which implies by Theorem [2.3] that

(6.15) Ew(aj) = Z ﬂT,uETU(Ui) + f(@7)

TEX;

ue X’
for some function f annihilated by 0/J0;. Because of Proposition , the
function f(;) must belong to the ring of anti-holomorphic hyperlogarithms
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Hxc. By Lemma we know that f is a single-valued function of g;, but
by Proposition every non-constant element of Hx ¢ has non-trivial mon-
odromy, hence f must be constant. Since |Tu| > 1 we have £,,,(0) = 0. There-
fore we conclude that f = Ew(aj)|m_:0, which belongs to S¥ - O

6.3. Integrals of single-valued hyperlogarithms over IP’%:

Let us consider a function f(z) belonging to the ring A¥ ¢ introduced in Sec-
tion 2.6, We define the holomorphic and anti- holomm’phzc residues of f at
a point 0; € X as Res,—,, f(2) := cé),l 05 Res.—., f(2) == céz) _1, respectively,
referring to the coefficients C;) in the asymptotic expansions obtained from
eqs. (]2 23[) and (]2 24[) by multlphcatlon with elements in Oy ¢ ® Ox, c. Simi-
larly, at co we set Res,— f(2) := c(()),) 1.0 and Res;—o f(2) 1= c(()og) . The fol-
lowing residue formula was first stated by Schnetz in [Sch13] for X = {0, 1}.
We include the proof, because the same argument will occur again in Sec-

tion [

Proposition 6.6. (Schnetz, [Schl3]) Suppose that f(z) € AY ¢ and that
f]Pl 2)d*z < oo, where we set d?z = dzdz/(—2mi). Then

(6.16) f(2)d*z = Res.—ooG(2) — zn:ReSZ:giG z

Pg

(6.17) = Res.—oF(2) = > Res.—o F(2

for any F\G € AX ¢ such that 90.F(z) = 0:G(2) = f(2).

Proof. First of all we remark that, as mentioned in Section the ring AY ¢
is closed under the operation of taking primitives with respect to 0, and 0z, so
we can always find such F' and G. Moreover, F' is uniquely determined up to
adding a function in Os, ¢, as well as G up to adding a function in Osx. ¢c. We
will only show the first equality, as the second follows by repeating exactly
the same steps in the anti-holomorphic case. One has

G PR 4CIC))
f(2)d*z = ot dzNdz = d( i )dz,

therefore f(2)d?z is exact on PL \ (X U {00}). Let B,(r) denote the ball cen-
tered in a of radius r, SE(r) = 9 B,(r) and € > 0 such that B, () N By(e) =
0 for all finite 7,6 € X. Then f(z)d?z is exact on the oriented manifold
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Ve :=Pt \ (U,ex By(e) U By(e™")) with boundaries Sy (¢7'), S, (), and so

by Stokes’s theorem we have
1
f(2)d?z = —</ + Z / )G(z)dz.
V. 2MiN s et pex /sy (@)

Parametrizing S, () = {z =n+ee? : 0 <0 < 27} and integrating term by
term the expansion of the integrand given by eqs. (2.23)) and (2.24)) we obtain

the first formula in (6.16)). Moreover, this does not depend on the choice of G,
because the sum of the residues of a function belonging to Os, ¢ is zero. [

Proposition gives us a powerful instrument to compute integrals of
single-valued hyperlogarithms over the Riemann sphere, and it is one of the
ingredients of the proof of the following theorem, which is the main new result
of this section.

Theorem 6.7. Let X = {0,1,09,...,0n}, Xy = X \ {on}, m,n < N and
{oi, 3721, {0}, }iey € X (with possibly non-empty intersection). Let f(z) =
Youculu(2) be a finite linear combination of single-valued hyperlogarithms
with coefficients ¢, € SY o such that the integral

f(z)d*z

6.18 I :=
(618) o T (- — i) Iy (= 77)

is absolutely convergent. Then there exists a finite linear combination g(oy) =
Yvexy koLo(on) with ky € SY o such that

m n

(619) I= Z Z hrﬁsg(O—N)v
r=1s=1
where
(6.20) h ~—ﬁ71 h -—Hil
' o i Oy — Oy ’ 21 Ods — O
k#r k#s

LS| " h,
(6.21) HZ_U‘ :ZZ —,
r=1 tr r=1 ir
o1 " h
(6.22) — =) —
12— 04, ;z—ajs
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with h,., hs as in eq.( . As mentioned in Section the ring AY ¢ is
closed under the operation of taking primitives with respect to 9/0z. In the

case of the integrand of (6.18)), it is easy to see from (6.21]) and (6.22) that a

primitive in AY ¢ is given by

(623) Zzhr, — Zcuﬁawu('z)v

(624) I =— i i hrﬁs Z Cu‘cairu(gjs)'

Theorem applied for each u both to L, ,(0j,) and to its coefficient c,,
concludes the proof. O

It is possible with a little more work to obtain an effective version of this
theorem, which could be implemented on a computer. More precisely, this
would follow from an effective version of Theorem and in particular of
Lemma Part of this work was recently done by Schnetz (see his Maple
procedures [Sch18]).

7. The o’-expansion of closed string amplitudes

For N > 1 let s denote as usual the collection of Mandelstam kinematic in-
variants s;; := o'k - k; with 0 <14 < j < N + 1, as introduced in Section
We define a family of integralﬁ

(7.1)

M

PO

sii TTN ) )
( ) / H1<i<j<N |Zj_zi|2 “ Hi:l |Zi|2s()’|”5i_1|2s“\f'~'1 d?zi
S) = — = = — N — —
BN Zp(1) Za ) (1=2p)) (1=Fa(w) [ T,25 (20) = 206-1)) Fo () ~Zo(i-1)

indexed by two permutations p, o € Gy. These integrals have non-empty con-
vergent regions, which we denote by C, ,, and the origin s = 0 always belongs
to the boundary of C,, (see Appendix .

This is a special subfamily of the closed string partial amplitudes
Mpy43(s,n, 1) defined by , obtained for very specific choices of the integer
tuples n, 7. It is known (see e.g. [SS12]), that all My 3(s,n,f) which arise
from superstring theory can be written in terms of the functions M, ,(s).

39The usual notation for this family in the literature is rather J, ,(s).
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It is also knowrﬂ that, for each p, o, there are sets I of pairs of indices
(i, 7) such that the product

(7.9) (X su) % Mo

I (i,g)el

has a Taylor series expansion at 8 = 0, which is the o'-ezpansion of the closed
string integrals M, ,(s).

This section is devoted to prove the following statement, which was con-
jectured in [StieI3][™]

Theorem 7.1. For any N > 1 and any p,0 € Sy the coefficients of the
o' -expansion of M, ,(s) belong to Z*.

The method of the proof is constructive, it ultimately relies on the ma-
chinery developed in Section[6] and it allows in principle to determine also the
precise form of the first factor of . We begin by proving the statement
in two special cases. First we will look at the only 1-dimensional integral of
the family, which corresponds to the classical Virasoro amplitude, and which
is also the only closed string integral for which the statement was already
proven (see Section . In particular, we will explain in details how to
isolate and calculate, by analytic considerations, the polar contributions, and
we will obtain the explicit asymptotic behaviour at s = 0. Then we will look
at a 2-dimensional integral, where both the analysis of the polar contributions
and that of the Taylor coefficients become more subtle than in dimension one,
and resemble those of the general case. Finally, we will prove the general case,
but we will skip details, especially on the analysis of the polar contributions,
in order to avoid a lenghty discussion of different cases involving very com-
plicated notations; we believe that the familiarity with our methods aquired
from the previous special cases should suffice to understand how to work the
missing steps out.

40Gee for instance [BDI19b] for a more precise statement and a rigorous proof.
41Other two different proofs of this result, obtained independently, have appeared
in [SS18| BD19b] while we were writing this paper.
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7.1. Dimension one

Let N = 1. The symmetric group &; only contains the identity, and so the
only 1-dimensional integral in our family is

(73) MId,Id(S(]l, 812) —_ / |Z|2301—2|1 _ 2’2502—2(122.
Pg

This complex analogue of Euler’s beta function is essentially the Virasoro
bosonic string amplitude [Vir], and it is a special case of the integrals
My(s,n,f) from Section obtained by setting ng; = fg1 = N1y = Nyp =
—1.

The region of absolute convergence is Re(sp1) > 0, Re(si2) >0 and
Re(so1 + s12) < 1. In particular, the point sg; = s12 = 0 lies at the bound-
ary of this region. It is well known, and it also directly follows from the
computations of Section [5.4.2] that

so1 + s12 T'(1 4 s01) I'(1 + s12) I'(1 — 501 — s12)
501512 F(l — 801) F(l — 812) F(l + So1 + 812)

S01 + S12 202n4+1) / 9ni1 . ont1 - )
T Tsoise P T o 1y 8 +s — (So1 + s :
501512 P ( ngl (Qn + 1) ( 01 12 ( 01 12) )

(7.4)  Miaa(sor, s12) =

Recall from Section 2] that 2¢(2n + 1) = ¢*V(2n + 1) = Lg2q1(1), and therefore
the coefficients of this series expansion belong to Z%V. This gives a proof of
the following special case of Theorem [7.1}

Proposition 7.2. The product so1512M4,14(S01, S12) @s holomorphic at sy =
s12 = 0, and its Taylor coefficients belong to Z5V.

However, as already mentioned, we find it very instructive to give an
alternative proof, which will be later generalised to demonstrate Theorem[7.1]

Alternative proof. We write

(22 = (L= 2P 1)

(7.5) Mg 1a(so1, S12) = /

Py 21— 2P
o250 [1— 2202 — 1,
d
*/M P[22 .

and we first look at the first term of the right hand side. This term is abso-
lutely convergent at sg; = s12 = 0 and thereby has a Taylor expansion, given
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by Taylor expanding the integrand and then interchanging summation and
integration (this is justified by the absolute convergence). We get
(7.6) , ,
s — 1)(]1 — z|*%02 — 1 Lor(2)L14
/ (‘Z’ )(| Z’ )dQZ _ Z sgls‘ﬁ/ Md%,
P

BRI 2 S0 [ LR P2

1
C

where we recall that Lo»(2) = (log |2|?)?/p! and L14(2) = (log |1 — z|*)9/q!.
Since single-valued hyperlogarithms satisfy shuffle product identities, we
have

o G ¢
221 =2 G 2P = 2
B 1 Ly(z) B L,(2)
M%Eulqz(l—z)< z z—l)7

hence if we set

Low(Z) — Elw(z)
zZ(1—-72)

(7.8) F(z) := Z

w=0PLL19
we find that

. £0p (Z)ﬁlq (Z)

EREET

(7.9) 0.F(z)

Therefore by Proposition and by a careful analysis of the asymptotic
expansion of F' we obtain

/ Lo@Eu) . Res  F(2) - Rese_oF(2) — Resos F(2)
P

EEIEEE
= Y Lou(l) = Lia(1),

w=0PLL119

1
C

which belongs to the algebra Z%V. This proves the statement for the first term.

We consider now the second term. For e € Ry we define U, := Pk \
(Bo(g) U B1(g) U By(e™1)), where we denote by B,(r) the ball centered at x
of radius r. On the one hand, the integrand is an entire function in sg; and s19
for any z € U,, so it admits a Taylor expansion at the origin. Moreover, its
integral over U, is absolutely convergent for any sp; and s12 and also defines
an entire function of sp; and s19, whose Taylor expansion at the origin is
simply given, because of absolute convergence, by interchanging summation
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and integration:

2501 1— 2502_1 ﬁp Eq
(7.10) / i * d 3 d*z = Z 5818?2/(] Md%

221 =] 221 — 22
p-q=0

On the other hand, for any sg; and sio inside the region of absolute
convergent we have

2301 1— 2s02 __ 1 2501 1— 2502 __ 1
(7.11) / 2] +| d 4’z = lim 2l l d d*z,
P |2|2|]1 — 2|2 e=0 Ju |2]2|1 — 2|2

hence we find that, in this region,

(7.12)
22301+1—22302—1 Lop(2)L14(2
/ 2l 2| |2 z—hm(ZsOlsm/ 70§) 1(2)d22>.
b PRI 20 | TP
p-q=0

By the Stokes theorem and by eq. (7.9) we can write the right hand side

of eq. (7.10]) as

(7.13)
'C w - [, w .di
Z 5815({2</ —i—/ +/ ) Z 0 (f) L1 (2) idz.
p.q>0 0+Bo(e=1)  JO-Bole) JO-Bi(e)’ w—oriule zZ(1—72) o
p-q=0

Analysing separately the contributions over the three boundary components,
and using polar coordinates (see the proof of Proposition , we find that
the contribution from 0~ By(¢) is

(7.14) —Z< = )pH) S+ 00) = ——(1—) 4 0(e),

>0 (p+1)! 501

the contribution from 97 By(e7!) is O(¢) and the contribution from 9~ By (¢)
is

5 5 (os Y e
(715) £01q 812 (f Elop 801 + O(E)
g1 q=0 q p>1

1
— Z ;C(]lq(l) 5({2 + 5 2312 Z »ClOP 501 + O(E)

g1 p>1
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Taking the limit ¢ — 0 and noting™|that Lo1» (1) = (' (n + 1) = —L1gn (1)
for n > 1, we conclude that the product sg1512Miq14(S01, S12) is holomorphic
at sgp1 = s12 = 0 and the coefficients of its Taylor expansion, explicitly given
by

(7.16) So1 + s12 + 2 Z C(2n + 1)(s51 " s12 + sorsT3 )
n>1
+ ) ( > Low(l) - ﬁlw(U) st st
p,q>1 N w=0PL119
belong to the ring Z5V. O

We remark that our proof implies that there exists a rational function, in this
case 5511 + 51_21, which can be subtracted to Miq,14(So1, S12) to obtain a function
which is holomorphic at sg; = sg2 = 0. This is stronger than the statement
of the propositionlﬂ and it should be possible to prove this stronger kind of
statement also in the general case, by refining our proof of Theorem [7.1]

7.2. Dimension two

Let N = 2. We have four 2-dimensional integrals M, ,(s) with p,o € G,. We
content ourselves to study their sum

(717) Z Mp,a(alaa%ﬁlvﬁ%r)/)

JXASISP

_ / ‘Z|2a1_2|u|2a2_2|1 o 2’251—2|1 . u|2ﬁ2—2|z . u|2ﬁ’d22d2u,
(Pg)?

where we have set o; := 50, 5 := s;3 and 7 := s12 to lighten the notation.
This is a good prototype of all of the 2-dimensional integrals, whose singu-
larities are slightly simpler.

42Recall that Lgn1(1) = —((n + 1). The first identity follows from the fact that
Lo1n (1) = (=1)"" Lyn1(1), which can be seen by substituting z; — 1 — x; in the
integrand of Lg1» (2), and from the fact that {5V (2n) = 0. The second identity follows
from the more general formula given in [Sch13l Example 2.10].

43For instance, the case where sq; S02M1d 1a(s01, S12) only depends on sg; and is
not rational would not satisfy this stronger condition.
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Proposition 7.3. The product

(7.18) ajag B fa(ar +as+7) (B + B2 +7) Z M, (a1, az, B, 2, 7)

p,0€S2

is holomorphic at a; = ag = B1 = P2 = v =0, and its Taylor coefficients be-
long to ZV.

Proof. We want to study the asymptotic behaviour at the origin, which is
situated at the boundary of the region of convergence (see Appendix |Al).
Similarly to the 1-dimensional case, we first consider the integral
(7.19)
(= = D(jufe = D1 = 2P =11 = = 1)z —u? ,
d*“zd“u,
1)2 2P [ul?[1 = 221 —ul?
)

which is absolutely convergent in a strictly bigger region of convergence which
contains the origin, and then we will take care of the difference between ([7.17)
and (7.19), which diverges at the origin.

Writing log |z — u|? = £.(u) — Lo(2) and using absolute convergence to
interchange summation and integration, we can rewrite as

T+ T2

P1 P2 041 2G2 , r1+7T2 T2

§ , oy a’ By Bty (=1) ( , X

P1,P2,q1,322>1 2
71,7220

X / Lopi+72 <Z)£0”2 (“)51‘11 (2)51% (U)EZ” (u) d?zd%u.
(PL)?

7.20
(7.20) 2PL = 22l — uf?

We first compute the integral over u, given by

ﬁopz (u)ﬁlqz (u)ﬁzm (u)

d?u.
[ul2[T — uf? !

(7.21) Tpram(2) 1= /

1
C
By Proposition [6.6| we can write Jp, g, (2) as

(7.22) ReSu—ooF(z,u) — Resy—oF(z,u) — Res,=1 F(z,u) — Res,—. F(z,u),

where

(7.23) F(z,u) := Z (Lyw(u) — Low(u)) < L 1)

w=0P2 192111271 u—1 u
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is such that 0,F(z,u) is equal to the integrand of (7.21)). The only non-
vanishing residues in (7.22)) are obtained at u = 1, thus

(7'24) Jpz,qw"l (Z) = Z (‘COw(l) - Elw(l))'

w=0P2 192 L1z"1

By Theorem this is a Z%V-linear combination of single-valued multiple
polylogarithms in the variable z. Therefore, the same argument used in 1-
dimensional case@ applies to

(7.25) / Ipa,ga,m (2) Lopr+ra (2) L1101 (2) 2z,
P

L 221 — 22

thus proving the desired statement for the integral (7.19)).
We are now left with computing the asymptotic expansion of the difference

between ((7.17) and (7.19)), that we will call Py(aq, ag, 81, B2,7). Let € € RT,
and let

(7.26) Uec1 = {z,u € P& :|z|,|1— 2|, |ul, |1 —ul,|2] — |u| > ¢, |2],|ul < e},

(7.27) U.o = {z,u € P& |2|, |1 — 2|, |ul, |1 — ul, |u| — 2] > ¢, |2],|u| <&t}

The same argument used for the 1-dimensional case allows us to write (7.17) —
(7.19)), inside the region of convergence of ([7.17)), as

. 'yr
(7.28)  Pa(an, a2, 1, B2, 7) = llg(l) Z ot ab? Bt gzﬁ
P1,P2,q1,92,7>0 :

p1-p2-q1-q2=0

% </ +/ ) ﬁom (Z),Copz (U)£1<11 (Z)£1‘12 (u)(log |Z — u|2)r d22d2u.
Us,l U5,2

2121 = 22[ul?[1 = uf?

“4We remark that, since pa,g2>1, both lim._g Ips.gar (2)  and
lim, 1 Jp, g0, (%) are finite, which serves as a double-check that the integral (7.25)
is absolutely convergent.
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Writing log |2 — ul? = L. (u) — Lo(z) on U 1 and log |2 — u|? = L,(2) — Lo(u)
on Uy 9 we can rewrite Py(aq, ag, f1, f2,7) as

. T+ 7T
(7.29) lim > ot ob? BT Be2 AT TR (1) X
e—0 T2
P1,P2,q1,92,71,m2>0
p1-p2-q1-q2=0

<[ Cralanin e Wiy, p,
Ue

2121 = 22|ul?|1 = uf?

4 / Eom (Z)EO;Dz-H‘g (u)ﬁlrn (Z)Elfm (U),Curl (Z) d22d2u) .
Us 2

2121 = 22|ul?|1 — uf?

We now distinguish between different cases.

The case ¢; = g2 = 0. First of all, this case is identical to the case p; =
p2 = 0, which is therefore omitted. We consider the integrals over U.; and
U. 2 separately. Since the situation is symmetric, we just focus on fUE r This
integral (as well as fUE’Q) is not convergent because of the singularit}} of the
integrand at the origin. Let us consider the change of variables t = z, st =
u, which means that s = u/z and that d?z d*u = |t|? d*t d*s. Moreover, let
us denote by (75’1 the image of U, under the change of coordinates. By
deforming the shape of U, 1, we can suppose that [7571 is obtained by removing
a neighborhood of the origin which is a sphere of radius €. What we need to
compute is

(7.30)
> af' ay’y” / (log [t[*)"' (log || + log [t|*)P* (log |1 — s|* + log [¢]*)"
o ittt Jo, [t12]s]?]1 — t|2|1 — ts|?
S ot oy’ / (log [t[*)P+7+% (log | s|*) (log |1 — 5*)"
pl,pz,r>0 pl' z+] p2 'k'l' Usl ‘t|2|8’2‘1 _t‘2|1 —t5|2

k+l=r

- (0‘1+042+W)"a§71/0 Lo (t)Los (s)L1i(s)

e | TS — 2T — s

In the last integral we can separate the variables and use the same method
seen in the 1-dimensional case to obtain the polar part in the limit € — 0,
producing the quadratic-denominator term g '(ay + oo + )~ as well as
other polar contributions with a linear denominator given either by as or
by (a1 4+ ag + ) (note that the coefficients of the linear-denominator contri-
butions are not rationals anymore, but they still belong to Z°V). It is at this
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point an easy exercise to see that the remaining contributions around v =1
or z = 1 give rise to power series with coefficients in Z".

The case ¢; = py = 0. Again, this case is identical to the case g = p1 = 0,
which is therefore omitted. Moreover, this case is simpler than the previous
one, because the only problem occurs at (z,u) = (0,1). One can therefore
simply consider the integral over the union of U.; and U, and split it lo-
cally into a product of integrals like those considered in the 1-dimensional
case, obtaining the quadratic-denominator polar contribution a; '3y L as well
as linear-denominator polar contributions (with denominator «; or f2) and
power series contributions with coefficients in Z*V.

The remaining cases. The other possible cases with just one p; or g;
vanishing are analogous but simpler; they give linear-denominator polar con-
tributions as well as power series contributions, both with coefficients in Z%Y,
and the denominators are always given by one of the factors of the quadratic
contributions.

Summary. The product of Py(ai,as,f1,02,7) by the expression
ayaafefa(ar + ag + ) (1 + B2 + ) is a function which is holomorphic at
the origin, whose Taylor coefficients belong to Z%V. By the previous analysis

of the Taylor expansion of ((7.19)), the same is true also for (7.17)). O

7.3. The general case

Sketch of the proof of Theorem[7.1l We need to prove that, for any N > 1
and any p,o € Gy, there are sets [ of distinct pairs of indices (7,7) with
0 <i<j< N+ 1 such that the product

(7.31) (X s) x Myals)

I~ (g)el

is holomorphic at s = 0, and its Taylor coefficients belong to Z5V.

The main challenge of generalising the constructive analysis of the polar
contributions seen in the 2-dimensional case, is to find an acceptable notation.
Otherwise, it is just a lengthy distinction of different cases, each of which
can be proven exactly as in the N = 2 case to be given, close to the origin,
by a quotient between a holomorphic function with Z%V-coefficients, and a
product of at most N linear terms of the kind »; s;;. The relation between
the combinatorics of these denominators, and that of the singularity of the
integrand, is nicely described in [BD19b], and it can be explicitly worked out
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also from our method. For this reason, we only focus on the integrals
(7.32)
Micicjen (127 = 2 = D IIE (2 = Dz = 1P —1) d

Y Zp(1) Zo() (1 = 2pn) (1 = Zo(ay) Tliza(Zp) — 20(i-1)) (Zoti) = Zo(i-1))

which are absolutely convergent and holomorphic at the origin, and prove
that their Taylor coefficients belong to Z%V (proving the same statement for
the “polar terms” is simpler). More precisely, after Taylor-expanding the inte-
grand and interchanging summation with integration, we want to demonstrate
that for m;, n;, l; ; > 1 and for arbitrary p, o € &y the (absolutely convergent)
integrals

(7.33)

H1§i<j§N ‘Czii,j (Zj) Hf\; Lomi (2) L1 (2;) d?z

/(H%)N Zp(1) Zo(1) (1 = 2p(k)) (1 = Zo(s)) Hisz(zp(i) — 2p(i-1)) (Zo(i) — Zo(i-1))

belong to Z%.

To do this, the idea is to iteratively integrate one variable at a
time, and use Theorem [6.7] at each step. This can be done, because of the
following remarks:

(i) The special cyclic structure of the denominator of implies that
after each integration, even though h, and h, from the statement of
Theorem introduce new factors, we always get a denominator which
is the product of distinct linear holomorphic factors with distinct linear
anti-holomorphic factors, as required by the assumptions of Theorem|[6.7]
(we leave this as an exercise to the reader).

(ii) The fact that m;, n;,l;; are bigger than 1, together with the previous
remark, implies that at each step we get a numerator f(z) of the inte-
grand such that the integral converges absolutelyﬁ as required by the
assumptions of Theorem

It is clear that, after performing N integrations using Theorem [6.7], we land
on a number belonging to Z%V = ng 13,07 38 claimed. g

45This and the previous remark can be seen also as a double-check that the
integrals are indeed absolutely convergent: suppose for instance that at some
integration step we could get a factor (z; — z;)%(z; — Z;), then the next integral in
z; would be divergent, and therefore must be divergent too.
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Appendix A. Regions of absolute convergence of the
integrals considered

Proposition A.1. For each subset of indices I = {i1,...,in} C{1,... N},
with iy < iy < --- < iy, and for (a,a,b,b,c, & d,d) € CNWV*5) gsin Section
we define

(A1)

Uro —{(aabbccdd Re(ZW—I— Z W’—dls“)>—h},
s=1 2 1<s<r<h 2

(A.2)
L -

Ura ::{(aabbccdd (Z +bi, + ) ZS”—HZZS“)>—h},
s=1 1<s<r<h

(A.3)

h
UI,n {(a d,b,i),c,é,d,&) : Re( Cis T Ciy + CZ& + Z 13,27 + dzé,z, ) > _h}

s=1 1<s<r<h
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Morever, if |I| = h > 2 we define

(A.4) DI:—{(a,d,b,f),c,é,d,&):Re( 3 w)>1—h}.

1<s<r<h 2

Finally, let

(A5) Uy := {(a,d,b,B,c, ¢,d,d) -

N ) 3 ) .
Re( ai+@i+bi+bi+ci+ci+ Z ‘M><_N},
- 2 £ 2

i=1 1<i<j<N

The region of absolute convergence Cy C CNWF5) of the correlation function
Gn(n) (3.11) s, for any fizred n # 0,1, given by the intersection of all the do-

mains Uro,Ur1,Ury, Dr,Us. Moreover, the region of common absolute con-
vergence Dy € CNWH5/2 of all the Aomoto-Gel’fand functions (4.2)), i.e. the

region of absolute convergence of the integral

N N
(A.6) / LI 1zl 2 =1z =l T 1z = 20% 1] =i,
RN ;-1 i=1

1<i<j<N

is also given by the intersection of all the domains Uso,Ur1,Ury, D1, U
restricted to CNWW45)/2 yig @ :=a, b:=b, ¢ :==c and d = d.

Idea of the proof. Proving this result is essentially a long exercise in elemen-
tary analysis. In fact, there are different ways of computing this convergence
region, which give seemingly different but equivalent conditions on the pa-
rameters. The method that we suggest is to divide the domain of integra-
tion into all possible regions 0 < |z;, | < --- < |z, | and operate the change of
variables u; = z;;/z;,_, (setting z;, = 1). From this, passing to polar coordi-
nates, one easily works out the domains Ury and Uy, where the integral is
convergent near some u; = 0 or near u; = 0o, respectively. The regions Uy ;
and Ur,, which take into account the singularies z; = 1 and z; = 1), respec-
tively, are then obtained by substituting (a,a) < (b;,b;) and (a,a) < (c, &),
respectively. Finally, one must take care of integrals over |u;| € [0, 1] of terms
[Lic; 11— iy - |4 tdis which account for singularities along the diago-
nals but away from 0 or co. This can be done by substituting u; = 1 — p;e®:
and analysing the asymptotics as p; — 0, and it leads to considering the re-
gions Dy. The region of convergence of the real integrals turns out to be
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the same as that of the complex ones with @ :=a, b:=b, & := ¢ and d := d.
This is easily seen immediately after passing to polar coordinates. ([

This result can be specialised (either by setting n =0 or n =1, or by
setting ¢ = 0) with the correct parameter identifications to obtain the con-
vergence region for the closed string building blocks . For instance, con-
sidering the tachyonic integral for N =1 and N = 2 we find that

(A7) cl*mom — {(ay,by) : Re(ar), Re(by) > —1, Re(ay +by) < —1},
C;achyon = {(al, ag, bl, bg, 0172) : Re(al), RQ(GQ), Re(bl), Re(bg), Re(CLQ) >—1

Re(al + by + 0172), Re(ag + by + 6172) > —2,
(AS) Re(a1 + ag + by + by + 01’2) < —2}

We remark that the point (a,a,b, b,c,é.d, &) witha=a=b=b=c=

¢=(—1,...,—1)and d = d= (0,...,0) belongs to the boundary of Cx, and
that for Re(¢) > 0 small enough all the points (a, a,b,b,c,¢,d,d) witha = a =
b=b=c=¢=(—-1+¢,...,—1+¢c)andd=d = (0,...,0) are contained in

Cn, which in particular is always non-empty.
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