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ABSTRACT: The three-loop four-point function of stress-tensor multiplets in N/ = 4 super
Yang-Mills theory contains two so far unknown, off-shell, conformal integrals, in addition
to the known, ladder-type integrals. In this paper we evaluate the unknown integrals, thus
obtaining the three-loop correlation function analytically. The integrals have the generic
structure of rational functions multiplied by (multiple) polylogarithms. We use the idea of
leading singularities to obtain the rational coefficients, the symbol — with an appropriate
ansatz for its structure — as a means of characterising multiple polylogarithms, and the
technique of asymptotic expansion of Feynman integrals to obtain the integrals in certain
limits. The limiting behaviour uniquely fixes the symbols of the integrals, which we then
lift to find the corresponding polylogarithmic functions. The final formulae are numerically
confirmed. The techniques we develop can be applied more generally, and we illustrate this
by analytically evaluating one of the integrals contributing to the same four-point function
at four loops. This example shows a connection between the leading singularities and the
entries of the symbol.
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1 Introduction

The work presented in this paper is motivated by recent progress in planar A/ = 4 super
Yang-Mills (SYM) theory in four dimensions, although the methods that we exploit and
further develop should be of much wider applicability.

N =4 SYM theory has many striking properties due to its high degree of symmetry;
for instance it is conformally invariant, even as a quantum theory [1-8], and the spec-
trum of anomalous dimensions of composite operators can be found from an integrable
system [9-11]. Most strikingly perhaps, it is related to IIB string theory on AdSsxS® by
the AdS/CFT correspondence [12-14]. This is a weak/strong coupling duality in which the
same physical system is conveniently described by the field theory picture at weak coupling,
while the string theory provides a way of capturing its strong coupling regime. The strong
coupling limit of scattering amplitudes in the model has been elaborated in ref. [15] from a
string perspective. The formulae take the form of vacuum expectation values of polygonal
Wilson loops with light-like edges.

This duality between amplitudes and Wilson loops remains true at weak coupling [16—
19], extending to the finite terms in A/ = 4 SYM previously known relations between the
infrared divergences of scattering amplitudes and the ultra-violet divergences of (light-like)
Wilson lines in QCD [20-25]. Furthermore, it was recently discovered that both sides of
this correspondence can be generated from n-point correlation functions of stress-tensor
multiplets by taking a certain light-cone limit [26-28].

The four-point function of stress-tensor multiplets was intensely studied in the early
days of the AdS/CFT duality, in the supergravity approximation [29-32] as well as at weak
coupling. The one-loop [33-35] and two-loop [36, 37] corrections are given by conformal
ladder integrals.

A Feynman-graph based three-loop result has never become available because of the
formidable size and complexity of multi-leg multi-loop computations. Already the two par-
allel two-loop calculations [36, 37] drew heavily upon superconformal symmetry. However,
a formulation on a maximal (‘analytic’) superspace [38, 39] makes it apparent that the loop
corrections to the lowest xz-space component are given by a product of a certain polynomial
with linear combinations of conformal integrals, cf. ref. [40-43]. Then in ref. [44, 45], using
a hidden symmetry permuting integration variables and external variables, the problem of
finding the three-loop integrand was reduced down to just four unfixed coefficients without
any calculation and further down to only one overall coefficient after a little further anal-
ysis. This single overall coefficient can then easily be fixed e.g. by comparing to the MHV
four-point three-loop amplitude [46] via the correlator/amplitude duality or by requiring
the exponentiation of logarithms in a double OPE limit [44].



Beyond the known ladder and the ‘tennis court’, the off-shell three-loop four-point
correlator contains two unknown integrals termed ‘Easy’ and ‘Hard’ in ref. [44]. In this
work we embark on an analytic evaluation of the Easy and Hard integrals postulating that

e the integrals are sums ), R; Fj, where R; are rational functions and F; are pure
functions, i.e. Q-linear combinations of logarithms and multiple polylogarithms [47],

e the rational functions R; are given by the so-called leading singularities (i.e. residues
of global poles) of the integrals [48],

e the symbol of each F; can be pinned down by appropriate constraints and then
integrated to a unique transcendental function.

The principle of uniform transcendentality, innate to the planar N’ = 4 SYM theory, implies
that the symbols of all the pure functions are tensors of uniform rank six. Our strategy will
be to make an ansatz for the entries that can appear in the symbols of the pure functions and
to write down the most general tensor of uniform rank six of this form. We then impose a set
of constraints on this general tensor to pin down the symbols of the pure functions. First of
all, the tensor needs to satisfy the integrability condition, a criterion for a general tensor to
correspond to the symbol of a transcendental function. Next the symmetries of the integrals
induce additional constraints, and finally we equate with single variable expansions corre-
sponding to Euclidean coincidence limits. The latter were elaborated for the Easy and Hard
integrals in ref. [49, 50] using the method of asymptotic expansion of Feynman integrals [51].
This expansion technique reduces the original higher-point integrals to two-point integrals,
albeit with high exponents of the denominator factors and complicated numerators.

To be specific, up to three loops the off-shell four-point correlator is given by [33-37, 44]

0, 2V 1)

G4(1,2,3,4) = G + oy B1L2.3.9 [aF(l)+a2F(2)+a3F(3)+O(a4) . (11)

Here N, denotes the number of colors and « is the 't Hooft coupling. GELO) represents the

tree-level contribution and R(1,2,3,4) is a universal prefactor, in particular taking into
account the different SU(4) flavours which can appear (see ref. [44, 45] for details). Our
focus here is on the loop corrections. These can be written in the compact form (exposing
the hidden Sy, symmetry) as

FO (z1,22,23,24) = :1:%293%%:?%?:2%;3%41%4 /d4x5 coodbrany f(f) (1, ., Tave), (1.2)
where
O, )= (13)
H1§i<j§5 Ty
FO 2y ag) = k23,28 + Se permutations ’ (1.4)

2
H1§i<j§6 Lij



O (2 r7) = 55 (235)% (23209522828, v2;) + S7 permutations
ey T7) = .

(1.5)
H1§i<j§7 xzzj

Writing out the sum over permutations in the above expressions, these are written as follows

1
FU = g1934, (1.6)
2
F® = hypay + hagao + hozia + hiaos (1.7)
1
2 2 2 2 2 2 2
+ hig2a + hoasis + 5(33121”34 + 21325 + 214733) [ g1234] 7,
F®) = [ Lyg34 45 perms | + [T12:34 + 11 perms ] (1.8)
2 2
+ [Ei2:34 + 11 perms | + %[x14:v23H12;34 + 11 perms |
+ [(g X h)12,34 + b perms |,
which involve the following integrals:
. 1 d4$5 1
91234 = —5 | 35 5 35 > (1.9)
m L15L25L35L 45
2 4., 74
S T3y d*rs d*xg
34 = 4 2.2 2N\.2 (/2 .2 9"
™ (215235715) 256 (2562367 16)
At three-loop order we encounter
2 .4 4. g4 . 4
(QXh)1234:x12x34/ 2 .2 2 de25d2966d2x72 2 .22
5 6 )
n (215255055275) (T16256716) (T37057T57) Tty
4 4. 4. g4
Lot — T3y d*zs d*xe d*x7
34 = 5 2.2 . 2N.2 (2 2\ 2 (2 2 2\
m (215235245) 736 (T56276) T (237057277 )
e x3, d*rsdiredier 23, (1.10)
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m (215735) (216716) (23703757 ) V56T 5, U7
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m (215235735256 (V56236016 L7 (V1705727
2 4. 4 4 2
I w3y d*xs d*xe d w7 w5,
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w6 ) (af5235735015) 086 (2362 56) 07 (2T 703,03, 087)
Here g, h, L are recognised as the one-loop, two-loop and three-loop ladder integrals, respec-
tively, the dual graphs of the off-shell box, double-box and triple-box integrals. Off-shell,
the ‘tennis court’ integral 7' can be expressed as the three-loop ladder integral L by using
the conformal flip properties! of a two-loop ladder sub-integral [52]. The only new integrals
are thus £ and H (see figure 1).

Conformal four-point integrals are given by a factor carrying their conformal weight,
say, (z35234)" times some function of the two cross ratios

37%237:%4 37%433%3

u = =z, v = =1-2z)(1—-2). (1.11)
15734 15734

1Such identities rely on manifest conformal invariance and will be broken by the introduction of most
regulators. For instance, the equivalence of 7" and L is not true for the dimensionally regulated on-shell
integrals.



E12.34

Figure 1. The Easy and Hard integrals contributing to the correlator of stress tensor multiplets
at three loops.

Ladder integrals are explicitly known for any number of loops, see ref. [53, 54] where they
are very elegantly expressed as one-parameter integrals. Integration is simplified by the
change of variables from the cross-ratios (u,v) to (z, ) as defined in the last equation. The
unique rational prefactor, x%3x34 (z — &), is common to all cases and can be computed by
the leading singularity method as we illustrate shortly. This is multiplied by pure polylog-
arithm functions which fit with the classification of single-valued harmonic polylogarithms
(SVHPLs) in ref. [55]. The associated symbols of the ladder integrals are then tensors
composed of the four letters {z, &, 1 —z, 1 — Z}.

On the other hand, for generic conformal four-point integrals (of which the Easy and
Hard integrals are the first examples) there are no explicit results. Fortunately, in recent
years a formalism has been developed in the context of scattering amplitudes to find at least
the rational prefactors (i.e. the leading singularities), which are given by the residues of the
integrals [48]. There is one leading singularity for each global pole of the integrand and it is
obtained by deforming the contour of integration to lie on a maximal torus surrounding the
pole in question, i.e. by computing the residue at the global pole. As an illustration,? let
us apply this technique to the massive one-loop box integral gj234 defined in eq. (1.9). Its
leading singularity is obtained by shifting the contour to encircle one of the global poles of
the integrand, where all four terms in the denominator vanish. To find this let us consider
a change of coordinates from z£ to p; = z%. The Jacobian for this change of variables is

J = det ((;%%) =det (—2zf) , J* = det (daj5 - 255) = 16det (33123 —z% — %25) ,

w5
(1.12)
where the second identity follows by observing that det(M) = \/det(MM7T). Using this

2The massless box-integral (i.e. the same integral in the limit x?,iﬂ — 0) is discussed in ref. [56] in terms
of twistor variables as the simplest example of a ‘Schubert problem’ in projective geometry. The off-shell
case that we discuss here was also recently discussed by S. Caron-Huot (see [57]).



change of variables the massive box becomes

91234 = —5 1.13
/ p1p2p3p4J (1.13)

To find its leading singularity we simply compute the residue around all four poles at p; = 0
(divided by 27i). We obtain

1

91234 — v —
472 \1234

, Al234 = det(t’ligj)iJ:l.A = x%3x54 (:ZZ — .f) (1.14)
in full agreement with the analytic result [53, 54].

Note that we do not consider explicitly a contour around the branch cut associated
with the square root factor J in the denominator of (1.13). Because there is no pole at
infinity, the residue theorem guarantees that such a contour is equivalent to the one we
already considered. On the other hand, in higher-loop examples, Jacobians from previous
integrations cannot be discarded in this manner. In all the examples we consider, these
Jacobians always collapse to become simple poles when evaluated on the zero loci of the
other denominators and thereby contribute non-trivially to the leading singularity.

The main results of this paper are the analytic evaluations of the Easy and Hard in-
tegrals. Due to Jacobian poles, the Easy integral has three distinct leading singularities,
out of which only two are algebraically independent, though. The Hard integral has two
distinct leading singularities, too. Armed with this information we then attempt to find
the pure polylogarithmic functions multiplying these rational factors. Our main inputs for
this are analytic expressions for the integrals in the limit £ — 0 obtained from the results
n [50]. Matching these asymptotic expressions with an ansatz for the symbol of the pure
functions we obtain unique answers for the pure functions.

The pure functions contributing to the Easy integral are given by SVHPLs, corre-
sponding to a symbol with entries drawn from the set {z,1—x,z,1—z}. In this case there
is a very straightforward method for obtaining the corresponding function from its asymp-
totics, by essentially lifting HPLs to SVHPLs as we explain in the next section. However,
the SVHPLs are not capable of meeting all constraints for the pure functions contributing
to the Hard integral, so that we need to enlarge the set of letters. A natural guess is to
include  — z (cf. ref. [58]) since it also occurs in the rational factors, and indeed this turns
out to be correct. Ultimately, one of the pure functions is found to have a four-letter symbol
corresponding to SVHPLs, but the symbol of the other function contains the new letter:
the corresponding function cannot be expressed through SVHPLs alone, but it belongs to
a more general class of multiple polylogarithms.

Let us stress that the analytic evaluation of the Easy and Hard integrals completes
the derivation of the three-loop four-point correlator of stress-tensor multiplets in N/ = 4
SYM. The multiple polylogarithms that we find can be numerically evaluated to very high
precision, which paves the way for tests of future integrable system predictions for the
four-point function, or for instance for further analyses of the operator product expansion.

Finally, since our set of methods has allowed to obtain the analytic result for the
Easy and Hard integrals in a relatively straightforward way (despite the fact that these are



Figure 2. The four-loop integral 11(3323 defined in eq. (1.15).

not at all simple to evaluate by conventional techniques) we wish to investigate whether
this can be repeated to still higher orders. We examine a first relatively simple looking,
but non-trivial, four-loop example from the list of integrals contributing to the four-point
correlator at that order [45]:

() 1 / d'zsd*wed vrd vs 23,235,235, (1.15)

Haza = s 0150750350360%, 0350506037 015 16 L7175 |
The computation of its unique leading singularity follows the same lines as at three loops.
However, just as for the Hard integral, the alphabet {z,1 — x,Z,1 — Z} and the corre-
sponding function space are too restrictive. Interestingly, this integral is related to the
Easy integral by a differential equation of Laplace type. Solving this equation promotes
the denominator factor 1 —u of the leading singularities of the Easy integral to a new entry
in the symbol of the four-loop integral. Similarly we observe that (x — Z) appears as a
leading singularity at one loop and two loops and then appears in the symbol of the Hard
integral at three loops, but in this case we do not know any explicit differential equation.

The paper is organised as follows:

e In section 2, we give definitions of the concepts introduced here: symbols, harmonic
polylogarithms, SVHPLs, multiple polylogarithms and so on.

e In section 3, we comment on the asymptotic expansion of Feynman integrals.

e In sections 4 and 5 we derive the leading singularities, symbols and ultimately the pure
functions corresponding to the Easy and Hard integrals. We also present numerical
data indicating the correctness of our results.

e In section 7, we perform a similar calculation for the four-loop integral, I®.

e Finally we draw some conclusions. We include several appendices collecting some
formulae for the asymptotic expansions of the integrals and alternative ways how to
derive the analytic results.



2 Conformal four-point integrals and single-valued polylogarithms

The ladder-type integrals that contribute to the correlator are known. More precisely, if

we write
1
913,24 = —5 5 ‘I’(l)(uav),
Ti3To4
hig.24 = - @ (u,v) (2.1)
7 93%35534
1
L1324 = ——5— B (u,v),
37%333%4

then the functions ®) (u, v) are given by the well-known result [53, 54],

1
() (4, v) = e
0 (u,v) = - (L )/ vE2 + (1—u—v)£+ul

( og + Iogf) (log% + 210g§) (2.2)

1 T z
—__ - D -
f (w—l’x—l)’

where the conformal cross ratios are given by eq. (1.11) and where we defined the pure

OgL—l é—

function

L
ron Z - 2L ';) log" (2%) (Lisp_r (z) — Liss_ (7)) . (2.3)
=

At this stage, the variables (z,Z) are simply a convenient parametrisation which ratio-
nalises the two roots of the quadratic polynomial in the denominator of eq. (2.2). We note
that x and ¥ are complex conjugate to each other if we work in Euclidean space while they
are both real in Minkowski signature.

The particular combination of polylogarithms that appears in eq. (2.2) is not random,
but it has a particular mathematical meaning: in Euclidean space, where x and Z are

L)

complex conjugate to each other, the functions ®() are single-valued functions of the

complex variable x. In other words, the combination of polylogarithms that appears in the
ladder integrals is such that they have no branch cuts in the complex x plane. In order to
understand the reason for this, it is useful to look at the symbols of the ladder integrals.

2.1 The symbol

One possible way to define the symbol of a transcendental function is to consider its total
differential. More precisely, if I’ is a function whose differential satisfies

dF = FidlogR;, (2.4)

where the R; are rational functions, then we can define the symbol of F' recursively by [59]

=) S(F)®R;. (2.5)



As an example, the symbols of the classical polylogarithms and the ordinary logarithms
are given by

1
S(Lip(2)=—-(1-2)®2z®...®2z and S(lnnz>:z®...®z. (2.6)
(n—1) ti n! t

In addition the symbol satisfies the following identities,

L@@ ). =, ®0a®... +...Rb® ...,
L ®E)®... =0, (2.7)
S(FG) =S8S(F)IIS(G),

where III denotes the shuffle product on tensors. Furthermore, all multiple zeta values are
mapped to zero by the symbol map. Conversely, an arbitrary tensor

> Chigwiy ® ... D w;, (2.8)
whose entries are rational functions is the symbol of a function only if the following inte-
grability condition is fulfilled,

Z Ciy...ip, dlogw;, ANdlogw;, , wiy ®...Qw; | Awi, , ®@...Q0w;, =0, (2.9)
Q1 yeenyin
for all consecutive pairs (ig, ig+1)-

The symbol of a function also encodes information about the discontinuities of the
function. More precisely, the singularities (i.e. the zeroes or infinities) of the first entries of a
symbol determine the branching points of the function, and the symbol of the discontinuity
across the branch cut is obtained by dropping this first entry from the symbol. As an
example, consider a function F'(x) whose symbol has the form

S(F(z)=(a1 —2)®...® (an — x), (2.10)

where the a; are independent of . Then F(z) has a branching point at = a;, and the
symbol of the discontinuity across the branch cut is given by

S [discg, F(z)] =27mi (a2 — ) ® ... ® (an, — ). (2.11)

If ' is a Feynman integral, then the branch cuts of F' are dictated by Cutkosky’s rules. In
particular, for Feynman integrals without internal masses the branch cuts extend between
points where one of the Mandelstam invariants becomes zero or infinity. As a consequence,
the first entries of the symbol of a Feynman integral must necessarily be Mandelstam in-

variants [60]. In the case of the four-point position space integrals we are considering in
2
(]
for i,j =1...4. Combined with conformal invariance, this implies that the first entries of

this paper, the first entries of the symbol must then be distances between two points, z

the symbols of conformally invariant four-point functions can only be cross ratios. As an
example, consider the symbol of the one-loop four-point function,

. .
Svm@@ﬂ:u®l_;+v®g. (2.12)



The first entry condition puts strong constraints on the transcendental functions that
can contribute to a conformal four-point function. In order to understand this better let
us consider a function whose symbol can be written in the form

SF)=u®S,+v®8,=(22)@S, +[(1—2)(1 —2)]®S,, (2.13)

where S,, and S,, are tensors of lower rank. Let us assume we work in Euclidean space where
x and T are complex conjugate to each other. It then follows from the previous discussion
that F' has potential branching points in the complex z plane at x € {0,1,00}. Let us com-
pute for example the discontinuity of F' around x = 0. Only the first term in eq. (2.13) can
give rise to a non-zero contribution, and x and T contribute with opposite signs. So we find

S [disco(F)] = 27 Sy — 271 S, = 0. (2.14)

The argument for the discontinuities around x = 1 and z = oo is similar. We thus con-
clude that F' is single-valued in the whole complex x plane. This observation puts strong
constraints on the pure functions that might appear in the analytical result for a conformal
four-point function. In particular, the ladder integrals ®) are related to the single-valued
analogues of the classical polylogarithms,

B2k

o logar| Lini(2). (2.15)

n—1
D, (z) =R, Z
k=0

where R,, denotes the real part for n odd and the imaginary part otherwise and Bj are
the Bernoulli numbers. For example, we have

FY (2, 2) = 4i Dy(x) . (2.16)
2.2 Single-Valued Harmonic Polylogarithms (SVHPLs)

For more general conformal four-point functions more general classes of polylogarithms may
appear. The simplest extension of the classical polylogarithms are the so-called harmonic
polylogarithms (HPLs), defined by the iterated integrals® [61]

H(al,...,an;w):/ dt fo,(t) H(ag, ..., an;t), a; € {0,1}, (2.17)
0

with 1 1
o) = = and fi(e) = (218)

Cl—za

By definition, H(z) = 1 and in the case where all the a; are zero, we use the special

definition 1

H(Op;x) = —log" . (2.19)
n!

The number n of indices of a harmonic polylogarithm is called its weight. Note that the
harmonic polylogarithms contain the classical polylogarithms as special cases,

H(0p_1,1;2) = Liy(z). (2.20)

3In the following we use the word harmonic polylogarithm in a restricted sense, and only allow for
singularities at = € {0, 1} inside the iterated integrals.

,10,



In ref. [63] it was shown that infinite classes of generalised ladder integrals can be ex-
pressed in terms of single-valued combinations of HPLs. Single-valued analogues of HPLs
were studied in detail in ref. [55], and an explicit construction valid for all weights was pre-
sented. Here it suffices to say that for every harmonic polylogarithm of the form H(a;x)
there is a function Lz(x) with essentially the same properties as the ordinary harmonic
polylogarithms, but in addition it is single-valued in the whole complex x plane. We will
refer to these functions as single-valued harmonic polylogarithms (SVHPLs). Explicitly,
the functions Lz(z) can be expressed as

Lz(z) = Zcij H(a@;z) H(d@;; 7), (2.21)

where the coefficients ¢;; are polynomials of multiple ¢ values such that all branch cuts
cancel.

There are two natural symmetry groups acting on the space of SVHPLs. The first
symmetry group acts by complex conjugation, i.e., it exchanges x and . The conformal
four-point functions we are considering are real, and thus eigenfunctions under complex
conjugation, while the SVHPLs defined in ref. [55] in general are not. It is therefore
convenient to diagonalise the action of this symmetry by defining

|Lala) - (-1)TLa(2)] |

(2.22)
|Lala) + (-1)TLa(2)] |

~—

where |d| denotes the weight of Lz(z). Note that we have apparently doubled the number
of functions, so not all the functions Lz(z) and Lz(z) can be independent. Indeed, one can

observe that
Lz(z) = [product of lower weight SVHPLs of the form Lz(x) |]. (2.23)

The functions Lz(x) can thus always be rewritten as linear combinations of products of
SVHPLs of lower weights. In other words, the multiplicative span of the functions Lz(x)
and multiple zeta values spans the whole algebra of SVHPLs. As an example, in this basis
the ladder integrals take the very compact form

fO(x,7) = (—1)E 2Ly o010, 0(x). (2.24)

L—-1 L—-1

While we present most of our result in terms of the Lz (), we occasionally find it convenient
to employ the Lz(z) and the Lz(z) to obtain more compact expressions.

The second symmetry group is the group S3 which acts via the transformations of the
argument

xr—x, r—1—uz, r—1/(1—-x), (2.25)

x—1/x, r—1—-1/x, r—z/(x—1).
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This action of S3 permutes the three singularities {0, 1,00} in the integral representations
of the harmonic polylogarithms. In addition, this action has also a physical interpretation.
The different cross ratios one can form out of four points x; are parametrised by the group
S4/(Zga x Zg) ~ Ss. The action (2.25) is the representation of this group on the cross ratios
in the parametrisation (1.11).

2.3 The £ — 0 limit of SVHPLs

We will be using knowledge of the asymptotic expansions of integrals in the limit £ — 0
in order to constrain, and even determine, the integrals themselves. If the function lives
in the space of SVHPLs there is a very direct and simple way to obtain the full function
from its asymptotic expansion.

This direct procedure relies on the close relation between the series expansion of SVH-
PLs around = 0 and ordinary HPLs. In the case where SVHPLs are analytic at (x,z) =0
(i.e. when the corresponding word ends in a ‘1’) then

lim L(x) = Hy(x). (2.26)

z—0
Similar results exist in the case where L, (x) is not analytic at the origin. In that case
the limit does strictly speaking not exist, but we can, nevertheless, represent the function
in a neighbourhood of the origin as a polynomial in logu, whose coefficients are analytic
functions. More precisely, using the shuffle algebra properties of SVHPLs, we have a unique
decomposition

Ly(z) = Z apw log? u Ly (), (2.27)
b

where a, s are integer numbers and L,y (x) are analytic at the origin (z,z) = 0.

Conversely, if we are given a function f(x,Z) that around z = 0 admits the asymptotic

expansion

flz,z) = Z apwlogl uHy(x) + O(Z), (2.28)

p,w

where the a,,, are independent of (x,Z) and w are words made out of the letters 0 and
1 ending in a 1, there is a unique function fgyppr(z,z) which is a linear combination of
products of SVHPLs that has the same asymptotic expansion around z = 0 as f(x,T).
Moreover, this function is simply obtained by replacing the HPLs in eq. (2.28) by their
single-valued analogues,

fovupL(z,2) =) aplogh uLy(x). (2.29)
p,w
In other words, f(z,Z) and fsvupr(z,Z) agree in the limit z — 0 up to power-suppressed
terms.

It is often the case that we find simpler expressions by expanding out all products, i.e.
by not explicitly writing the powers of logarithms of u. More precisely, replacing logu by
log x 4+ log Z in eq. (2.28) and using the shuffle product for HPLs, we can write eq. (2.28)
in the form

fa,2) = aw Hy(z) +1og Z P(x,log T) + O() (2.30)

— 12 —



where P(z,log Z) is a polynomial in log z whose coefficients are HPLs in x. From the pre-
vious discussion we know that there is a linear combination of SVHPLs that agrees with
f(x,Z) up to power-suppressed terms. In fact, this function is independent of the actual
form of the polynomial P, and is completely determined by the first term in the left-hand
side of eq. (2.30),

fsvapL(z,Z) = Z ayy Lo () - (2.31)

So far we have only described how we can always construct a linear combination of
SVHPLs that agrees with a given function in the limit £ — 0 up to power-suppressed
terms. The inverse is obviously not true, and we will encounter such a situation for the
Hard integral. In such a case we need to enlarge the space of functions to include more
general classes of multiple polylogarithms. Indeed, while SVHPLs have symbols whose
entries are all drawn from the set {z,z,1 — z,1 — Z}, it was observed in ref. [58] that
the symbols of three-mass three-point functions (which are related to conformal four-point
functions upon sending a point to infinity) in dimensional regularisation involve functions
whose symbols also contain the entry x — . Function of this type cannot be expressed
in terms of HPLs alone, but they require more general classes of multiple polylogarithms,
defined recursively by G(x) = 1 and,

dt ~ log? (x
G(ag,...,an;t), G(0p;x) = p!()

G(ay,...,an;x) = / , (2.32)
0

t— al
where a; € C. We will encounter such functions in later sections when constructing the
analytic results for the Easy and Hard integrals.

3 The short-distance limit

In this section we sketch how the method of ‘asymptotic expansion of Feynman integrals’
can deliver asymptotic series for the Z — 0 limit of the Easy and the Hard integral. These
expansions contain enough information about the integrals to eventually fix ansétze for the
full expressions.

In ref. [49, 50] asymptotic expansions were derived for both the Easy and Hard integrals
in the limits where one of the cross ratios, say u, tends to zero. The limit v — 0,v — 1 can
be described as a short-distance limit, xo — 1. Let us assume that we have got rid of the
coordinate x4 by sending it to infinity and that we are dealing with a function of three coor-
dinates, x1, T2, 3, one of which, say x1, can be set to zero. The short-distance limit we are
interested in then corresponds to xo — 0, so that the coordinate x3 is small (soft) and the
coordinate z3 is large (hard). This is understood in the Euclidean sense, i.e. x5 tends to zero
precisely when each of its component tends to zero. One can formalise this by multiplying
xo by a parameter p and then considering the limit p — 0 upon which u ~ p%,v — 1 ~ p.

For a Euclidean limit in momentum space, one can apply the well-known formulae for
the corresponding asymptotic expansion written in graph-theoretical language (see ref. [51]
for a review). One can also write down similar formulae in position space. In practice, it is
often more efficient to apply the prescriptions of the strategy of expansion by regions [51, 64]
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(see also Chapter 9 of ref. [65] for a recent review), which are equivalent to the graph-
theoretical prescriptions in the case of Euclidean limits. The situation is even simpler in
position space where we work with propagators 1/ $22j It turns out that in order to reveal all
the regions contributing to the asymptotic expansion of a position-space Feynman integral
it is sufficient to consider each of the integration coordinates z; either soft (i.e. of order z2)
or hard (i.e. of order x3). Ignoring vanishing contributions, which correspond to integrals
without scale, one obtains a set of regions relevant to the given limit. One can reveal this
set of regions automatically, using the code described in refs. [66, 67].

The most complicated contributions in the expansion correspond to regions where the
internal coordinates are either all hard or soft. For the Easy and Hard integrals, this gives
three-loop two-point integrals with numerators. In ref. [49], these integrals were evaluated
by treating three numerators as extra propagators with negative exponents, so that the
number of the indices in the given family of integrals was increased from nine to twelve.
The integrals were then reduced to master integrals using integration-by-parts (IBP) iden-
tities using the c++ version of the code FIRE [68]. While this procedure is not optimal, it
turned out to be sufficient for the computation in ref. [49]. In ref. [50], a more efficient way
was chosen: performing a tensor decomposition and reducing the problem to evaluating in-
tegrals with nine indices by the well-known MINCER program [69], which is very fast because
it is based on a hand solution of the IBP relations for this specific family of integrals. This
strategy has given the possibility to evaluate much more terms of the asymptotic expansion.

It turns out that the expansion we consider includes, within dimensional regularisation,
the variable u raised to powers involving an amount proportional to € = (4 — d)/2. A
characteristic feature of asymptotic expansions is that individual contributions may exhibit
poles. Since the conformal integrals we are dealing with are finite in four dimensions, the
poles necessarily cancel, leaving behind some logarithms. The resulting expansions contain
powers and logarithms of u times polynomials in v — 1. Instead of the variable v, we turn
to the variables (z,Z) defined in eq. (1.11). Note that it is easy to see that in terms of
these variables the limit © — 0,v — 1 corresponds to both  and Z becoming small.

In fact, we only need the leading power term with respect to u and all the terms with
respect to x. The results of ref. [50] were presented in terms of infinite sums involving
harmonic numbers, i.e., for each inequivalent permutation of the external points, it was
shown that one can write

3
I(u,v) = Z log® u fi(z) + O(u), (3.1)
k=0

where I(u,v) denotes either the Easy or the Hard integral, and v = 1 — 2 + O(z). The
coefficients fi(z) were expressed as combinations of terms of the form

- s—1 > s—1

Z 5t Sj(s) or stj(é% (3.2)

s=1 s=1

where Si(s) are nested harmonic sums [70],

Si(s) = Z% and Sjz(s) = Z Sj(n) . (3.3)

nl

n=1 n=1
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To arrive at such explicit results for the coefficients fi(z) a kind of experimental
mathematics suggested in ref. [62] was applied: the evaluation of the first terms in the
expansion in x gave a hint about the possible dependence of the coefficient at the n-th
power of x. Then an ansatz in the form of a linear combination of nested sums was
constructed and the coefficients in this ansatz were fixed by the information about the first
terms. Finally, the validity of the ansatz was confirmed using information about the next
terms. The complete z-expansion was thus inferred from the leading terms.

For the purpose of this paper, it is more convenient to work with polylogarithmic
functions in = rather than harmonic sums. Indeed, sums of the type (3.2) can easily be
performed in terms of harmonic polylogarithms using the algorithms described in ref. [71].
We note, however, that during the summation process, sums of the type (3.2) with i = 0
are generated. Sums of this type are strictly speaking not covered by the algorithms of
ref. [71], but we can easily reduce them to the case i # 0 using the following procedure,

S = > e S nlisjm) IS s, (34)
s=1 s=1 n=1 s=0 n=0

where the last step follows from S30) = 0. Reshuffling the sum by letting s = n; + n, we
obtain the following relation which is a special case of eq. (96) in ref. [62]:

s—1

;xs—ls@(s) == ;}iisﬂn) = > 5. (3.5)

ni =0 s=1

The last sum is now again of the type (3.2) and can be dealt with using the algorithms of
ref. [71].
Performing all the sums that appear in the results of ref. [50], we find for example

log u

23 23, Biao3 = (H2,2,1 —Ho1o+ Hi31+2H12110 —Hi13—2H1112 (3.6)

2
—6(3Hy — 6§3H1,1> - <2C3H2,1 —4CG3H1 2 +4C3 Hy 11+ H3p2,1
—H319+ Ho31—Ho13+2H141+2 Hy311+2H12921—2H 14
—2H1122—2H1113—6 C3H3) + O(u),

s Ly&y sbyty

4logu 2
aly 5y Hioga = x;g <H1,1,2 1—Hi112— 6C3H1,1> -2 (4H2 121 —4 Hopi12 (3.7)

) PRkl )Ly

1 = 24CsHy + 63 H 1)

1211 —4H1113+Hi112

I b ] PRkt ] y byt sy

+4Hq 131 — Hy
+0(u),

where we used the compressed notation, e.g., Hp 112 = H(0,1,1,1,0,1;x). The results
for the other orientations are rather lengthy, so we do not show them here, but we collect
them in appendix A. Let us however comment about the structure of the functions fi(x)

that appear in the expansions. The functions fi(z) can always be written in the form

felw) = Rpy(x) x [HPLs in 2], (3.8)
l
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where Ry, ;(x) may represent any of the following rational functions

1 1 1

— — _. 3.9

x?’ x’ (1 —2) (39)

We note that the last rational function only enters the asymptotic expansion of Hi3;24.
The aim of this paper is to compute the Easy and Hard integrals by writing for each

integral an ansatz of the form

ZRi(:z:,i)Pi(a;, ), (3.10)

and to fix the coefficients that appear in the ansatz by matching the limit £ — 0 to the
asymptotic expansions presented in this section. In the previous section we argued that a
natural space of functions for the polylogarithmic part P;(z, ) are functions that are single-
valued in the complex x plane in Euclidean space. We however still need to determine the
rational prefactors R;(x,x), which are not constrained by single-valuedness.

A natural ansatz would consist in using the same rational prefactors as those appearing
in the ladder type integrals. For ladder type integrals we have

1

Rladder 7) —
P 0, ) =

aeN, (3.11)
plus all possible transformations of this function obtained from the action of the S5 sym-
metry (2.25). Then in the limit u — 0 we obtain

1
lim R4 (3 7) = — 3.12
lim R4 (7, 7) = — (3.12)
We see that the rational prefactors that appear in the ladder-type integrals can only give
rise to rational prefactors in the asymptotic expansions with are pure powers of x, and so
they can never account for the rational function 1/(z(1—=z)) that appears in the asymptotic
expansion of Hy3,24. We thus need to consider more general prefactors than those appearing

in the ladder-type integrals. This issue will be addressed in the next sections.

4 The Easy integral

4.1 Residues of the Easy integral
The Easy integral is defined as

Froas — 23573, / d'xs d'we d'ar xi (4.1)
12:34 — 6 2 2 22 V02 (22 22 22 \,.2 (2 02 2 :
™ (215255 735) 756 (236736 736) Tor (T17037 T7)
To find all its leading singularities we order the integrations as follows
23573, dtze 23 d*zs dzr
Fh9;34 = 6 22 22 12 2272 72 72 2222 2 22 : (4.2)
26736746 15125735756 17227247767

First the z7 and x5 integrations: they are both the same as the massive box computed
in the Introduction and thus give leading singularities (see eq. (1.14))
1 1
+

+ ;
4 M23e 4 Mo

(4.3)
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respectively. So we can move directly to the final zg integration

1 d*xg 22
/ > 16 (4.4)

16 7r6 x26x§6$4216/\1236)‘1246

Here there are five factors in the denominator and we want to take the residues when
four of them vanish to compute the leading singularity, so there are various choices to con-
sider. The simplest option is to cut the three propagators 1/ x?G. Then on this cut we have
A1236[cut = j:azfﬁx%:,, and Aj946/cut = j:azfﬁxil, where the vertical line indicates the value on
the cut, and the integral reduces to the massive box. This simplification of the A factors is
similar to the phenomenon of composite leading singularities [72]. Thus cutting either of
the two As will result in?

1

leading singularity #1 of Ei2.34 = im .

(4.5)

The only other possibility is cutting both A’s. There are then three possibilities, firstly
we could cut 734 and 23 as well as the two \'s. On this cut Aj236 reduces to £224573; and one
obtains residue #1 again. Similarly in the second case where we cut 3336, ZL‘?m and the two As.

So finally we consider the case where we cut x34, 23 and the two \’s. In this case
Mogolent = F(276733 — 21373) and Ajgsgiens = *(27254 — v74235). Notice that setting
A1236 = A1246 = 0 means setting xfﬁ = x%G = 0. We then need to compute the Jacobian
associated with cutting m§6, xiﬁ, 1236, \1246

det (234, 236, \1236, AM1246)
ozl

cut
= +16det (ah., ol ot 22, — 222t 2t a2, — 22,2l
= 36> Ta6: T16723 T T13T26s VigT2a T PiaToe )| (4.6)
= +16det (2hg, 2y, 2y, 2he) (233274 — 23,275) |
= CL (T36, Typ> X167 L26)\T23L14 — L24T713) |t
_ 2 .2 2 .2
= 4 1234(253774 — T54773) ,
The result of the xg integral (4.4) is

2
1 L6

(4.7)

6 .2 2.2 .2 .2
6470 236 1234(253774 — ¥54773) [ oy

At this point there is a subtlety, since on the cut we have simultaneously z3z73; —

2

w323, = 235w3, — 23,23, = 0, i.e. 235 = 235 = 0 and so % is undefined. More specifically,
26

the integral depends on whether we take 233733 — 133235 = 0 first or 23423, — 22,23, = 0 first.

So we get two possibilities (after multiplying by the external factors 23523, in eq. (4.1)):
2 .2
13724

6470 Aroga (23327, — 23,2%3)
2 .2
T14%23

leading singularity #2 of Eq2.34 = + (4.8)

leading singularity #3 of Ei2.34 = (4.9)

+ .
64 70 M\iosa (23307, — 34773)

With a slight abuse of language, in the following we use the word ‘cut’ to designate that we look at the
zeroes of a certain denominator factor.
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We conclude that the Easy integral takes the ‘leading singularity times pure function’

form?®
1
Ei934 = —5—
SR

-7 @-Do-1  @-—Dw-1) (4.10)

E@(z,z)  EO(z,z) v E© (2, 7) ]

We note that the a3 <> 24 symmetry relates F(® and E(©). Furthermore, putting every-
thing over a common denominator it is easy to see that F(*) can be absorbed into the other
two functions. We conclude that there is in fact only one independent function, and the
Easy integral can be written in terms of a single pure function E(x,Z) as

1 T T
Fi9.94 = ) T E . 4.11
o= e [P0+ F ()| (410

The function F(z,Z) is antisymmetric under the interchange of z, &
E(z,z) = —E(z,z), (4.12)

to ensure that Ej9.34 is a symmetric function of z, Z, but it possesses no other symmetry.
The other two orientations of the Easy integral are then found by permuting various
points and are given by

1 11 1 1
Fl300 — E(= = E R 413
1 m%%4@—fo—m[“ (55) e (i) (.13)
1 1 1
Fla.03 = EF(l—z,1—2 Fll——-1—— . 4.14
e = ey [P e e (1 1)) e

It is thus enough to have an expression for E(x,Z) to determine all possible orientations
of the Easy integral. The functional form of E(z,x) will be the purpose of the rest of this
section.

4.2 The symbol of E(x, )

In this subsection we determine the symbol of E(z,Z), and in the next section we describe
its uplift to a function. This strategy seems over-complicated in the case at hand, because
E(z,z) can in fact directly be obtained in terms of SVHPLs of weight six from its asymp-
totic expansion using the method described in section 2.3. The two-step derivation (symbol
and subsequent uplift) is included mainly for pedagogical purposes because it equally ap-
plies to the Hard integral and our four-loop example, where the functions are not writeable
in terms of SVHPLs only so that a direct method yet has to be found.

Returning to the Easy integral, we start by writing down the most general tensor of
rank six that

e has all its entries drawn from the set {z,1 —z,z,1 — =},

e satisfies the first entry condition, i.e. the first factors in each tensor are either xZ or
(1 - $)(1 - 'f)a

e is odd under an exchange of z and Z.

A similar form of the Easy leading singularities, as well as those of the Hard integral discussed in the
next section, was independently obtained by S. Caron-Huot.
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This results in a tensor that depends on 2 -4°/2 = 1024 free coefficients (which we assume
to be rational numbers). Imposing the integrability condition (2.9) reduces the number of
free coefficients to 28, which is the number of SVHPLs of weight six that are odd under an
exchange of x and . The remaining free coefficients can be fixed by matching to the limit
u — 0,v — 1, or equivalently z — 0.

In order to take the limit, we drop every term in the symbol containing an entry 1 —
and we replace Z — wu/x, upon which the singularity is hidden in u. As a result, every
permutation of our ansatz yields a symbol composed of the three letters {u,z,1—x}. This
tensor can immediately be matched to the symbol of the asymptotic expansion of the Easy
integral discussed in section 3. Explicitly, the limits

. i
ths03s Broga > —— [lim E(z,7) + hmE( Tt )}

70 -0 r—1"72-1
Sime ()
173754 E13.04 — —é lim £ <1ix : i x) (4.16)
23373, Fra03 — % lim B(1—z,1-7) (4.17)

can be matched with the asymptotic expansions recast as HPLs. All three conditions are
consistent with our ansatz; each of them on its own suffices to determine all remaining
constants. The resulting symbol is a linear combination of 1024 tensors with entries drawn
from the set {x,1 — z,z,1 — &} and with coefficients {£1, +2}.

Note that the uniqueness of the uplift procedure for SVHPLs given in section 2.3
implies that each asymptotic limit is sufficient to fix the symbol.

4.3 The analytic result for E(x,Z): uplifting from the symbol

In this section we determine the function E(x,z) defined in eq. (4.11) starting from its
symbol. As the symbol has all its entries drawn from the set {z,1 — z,z,1 — Z}, the
function E(x,Z) can be expressed in terms of the SVHPLs classified in [55]. Additional
single-valued terms® proportional to zeta values can be fixed by again appealing to the
asymptotic expansion of the integral.

We start by writing down an ansatz for E(x,z) as a linear combination of weight six of
SVHPLs that is odd under exchange of z and Z. Note that we have some freedom w.r.t. the
basis for our ansatz. In the following we choose basis elements containing a single factor
of the form Lz(z). This ensures that all the terms are linearly independent.

Next we fix the free coefficients in our ansatz by requiring its symbol to agree with
that of F(z,z) determined in the previous section. As we had started from SVHPLs with
the correct symmetries and weight, all coefficients are fixed in a unique way. We arrive at

SIn principle we cannot exclude at this stage more complicated functions of weight less than six multiplied
by zeta values.
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the following expression for E(x, Z):

E(z,z) =4L94 —4L42 —2L132+2Lo13—2L312+4L320
—2L9921,0+8L3100+2L31,10— 221,110

14ty s Lyt byt

(4.18)

For clarity, we suppressed the argument of the L functions and we employed the com-
pressed notation for HPLs, e.g., L3 21 = Lo0,1,0,1,1(«,Z). The asymptotic limits of the last
expression correctly reproduce the terms proportional to zeta values in eq. (3.7) and the
formulae in appendix A.

4.4 The analytic result for E(x,Z): the direct approach
Here we quickly give the direct method for obtaining F(x, Z) explicitly from its asymptotics

via the method outlined in section 2.3.

The asymptotic value of the Easy integral in the permutation Fi2.34 is given in ap-
pendix A. Comparing eq. (A.1) with eq. (4.15) and further writing logu = logz + log
and expanding out products of functions we find for the asymptotic value of E(z,Z):

E(x,z) =4(3H21 +2Ho4 —2Hy o+ H1 23 — Hi392 —2H1 40+ Ho13 — H3 12
+2H320— H1310+ H2120—2H2200 — H2210+ H311,0+2H1,20,0,0
+ Hi2.1,00— Ho1,1,00 — 20¢sHy + 8C3H3 + 2(3H 2
+ logz P(x,logz) + O(7),

(4.19)

where P is a polynomial in log  with coefficients that are HPLs in z. From the discussion
in section 2.3 we know that there is a unique combination of SVHPLs with this precise
asymptotic behavior, and so we find a natural ansatz for E(z, z),

E(x,z) =4(3L21 +2Lo4 —2L4p+ L1923 — L1332 —2L140+ L213 — L3712+ 2L320
— L1310+ L2120 —2L2200 — L2210+ L£3,1,1,0 +2L1,2,0,0,0 + £1,2,1,0,0

—L211,00 —20(5L1 +8(3L3 4+ 2(3L1 2 . (4.20)

1,2

PRk id]

We have lifted this function from its asymptotics in just one limit Z — 0 while we also
know two other limits of this function given in eq. (3.7) and appendix A. Remarkably,
eq. (4.20) is automatically consistent with these two limits, giving a strong indication that
it is indeed the right function. Furthermore, eq. (4.18) can then in turn be rewritten in
a way that makes the antisymmetry under exchange of x and  manifest, and we recover
eq. (4.20). Note also that antisymmetry in z > & was not input anywhere, and the fact
that the resulting function is indeed antisymmetric is a non-trivial consistency check.

As an aside we also note here that the form of F(z, Z), expressed in the particular basis
of SVHPLs we chose to work with, is very simple, having only coefficients +1 or £+2 for
the polylogarithms of weight six. Indeed other orientations of E have even simpler forms,
for instance

E(1/z,1/%) = Lo4— L33 — L1253+ L132 — L140— Lo13+ L312 — Laoo + La10

+ L1300+ L1310 — L2120+ L2210+ L3000 — £3,1,1,0 — £1,2,1,0,0
—L21,000+ L21,1,00 +8CL3 —203L12 — 6¢3L20 — 4(3L21, (4.21)
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with all coefficients of the weight six SVHPLs being +1, or in the manifestly antisymmetric
form with all weight six SVHPLs with coefficient +1

E(1/2,1/2) = Loa+ Li32+ La12+ Laio+ L1300 (4.22)
+Lis10+ L2210+ L3000+ L21,1,00+6CLs —2(3L2 ;.

4.5 Numerical consistency tests for E

We have determined the analytic result for the Easy integral relying on the knowledge of
its residues, symbol and asymptotic expansions. In order to check the correctness of the
result, we evaluated E14.03 numerically7 and compared it to a direct numerical evaluation
of the coordinate space integral using FIESTA [76, 77].

To be specific, we evaluate the conformally-invariant function x%3x§4 FE14;03. Applying
a conformal transformation to send x4 to infinity, the integral takes the simplified form,
1 / d*zsdiredior v32%

(

lim 22.22, Fip03 = —
13024 1414523 6 2 . 2\,2 (22 2 N\.2 (2 2
L4700 T T15755)T56(T56236) T (T17737)

, (4.23)
with only 8 propagators. We use the remaining freedom to fix 7, = 1 so that u = 2%,
and v = z35. Other numerical values for 2%, are possible, of course, but we found that this
choice yields relatively stable numerics.

After Feynman parameterisation, the integral is only seven-dimensional and can be
evaluated with off-the-shelf software. We generate the integrand with FIESTA and perform
the numerical integration with a stand-alone version of CIntegrate. Using the algorithm

Divonne,?

we obtain roughly five digits of precision after five million function evaluations.
In total, we checked 40 different pairs of values for the cross ratios and we found very
good agreement in all cases. A sample of the numerical checks is shown in table 1. Note that

¢ denotes the relative error between the analytic result and the number obtained by FIESTA,

Nanalytic - NFIESTA

) =
Nanalytic + NFIESTA

(4.24)

5 The Hard integral

5.1 Residues of the Hard integral

To find all the leading singularities we consider each integration sequentially as follows

2 4 4 2 4
I gy d*ze d*xs w5 d*z7 (5.1)
12;34 — 6 22 72 22 22 22 72 12 22 22 12 72 22 : :
16261361 46 1525435445 37Y47 5767

Let us start with the z7 integration,

d*z;
/ 555 - (5.2)
L3747 T57%67
7All polylogarithms appearing in this paper have been evaluated numerically using the GINAC [73] and

HPL (74, 75] packages.
8Experience shows that Divonne outperforms other algorithms of the Cuba library for problems roughly

this size.
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U v Analytic FIESTA )
0.1 0.2 82.3552 82.3553 6.6e-7
0.2 0.3 57.0467 57.0468 3.2¢-8
0.3 0.1 90.3540 90.3539 5.9e-8
04 05 37.1108 37.1108 1.9¢-8
0.5 0.6 31.9626 31.9626 1.9e-8
0.6 0.2 54.2881 54.2881 6.9e-8
0.7 0.3 42.6519 42.6519 4.4e-8
0.8 0.9 23.0199 23.0199 1.7e-8
09 05 30.8195 30.8195 2.4e-8

Table 1. Numerical comparison of the analytic result for 22522, F14.03 against FIESTA for several
values of the conformal cross ratios.

This is simply the off-shell box considered in section 1, and so its leading singularities are

(see eq. (1.14))
1

4 A3as6

Next we turn to the xy integration, which now takes the form

/ das 13 (5.4)

2.2 .2 .2 :
TY5T55T55L15A3456

(5.3)

There are five factors in the denominator, and we want to cut four of them to compute
the leading singularity. The simplest option is to cut the four propagators 1 /m?5 Doing
so would yield a new Jacobian factor 1/Aj234 (exactly as in the previous subsection) and
freeze A3ss56/cut = +a2,22,. This latter factor simply cancels the numerator and we are left
with the final x4 integration being that of the box in the Introduction. Putting everything
together, the leading singularity for this choice is

1

+— . (5.5)
6476 A2,

leading singularity #1 of Hi2.34 =

Returning to the x5 integration, eq. (5.4), we must consider the possibility of cutting

As456 and three other propagators. Cutting z3: and x5 immediately freezes A3456|cut =

+a2:23, which is canceled by the numerator. Thus it is not possible to cut these two

propagators and Asss6. However, cutting a2, ¥3-, ¥2- and 3456 is possible (the only other

possibility, i.e. cutting a:%, :1:%5, x?ﬁ and A3456, gives the same result by by invariance of the
integral under exchange of x3 and x4). Indeed one finds that when z§5 =0,

A3456 = i($z215$§6 - 1‘%(#%4) . (5.6)

To compute the leading singularity associated with this pole we need to compute the
Jacobian

(5.7)

J — det <8($%5, 3335, 1’%57 )\3456)>

M
Oz
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As in the box case, it is useful to consider the square of J (on the cut),

2. —2x; - O\ 0
J% = 16 det Tij @i - Ohsass/ - (5.8)
—2x; - OAaas6/0x5  (OA3456/0xs5)
The result of the z5 integration is then simply
J.’L’i—) cut Jx?’)ﬁl cut

where the second equality follows since 224 and x3 are to be evaluated on the cut (indicated
by the vertical line) for which $Z5x§6 —x§6x§4 = 0. Finally we need to turn to the remaining
xg integral. We are simply left with

(5.10)

1 / d*zg
1676 iwdris]

where we note that the z3; propagator term has canceled with the numerator in eq. (5.9).

)
cut

So we have no choice left for the quadruple cut as there are only four poles. In fact on the
other cut of the three propagators we find Jj¢,; = 4(x2 235 — 22,03,)23, and so this brings
back the propagator xgﬁ.

Computing the Jacobian associated with this final integration thus yields the final
result for the leading singularity,

1

leading singularity #2 of Hyo,34 = & .
647 (234235 — 275231) M1234

(5.11)

We conclude that the Hard integral can be written as these leading singularities times
pure functions, i.e. it has the form

I 1 H@)(z, ) HO (z, z)
PHT | e T - D@ —a)|

(5.12)

where H(®):(®) are pure polylogarithmic functions. The pure functions must furthermore
satisfy the following properties

H(z,z) = HY(z, ), HO®(z,z) = —H®(z,2), (5.13)
H' (2,z) = H (z/(x - 1),2/(z - 1)), H(z,2) = H"(z/(z —1),3/(z - 1)),

in order that Hi2.34 be symmetric in x, Z and under the permutation 1 <+ x2. Furthermore
we would expect that H(®(z,z) = 0 in order to cancel the pole at z — Z. In fact it will
turn out in this section that even without imposing this condition by hand we will arrive
at a unique result which nevertheless has this particular property.

By swapping the points around we automatically get

1 |H@9(/z,1/z)  HO(1/2,1/7)
1 |HY(1-z1-7) HO1-2,1-7)
H = §é4[ @=op '*(1—wm—x>] 1)
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Weight Even Odd
1 2 0
2 3 1
3 6 3
4 12 9
) 28 24
6 69 65

Table 2. Dimensions of the spaces of integrable symbols with entries drawn from the set {z,1 —
x,Z,1 — T,z — T} and split according to the parity under exchange of  and Z.

5.2 The symbols of H® (z,Z) and H® (z, %)

In order to determine the pure functions contributing to the Hard integral, we proceed just
like for the Easy integral and first determine the symbol. For the Hard integral we have to
start from two ansitze for the symbols S[H® (x, %)] and S[H")(z,Z)]. While both pure
functions are invariant under the exchange x1 <+ x2, S[H(®] must be symmetric under the
exchange of x, Z and S[H")] has to be antisymmetric, cf. eq. (5.13). Going through exactly
the same steps as for E we find that the single-variable limits of the symbols cannot be
matched against the data from the asymptotic expansions using only entries from the set
{z,1—x,z,1 — z}. We thus need to enlarge the ansatz.

Previously, the letter  — z ~ Aj234 has been encountered in ref. [58, 78] in a simi-
lar context. We therefore consider all possible integrable symbols made from the letters
{z,1—2,z,1 — Z,x — Z} which obey the initial entry condition (2.13). In the case of the
FEasy integral, the integrability condition only implied that terms depending on both x and
Z come from products of single-variable functions. Here, on the other hand, the condition

is more non-trivial since, for example,

dlogg Adlog(x —z) = dlogx A dlogZ,
x (5.16)

i Adlog(z —z) = dlog(l —x) Adlog(l — ).

dl
12

We summarise the dimensions of the spaces of such symbols, split according to parity under
exchange of x and Z, in table 2.

Given our ansatz for the symbols of the functions we are looking for, we then match
against the twist two asymptotics as described previously. We find a unique solution for
the symbols of both H(® and H® compatible with all asymptotic limits. Interestingly,
the limit of Hi3.4 leaves one undetermined parameter in S[H (a)], which we may fix by
appealing to another limit. In the resulting symbols, the letter x —  occurs only in the
last two entries of S[H(®)] while it is absent from S[H®)]. Although we did not impose
this as a constraint, S[H(®)] goes to zero when z — Z, which is necessary since the integral
cannot have a pole at x = Z.
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5.3 The analytic results for H(® (x,Z) and H® (z, Z)

In this section we integrate the symbol of the Hard integral to a function, i.e. we determine
the full answers for the functions H(®(x,z) and H® (x,Z) that contribute to the Hard
integral Hi2.34.

In the previous section we already argued that the symbol of H®) (z, ) has all its en-
tries drawn from the set {z,1—x, #,1—Z}, and so it is reasonable to assume that H®)(z, z)
can be expressed in terms of SVHPLs only. We may therefore proceed by lifting directly
from the asymptotic form as we did in section 4.4 for the Easy integral. By comparing the
form of His.04, eq. (5.14), with its asymptotic value (1.14) we can read off the asymptotic
form of H(1/x,1/z). Writing logu as logx + log Z, expanding out all the functions and
neglecting log z terms, we can the lift directly to the full function by simply converting
HPLs to SVHPLs. In this way we arrive at

H"(1/2,1/3) =2Lo4 — 2L33 — 2L114 — 2L140 +2L141 — 2Lo 31 +2L312
—2L400+2L410+2L11,13+2L1,130+2L13,0,0 —2L13,1,1
—2Lo112+2L2121+2L3000—2L31,10 —2L111,210 —2L1121,0 (5.17)

s Lyt s byt sLyty s by Ly

+2L11211 —2L121,00 +2L12,1,1,0 — 2L2,1,000 +2L2,1,1,00

14y Ls Pt Rat]

+16¢3L3 — 16¢3La 1 .

Other orientations although still quite simple do not all share the property that they only
have coefficients +2. Using the basis of SVHPLs that makes the parity under exchange of
x and T explicit, we can write the last equation in the equivalent form

H"(2,%) = 16Ly4 — 16Lys —8L132 — 8L141 +8L213 — 8Lo22 +8L231 — 8Ls 12
+16L3920 +8L321 —8L411 +4L1221 —8L1311 —4L2112+8L2121

byt

—8L921,0—4L2211 +8L31,10—4L1,1211 —24L211,1,0- (5.18)

Next, we turn to the function H®(z,Z). As the symbol of H(®(z,Z) contains the
entry x — Z, it cannot be expressed through SVHPLs only. Single-valued functions whose
symbols have entries drawn from the set {z,1 — z,z,1 — Z,z — Z} have been studied
up to weight four in ref. [58], and a basis for the corresponding space of functions was
constructed. The resulting single-valued functions are combinations of logarithms of z
and Z and multiple polylogarithms G(ay,...,an;1), with a; € {0,1/z,1/z}. Note that the
harmonic polylogarithms form a subalgebra of this class of functions, because we have, e.g.,

11
G (0, il 1) = H(0,1,1;2). (5.19)

This class of single-valued functions thus provides a natural extension of the SVHPLs we
have encountered so far. In the following we show how we can integrate the symbol of
H((z,Z) in terms of these functions. The basic idea is the same as for the case of the
SVHPLs: we would like to write down the most general linear combination of multiple
polylogarithms of this type and fix their coefficients by matching to the symbol and the
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asymptotic expansion of H(® (z,z). Unlike the SVHPL case, however, some of the steps
are technically more involved, and we therefore discuss these points in detail.

Let us denote by G the algebra generated by logz and log  and by multiple polylog-
arithms G(aq,...,an;1), with a; € {0,1/x,1/Z}, with coefficients that are polynomials in
multiple zeta values. Note that without loss of generality we may assume that a,, # 0. In
the following we denote by G* the linear subspaces of G of the functions that are respec-
tively even and odd under an exchange of x and z. Our first goal will be to construct a
basis for the algebra G, as well as for its even and odd subspaces. As we know the gener-
ators of the algebra G, we automatically know a basis for the underlying vector space for
every weight. It is however often desirable to choose a basis that “recycles” as much as
possible information from lower weights, i.e. we would like to choose a basis that explicitly
includes all possible products of lower weight basis elements. Such a basis can always eas-
ily be constructed: indeed, a theorem by Radford [79] states that every shuffle algebra is
isomorphic to the polynomial algebra constructed out of its Lyndon words. In our case, we
immediately obtain a basis for G by taking products of log z and log z and G(ay,...,an;1),
where (a1, ...,a,) is a Lyndon word in the three letters {0,1/x,1/z}. Next, we can eas-
ily construct a basis for the eigenspaces G* by decomposing each (indecomposable) basis
function into its even and odd parts. In the following we use the shorthands

—— 11 ~—— Tk

mi—1 mp—1

1 1 1
G (T, mg) = 2G(o,...,o,,...,0,...,0,;1> + (x> 7). (5.20)

In doing so we have seemingly doubled the number of basis functions, and so not all the
eigenfunctions corresponding to Lyndon words can be independent. Indeed, we have for
example

1 __
2 _ 5(;1 (z)?. (5.21)

It is easy to check this relation by computing the symbol of both sides of the equation.

_ 1
Gy (w,7) = 5Gf (@)

Similar relations can be obtained without much effort for higher weight functions. The
resulting linearly independent set of functions are the desired bases for the eigenspaces.
We can now immediately write down the most general linear combination of elements of
weight six in G and determine the coefficients by matching to the symbol of H(®) (z,).
As we are working with a basis, all the coefficients are fixed uniquely.
At this stage we have determined a function in G whose symbol matches the symbol of
H (“)(m, Z). We have however not yet fixed the terms proportional to zeta values. We start
by parametrising these terms by writing down all possible products of zeta values and basis
functions in GT. Some of the free parameters can immediately be fixed by requiring the
function to vanish for x = r and by matching to the asymptotic expansion. Note that our
basis makes it particularly easy to compute the leading term in the limit z — 0, because
. + _
‘%E%G'ﬁl(...,x?...):(). (5.22)
In other words, the small u limit can easily be approached by dropping all terms which
involve (non-trivial) basis functions that depend on z. The remaining terms only depend
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on log  and harmonic polylogarithms in . However, unlike for SVHPLs, matching to the
asymptotic expansions does not fix uniquely the terms proportional to zeta values. The
reason for this is that, while in the SVHPL case we could rely on our knowledge of a basis
for the single-valued subspace of harmonic polylogarithms, in the present case we have been
working with a basis for the full space, and so the function we obtain might still contain
non-trivial discontinuities. In the remainder of this section we discuss how on can fix this
ambiguity.

In ref. [58] a criterion was given that allows one to determine whether a given func-
tion is single-valued. In order to understand the criterion, let us consider the algebra
G generated by multiple polylogarithms G(ay, ..., an; ant1), with a; € {0,1/2,1/z} and
ant+1 € {0,1,1/x,1/z}, with coefficients that are polynomials in multiple zeta values. Note
that G contains G as a subalgebra. The reason to consider the larger algebra G is that G car-
ries a Hopf algebra structure? [80], i.e. G can be equipped with a coproduct A : G — G®G.
Consider now the subspace Ggy of G consisting of single-valued functions. It is easy to see
that Ggy is a subalgebra of G. However, it is not a sub-Hopf algebra, but rather Ggy is a
G—comodule, ie. A:Gsy — Ggy ®G. In other words, when acting with the coproduct on
a single-valued function, the first factor in the coproduct must itself be single-valued. As
a simple example, we have

1—

A(Ly) = %LO ® log ; + %Ll ® log g (5.23)
Note that this is a natural extension of the first entry condition discussed in section 2. This
criterion can now be used to recursively fix the remaining ambiguities to obtain a single-
valued function. In particular, in ref. [58] an explicit basis up to weight four was constructed
for Ggyy. We extended this construction and obtained a complete basis at weight five, and
we refer to ref. [58] about the construction of the basis. All the remaining ambiguities can
then easily be fixed by requiring that after acting with the coproduct, the first factor can
be decomposed into the basis of Ggy up to weight five. We then finally arrive at

N _ 28 136 160
H (2,7) = H(2,7) — §C3L1,2 +164(¢3L20 + 7C3L2,1 — ?LSLQJ —66LoL1 4

148 64 52

- TLOLZS + §L2L371 + §L0L3,2 + 16L1L372 + 36L0L4,1 + 64L1L471
70 26

+ §L0L1,2,2 +24LoL1 31 + §L1L1,3,1 —8LoLo 11+ 64LoLo 12
58 50 88

- §L0L2,2,0 —4LoLogo 1 + §L1L2,2,1 —12LgL31,0 — §L0L3,1,1

32 166
+18L1 L3711 — ?L0L1,1,2,1 —18LoL121,1 + TLOLQ,LI,O —8LoL21,1,1

+ 328(3L3 + 32L3% — 64LyLy .
(5.24)

9Note that we consider a slightly extended version of the Hopf algebra considered in ref. [80] that allows
us to include consistently multiple zeta values of even weight, see ref. [81, 82].
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The function H(zx, Z) is a single-valued combination of multiple polylogarithms that cannot
be expressed through SVHPLs alone,

H(x,z) = 128G, — 512G — 64Gy | 5+ 64G, , — 64GT; 5 — 128G

3,1,2 3,1,2 3,1,2 3,2,1

+ + + + + + +
+ 64G471j — 64G4j71 — 448G4j71 + 64G271271 + 64G2,i,§,i + 64G2’271j + 64G272711

+ + + + + +
—64G, , 11+ 128G, 5, | +128G, 551 + 256G, | +128G,, 1) — 128G, 15

+ + + + + +

+192G]1 | | —64G 1, 1 — 64G 1, + 192G 111 + 1280y, — 128H ),
640 64 256

+ gy — 5 oy — 5 Hy o +64Hy, o — 64H, 5 1, +64L0Gy 5 (5.25)

+256LoGy 1 + 32LoGy | 5 + 64L0Gy , 1 +96LoGy | 1 + 32LoGy 1 | +96L0Gy ;5

— 64LoGy | | 1+ 64L0Gy 111 — 32L1GY 5 — 128L1G; — 16L1Gy | 5

+ + + + — -
= 3201GY,  — 80L1Gy | 1 — 16L1Gf | = 16L1G | — 641G, | 1+ 64LaG
32

+32L22G 5 — EH;H,ZQ — 64H, Hyy | — 128Hy H{ — 64H  LoGy; 1
— 32L3GT; — 32L3Gy 1 + 32L3G | | { +32L1LoGy + 16L1 LoGy 5
+16L1LoGy g1 — %HfLOLM —48H LoLyy1 +12Hy L1 Ly + 16L3Hy,
+32L5Hyy  — 64H [ LaLo + 16H L1 Ly + 64LsGT | | — % 5 Hy,
+64(Hy ,)? + 128(Hy ) + 32LoLoGyy — 32LoLaGy | 1 — 16L1 LaGy

112

16
+ 3 LoLaHyy + 16H LoLa, — ?H;LOLQJ —8H L1Lyy — 32H; LoLo

— 48Hy LyLy + 32H; LoLs + 16Hy Ly Ly + 32H, LiGyy — 16H; L1 LoGy 3
16

16 16 o
+ 5 LoGyr + LG 1 — 8LiLGGy 1 — 8LILGGY | 1 + S Hy LgHy,

8
—16(H; )*LoLoy — 32H Hy L3 + g(H;)2L3L0 —12(Hy )*L1Ls + 28H, L3

368(H, )3 56
+ (92) — 16L3L2G;I —8LoL1LoG g + §H;H;LOL2 — 8H; Hy L1Lsy
B 28 _
+ 8(H[)2L3 + 8(H)?LE 4 8(Hy ) LoLy + §(H1 V2HS L3 — 4(H{)?Hy LoLy
160 52
—96H, (H; )*Lo + ?(Hf)g’LoLg + ?HngLQ +4H; LoL3Ls
_ 2 148
+4H] L3 Ly + Hf LoL} + gH;LgL% —8HSLLy + —(H 4L3
10 _ 10,
+ 5 (H, V2Lg + 5(H )*LALT — ~ (H; )2LgLy — 128¢;Gy — 128GGY |
16 . . 64
+ §C3(H1 ) Lo+ 24C3(H1 ) L1+ §C3H1 Lo,
where we used the obvious shorthand
+ _ 1 -
H- = QHﬂ(a:) +(z 7). (5.26)
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U v Analytic FIESTA )
0.1 0.2 269.239 269.236 6.4e-6
0.2 0.3 136.518 136.518 1.9e-6
0.3 0.1 204.231 204.230 1.3e-6
04 05 61.2506 61.2505 5.0e-7
0.5 0.6 46.1929 46.1928 3.5e-7
0.6 0.2 82.7081 82.7080 7.4e-7
0.7 0.3 57.5219 57.5219 4.7e-7
0.8 0.9 24.6343 24.6343 2.0e-7
0.9 0.5 34.1212 34.1212 2.6e-7

Table 3. Numerical comparison of the analytic result for 27,23, Hi3.04 against FIESTA for several
values of the conformal cross ratios.

and similarly for Gf%. In addition, for Gf% the position of Z is indicated by the bars in the
indices, e.g.,
+ —_ *t = =
Glaz= Gias(2,7,7). (5.27)
Note that we have expressed H(x,¥) entirely using the basis of Gt constructed at the be-
ginning of this section. As a consequence, all the terms are linearly independent and there

can be no cancellations among different terms.

5.4 Numerical consistency checks for H

In the previous section we have determined the analytic result for the Hard integral. In
order to check that our method indeed produced the correct result for the integral, we
have compared our expression numerically against FIESTA. Specifically, we evaluate the
conformally-invariant function {323, Hi3.24. Applying a conformal transformation to send
x4 to infinity, the integral takes the simplified form,

1 / d*asd*zed ey vlsxd, (5.28)
( | |

lim 561113.%4214 H13424 = —

TATro0 70 015735 035)036(36) 257 (217257 237)
with 9 propagators. As we did for E14.03, we use the remaining freedom to fix 235 = 1 so
that u = 3, and v = 235, and perform the numerical evaluation using the same setup. We
compare at 40 different values, and find excellent agreement in all cases. A small sample
of the numerical checks is shown in table 3.

6 The analytic result for the three-loop correlator

In the previous sections we computed the Easy and Hard integrals analytically. Using
eq. (1.8), we can therefore immediately write down the analytic answer for the three-loop
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correlator of four stress tensor multiplets. We find

iy xhy Fy = % [f‘3>(a:) + @ (1 . ;) +®) ( ! )}

1—=x

b2 0@ [0+ (1- 1) us (1) (6.1

(x — T) l—x

v—1 r—1

e (o) v e (6) s e ()]
o [(1—1—@) H®(2) + (1+uw) HO (1 - 2) + (u+v) HO (i)]

4_[ L B+ E( ! )+1qu(1x)

r—T |v—1 1—u uU—v T

The pure functions appearing in the correlator are defined in egs. (2.3), (4.20), (5.17)
and (5.24). For clarity, we suppressed the dependence of the pure functions on Zz, i.e. we
write f)(z) = f)(2,Z) and so on. All the pure functions can be expressed in terms
of SVHPLs, except for H(® which contains functions whose symbols involve z — Z as an
entry. We checked that these contributions do not cancel in the sum over all contributions
to the correlator.

7 A four-loop example

In this section we will discuss a four-loop integral to illustrate how our techniques can be
applied at higher loops. The example we consider contributes to the four-loop four-point
function of stress-tensor multiplets in N' = 4 SYM. Specifically, we consider the Euclidean,
conformal, four-loop integral,

14323 =

1 4 4 4 4 2 .2 .2 1
/@ / d*wsd*xed x7d  x807,05,73, _ —fu,0), (7.1)

™ o152 15 T55 o6 157 T35 50 6T T Tas TheTr T Ti5T3y

where the cross ratios u and v are defined by eq. (1.11). As we will demonstrate in the
following sections, this integral obeys a second-order differential equation whose solution is
uniquely specified by imposing single-valued behaviour, similar to the generalised ladders
considered in ref. [63].

The four-loop contribution to the stress-tensor four-point function in N'= 4 SYM con-
tains some integrals that do not obviously obey any such differential equations, and with
the effort presented here we also wanted to learn to what extent the two-step procedure of
deriving symbols and subsequently uplifting them to functions can be repeated for those
cases. Our results are encouraging: the main technical obstacle is obtaining sufficient data
from the asymptotic expansions; we show that this step is indeed feasible, at least for (),
and present the results in section 7.1. Ultimately we find it simpler to evaluate I by
solving a differential equation, and in this case the asymptotic expansions provide stringent
consistency checks.
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7.1 Asymptotic expansions

Let us first consider the limits of the four-loop integral (7.1) and its point permutations
for x19, 734 — 0. We derive expressions for its asymptotic expansion in the limit where
u — 0,v — 1 similar to those for the Easy and Hard integrals obtained in section 3. The
logarithmic terms can be fully determined, while the non-logarithmic part of the expansion
requires four-loop IBP techniques that allow us to reach spin 15. This contains enough
information to fix the ¢,log®(u) terms (important for beyond-the-symbol contributions)
while the purely rational part of the asymptotic series remains partially undetermined.
However, our experience with Easy and Hard has shown that each of the three coincidence
limits is (almost) sufficient to pin down the various symbols. Inverting the integrals from
one orientation to another ties non-logarithmic terms in one expansion to logarithmic ones
in another, so that we do in fact command over much more data than it superficially seems.
It is also conceivable to take into account more than the lowest order in w.

We start by investigating the asymptotic expansion of the integral .73323 whose coinci-
dence limit 19, 234 — 0 diverges as log? u. There are three contributing regions: while in
the first two regions the original integral factors into a product of two two-loop integrals or
a one-loop integral and a trivial three-loop integral, the third part corresponds to the four-
loop ‘hard’ region in which the original integral is simply expanded in the small distances.
The coefficients of the logarithmically divergent terms in the asymptotic expansion, i.e.
the coefficients of log? v and log u, can be worked out from the first two regions alone. It
is easy to reach high powers in x and we obtain a safe match onto harmonic series of the
type (3.2) with ¢ > 1. Similar to the case of the Easy and Hard integrals discussed in
section 3, we can sum up the harmonic sums in terms of HPLs. Note that the absence of
harmonic sums with ¢ = 1 implies the absence of HPLs of the form H; _(z).

In the hard region, we have explicitly worked out the contribution from spin zero
through eight, i.e., up to and including terms of O(z®). By what has been said above
about the form of the series, this amount of data is sufficient to pin down the terms involv-
ing zeta values, while we cannot hope to fix the purely rational part where the dimension of
the ansatz is larger than the number of constraints we can obtain. The linear combination
displayed below was found from the limit & — 0 of the symbol of the four-loop integral
derived in subsequent sections. Its expansion around x = 0 reproduces the asymptotic
expansion of the integral up to O(x®). We find

4
37%3 37%4 11(4323 = (7.2)

1
o log® u [H2,1,3 — Hy31+ H312— H3o1+2Ho112—2Ho211+ (3(6H3 + 6H271)} +

1
o logu [—4H2,1,4 +4Ho 41 —3H313+3H331 —3Hy1 2+ 3Hy01 —4Ho113 —4Ho 122

IR

+4H9 991 +4H311 —2H3 112+ 2H3 21,1 + (3(—18Hy — 8Ho 9 — 2H3 1 + 8H2,1,1)] +

IRt ikl

1

p {10H2,1,5 +2H294 —2H333 — 10Hy51 +8H3 14 —8H3z 41 +6H413 — 6Hy31
+6H519 —6H521 +8Ho114+6H2123+8Ho1392 —2Ho141+2H292920—4H2231
—4H312—10H2391—4H2 411 +4H3113+6H3122—6H3291—4H3311+4H21122
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—4H1221 —4H22112+4H22211 + (3(36Hs + 8Ha 3 + 12H39 — 12Hyy —4Ho 1 2
— 16H27271 — 8H37171) + C5(10H3 + 10H271) + (’)(u) .

Next we turn to the asymptotic expansion of the orientation 1{3334. Here the Euclidean
coincidence limit x12, 234 — 0 is finite, and thus the only region we need to analyse is the
four-loop hard region, for which we have determined the asymptotic expansion up to and
including terms of O(x'®). Just like for the non-logarithmic part in the asymptotic expan-
sion of I{i?%, eq. (7.2), we have fixed the terms proportional to zeta values by matching
an ansatz in terms of HPLs onto this data, and once again, the terms not containing zeta

values are taken from the relevant limit of the symbol. We find

x5 3, IS?M = (7:3)
1
x
—2Hy1412—2H 1511+ H11213+H1 12

Ly IR Rkl Pt b ikl It it ]

—Hip912+Hi22021—2H12311 +Hi13121— Hi3211+Hi21121—Hi21211+
(3(8H1,13 —8Hi22+4H 121 —4H1211) + 707 Hy | + O(u).

[4H1,3,4 —4H1 52 +2H1 124 —2H1 142 +2H1 214 —2H1 232 +2H 1313 +2H1331

31— Hi1312—Hi1321+H12113+H12131

14yt Pkt

The expansion around x = 0 of this expression reproduces the asymptotic expansion of the
integral up to O(z'%).

The most complicated integrals appearing in the asymptotic expansion of I 52237 I 1(;‘?34
are four-loop two-point dimensionally regularised (in position space) integrals which belong
to the family of integrals contributing to the evaluation of the five-loop contribution to the
Konishi anomalous dimension [49],

a( ) / drediardirsdiag
ai,...,a14) = - . -
(276)2r (277)2 (x7g) 2 (a7g) ™ ()5 (%) 26 (23) 7
1
X , (7.4)
(23)78 (23;)%0 (x3g) 110 (ady) 11 (22g) 912 () 13 (23) 414
with various integer indices a1, ...,a14 and d = 4 — 2e.

The complexity of the IBP reduction to master integrals is determined, in a first
approximation, by the number of positive indices and the maximal deviation from the
corner point of a sector, which has indices equal to 0 or 1 for non-positive and positive
indices, correspondingly. This deviation can be characterised by the number Ziey+ (a; —
1) = > i, @i where vy are sets of positive (negative) indices. So the most complicated
(for an IBP reduction) integrals appearing in the contribution of spin s to the asymptotic
expansion in the short-distance limit have nine positive indices and the deviation from the
corner point is equal to 2s — 2. It was possible to get results up to spin 15.

Asin ref. [49] the IBP reduction was performed by the c++ version of the code FIRE [68].
The master integrals of this family either reduce, via a dual transformation, to the cor-
responding momentum space master integrals [83, 84] or can be taken from ref. [49]. To
arrive at contributions corresponding to higher spin values, FIRE was combined with a
recently developed alternative code to solve IBP relations LiteRed [85] based on the alge-
braic properties of IBP relations revealed in ref. [86]. (See ref. [87] where this combination
was presented within the Mathematica version of FIRE.)
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7.2 A differential equation

We can use the magic identity [52] on the two-loop ladder subintegral

1 d*rsd*rer?
2 50 T6Toy
I3, 39, 34, 77) = haros = —; 55 3 5 5 5 5 - (7.5)
P 0 e T e s B
1512572615 T16T67L56
The magic identity reads
2 2
Iy, 29,24, 27) = T (29, 21, 27, 74) (7.6)
and using it on the four-loop integral we find
4, A 2 2
@ _ 1 d wrd w3w7423,  (9)
114;23_ 4 2 .2 .2 .2 .2 2 I'¥(z1, 22,74, 77)
m LIgL37 38X 7Lyglrg
1 d*zrdtrsad a3, )
- 74 2 2 2 2 2 2 I (x27.’1}'1,f1:7,x4)
T LIgL37L38Ly7Lyg L7
A, A A gd.. 2 92 2
B 1/ d*xsd*wed  x7d w3 w17 014 75, (7.7)
- 3 2.2.2.2.2 .92 ,92 .95 ,9 .92 ,2 92 9 ° :
m L1837 38 L 7Ly L7 o5 15 1675 7664 56

The resulting integral (7.7) is ‘boxable’; i.e. we may apply the Laplace operator at the
point x3. The only propagator which depends on z9 is the one connected to the point x5
and we have 1

Oy — = —4n26* (225) . (7.8)
x5
The effect of the Laplace operator is therefore to reduce the loop order by one [52]. Thus

on the full integral I we have

A, A, A .2 2 2
1423~ "6 | 2.2 .2 .2 .92 .2 .2.,2 .2 ,92 .9 9
7T LIgL37 38X 7L L7 l1oL 6L 7276654 T 26
$%4
=—4 2 92 E14;23 ) (79)
TioToy

where we have recognised the Easy integral,

A, g4 Ao 2 92

W28 7 06 | a2 22 a2 12 a2 02 a TR T a2 | Toaa Jelu,v). (7.10)

1837738474878 1607276 L6426 13124
The differential equation (7.9) becomes an equation for the function f,

1 x?

_ 14
Dng - flu,v) = —4x2 g fe(u,v). (7.11)
13724 12713724

Applying the chain rule we obtain the following equation in terms of v and v,

AP f(u,v) = —éfE(u,v) , (7.12)
u
where
A® = 4[2(0y + 8y) + ud? + v — (1 —u — v)Dy0y)] . (7.13)
In terms of (z,%Z) we have
230,0: f(x,7) = —fp(z, 7), (7.14)
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where

f(:l),i‘) = —(m—:ﬁ)f(u,v) (715)
and similarly for fgp. Note that f(z,z) = —f(z,2). Now we recall that the function
fE(u,v) defined by eq. (7.10) in the orientation Ej4.23 is of the form

1 1
= E(l—z1—=2 tE(1l——1——=)|. 1
Je(u,v) (x —z)(1 —2x) [ 1=z, 1-2)+az ( x’ a‘c)} (7.16)
Hence we find the following equation for f ,
N s _ _ 1 1
(1 — 22)xx0,0: f(x,T) = — [E(l —z,1—-2)+ me(l 0 1- %)] . (7.17)

Without examining the equation in great detail we can immediately make the following

observations about f.

e The function f is a pure function of weight eight. From eq. (7.15) the only leading
singularity of the four-loop integral I¥) is therefore of the 1/(z — Z) type, just as for
the ladders.

e The final entries of the symbol of f (z,Z) can be written as functions only of x or of Z,
but not both together. This follows because the right-hand side of eq. (7.17) contains
only functions of weight six, whereas there would be a contribution of weight seven
if the final entries could not be separated into functions of x or  separately. Indeed
the final entries can only be x or & themselves due to the form of the prefactor on
the Lh.s. of (7.17).

e The factor (1 — zZ) on the left-hand side implies that the next-to-final entries in the
symbol of f(x, ) contain the letter (1 —zz). This can be seen from the fact that the
r.h.s. of equation (7.17) has no overall factor of (1 —zZ). Therefore the prefactor (1 —
xx) on the Lh.s. of (7.17) must be cancelled by a denominator obtained by the action
of the differential operator on the symbol entries of f . Since the final entries are only x
or of z, the factor (1—2Z) must appear in some of the penultimate slots of the symbol.

In ref. [63], slightly simpler, but very similar, equations were analysed for a class of
generalised ladder integrals. The analysis of ref. [63] can be adapted to the case of the
four-loop integral 1) and, as in ref. [63], the solution to the equation (7.17) is uniquely
determined by imposing single-valued behaviour on f .

First of all we note that any expression of the form h(z)—h(Z) obeys the homogeneous
equation and antisymmetry under the exchange of x and T and hence can be added to any
solution of eq. (7.17). However, the conditions of single-valuedness,

[disc, — discg]f(z,z) =0, [disc;_, — dise;_g)f(z,z) =0, (7.18)

and that 0 and 1 are the only singular points, fix this ambiguity.
Let us see how the ambiguity is fixed. Imagine that we have a single-valued solution
and we try to add h(z) — h(Z) to it so that it remains a single-valued solution. Then the
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conditions (7.18) on the discontinuites tell us that h can have no branch cuts at x = 0 or
x = 1. Since these are the only places that the integral has any singularities, we conclude
it has no branch cuts at all. Since the only singularities of the integral are logarithmic
branch points, A has no singularities at all and the only allowed possibility is that h is
constant, which drops out of the combination h(x) — h(Z). Thus there is indeed a unique
single-valued solution to eq. (7.17). The argument we have just outlined is identical to the
one used in ref. [63] to solve for the generalised ladders.

A very direct way of obtaining the symbol of the single-valued solution to eq. (7.17) is
to make an ansatz of weight eight from the five letters

{z,1—2,2,1—2,1 — 2z}, (7.19)

and impose integrability and the initial entry condition. Then imposing that the differential
equation is satisfied directly at symbol level leads to a unique answer.

7.3 An integral solution

Now let us look at the differential equation (7.17) in detail and construct the single-valued
solution. It will be convenient to organise the right-hand side of the differential equa-
tion (7.17) according to symmetry under x <> 1/z. We define

_ 1 _ 1 1
_ 1 _ 1 1
E,(m,x)—i[E(l—a:,l—x)—E(l—;,l—%)]. (7.20)
Then the differential equation reads
(1 — 22)230,0: f (2,7) = —(1 — 22)E_ (2, %) — (1 + %) Ey (2, 7). (7.21)
We may now split the equation (7.21) into two parts
220,07 fo(x, ) = —FE_(2,%), (7.22)
(1 = 22)xx0,0z fo(2,7) = —(1 + 22)E4 (2, %) . (7.23)

Note that we may take both f, and f, to be antisymmetric under x <> 1/x.

The equation (7.22) is of exactly the same form as the equations considered in ref. [63].
Following the prescription given in ref. [63], section 6.1, it is a simple matter to find a single-
valued solution to the equation (7.22) in terms of single-valued polylogs. We find

fa(#,%) = L340 — 2La30+ Ls20 + 203220 —2L4120 — La200 — 2La210+ L5000

sLy4y

+2L5100 +2L511,0 + 2La11,00 —4C(Ls — 2L32 +2L4o + 3La1)  (7.24)

IR Rt ]

We now treat the equation (7.23) for fj. Let us split it into two parts so that f,(x,z) =
fl(xaj) + f2(x7i‘)7

(1 — 22)xx0,0z f1(x,T) = —E4(z,T),
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(1 — 27)9,05 folz, %) = —E4 (2, 7) . (7.25)

We may write integral solutions

_ Tdt [T dt BEy(t,t)
- - I = 7.26
filw,z) /1 t/l P11t (7.26)
and -
€T xX _ t t
fg({L',i') =—fi(1/z, 1/@) = —/ dt dt + ’:> (727)
P PR
which obey the equations (7.25).
It follows that the full function f is given by
f(2,7) = folz, ) + fi(a,7) + fola,T) + h(z) — h(Z) (7.28)

for some holomorphic function h. We note that f(x,1) — fa(z,1) = h(z) — h(1).
Now we examine the function f; in more detail. Writing B (¢,1) = >, Hu, (t) Hyy ()
we find

Tdt
bl =3 /1 L, ()1,(1, ) (7.29)
where, for a word w made of the letters 0 and 1,
) = [ H® = (VUGG ) - GG (130)
w(T,T) = ey Wi T —wil)). .

We may now calculate the symbol of f. We note that

dfs(x,z) = dlog x Z Hy, (2) L (2, ) — (@ < T) . (7.31)

K3
1

The symbol of I, is obtained recursively using

_ _ 1—2az _ T
S(Iy(z,7)) =S(Hyw(T)) ® T (—)*S(Ly(z,T)) ® T (7.32)
where w = apw’. When w is the empty word I(z, Z) is a logarithm,
| px
I(z,7) = log = o (7.33)

Using the relations (7.31), (7.32), (7.33) we obtain the symbol of f3(z,Z). One finds that
the result does not obey the initial entry condition (i.e. the first letters in the symbol are
not only of the form v = 2z or v = (1 — z)(1 — Z)). However, the inital entry condition
can be uniquely restored by adding the symbols of single-variable functions in the form
S(ha(z)) — S(ha(z)). Inverting z <> 1/x we may similarly treat fi(z,z) = —fo(1/x,1/Z).
Combining everything we obtain the symbol

S(f(x,2)) = S(falx, 2)+ fo(w, 2)+ha(z)—ha(Z)— fo(1/x,1/2)~ha(1/2)+h2(1/7)) . (7.34)

The symbol obtained this way agrees with that obtained by imposing the differential equa-
tion on an ansatz as described around eq. (7.19).

— 36 —



Given that single-valuedness uniquely determines the solution of the differential equa-
tion (7.17) one might suspect that we can use this property to give an explicit representation
of the function hg(x). Indeed this is the case. The integral formula (7.29) can, in principle,
have discontinuities around any of the five divisors obtained by setting a letter from the
set (7.19) to zero.

Let us consider the discontinuity of fo(z,z) at x = 1/z,

xT x
disc,—1 /5 fo(r,T) = / dt disci—1 /z thlJr(t’t?
1/z 1 -

. B (D)
= dt di dt
e s l/t/ 1t

rodt, .
:_/ D omi) B, (8,1)1). (7.35)
1z t
The above expression vanishes due to the symmetry of E; under x <> 1/x and the anti-
symmetry under x <> . The absence of such discontinuities is the reason that we split the

original equation into two pieces, one for f, and one for fj.
Now let us consider the discontinuity around x = 1. We find

discy—y fo(x / —dlscl t/ t_dtl/ E,(t,1)
o dt dlSC1 disci— B4 (¢,7)
(271'2)/1 EL(t,1/t)+ / dt/ . (7.36)

1—tt

The first term above again vanishes due to the symmetries of £.. The second term will
cancel against the corresponding term involving disc;_zF4 (t,t) in the integrand when we
take the combination [disc;—, — disci—z]fo(x, Z). The discontinuities at x = 1 and z = 1
of fo therefore satisfy the single-valuedness conditions (7.18) since E does.

For the discontinuities at = 0 we find

discy fo(z, T) = /096 dt disc; : E+ (¢ E> / / dlSCtEJr(t t). (7.37)
Now writing the  integral above as [ = [ — fol and using [disc; —discg] B4 (¢, ) = 0 we find
[disc, — discz] fa(z, T) { / dt ; dlSCtE+ (t f)] T < T)
= dlSCx|: dt/ . tt—EJ,_ (t f)] (x> ) (7.38)
Thus fa(x,z) is not single-valued by itself since the above combination of discontinu-
ities (7.38) does not vanish. Note however that eq. (7.38) is of the form k(z) + k(Z), a

necessary in order for it to be cancelled by adding a term of the form ho(z) — ho(Z) to
fa(x,Z). We now construct such a function ho(z).

0 0 ]' !t ’ . ‘
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Writing E4 (t,1) = >, Hu, (t)Hyy () we find

x 1 n
W) = - [ G mtwan) [ ). (7.40)
We can write
/1 T (f) = (=1)*G(1/t,w;(0,1); 1) (7.41)
0 E—l/t w; - 7wi ) ) 9 .

where we have made explicit that w] is a word in the letters 0 and 1 and d is the number
of 1 letters. One can always rewrite this in terms of HPLs at argument ¢. Indeed we can
recursively apply the formula

1 todr as tdr 1
- ey any 1) = —,a3,...,0p; 1) — —G(—,as3,...,an;1). 42
Glganarooail) = [ 6o ant) = [ TG a s (742)

to achieve this. Note that a; € {0,1} in the above formula. We also need
1
G(£,041) = ()T Hya (1) (7.43)
Once this has been done, one can use standard HPL relations to calculate the products
H, (DG /1) 1) (7.44)

and perform the remaining integral from 0 to x w.r.t. £. We thus obtain a function hY
whose discontinuity at * = 0 is minus that of the z-dependent contribution to [disc, —
discz] fa(z, T).

In ref. [63] an explicit projection operator F was introduced which removes the dis-
continuity at x = 0 of a linear combination of HPLs while preserving the discontinuity
at © = 1. The orthogonal projector (1 — F) removes the discontinuity at x = 1 while
preserving that at x = 0. We define

ho(x) = (1 — F)h3(z) . (7.45)

Explicitly we find

151 15 3 15 19
ha(z) = WC@’Hz + ?C§H2 — §C2C3H2,0 - ZCst,o — (2C3Ha 1 + ZC4H2,2 +2(3H2 3
21 19 17 3
— GeHay + §C4H2,0,0 + ZC4H2,1,0 + ?C4H2,1,1 +5C3H2 12 — (2Ha 13 — §C3H2,2,0
1 3
+(3H221 — C2H22 + §C2H2,3,0 — GoHo 31 — §C3H2,o,o,o —3¢3H21,00 — 3¢3H21,1,0

1 1 1
+4C3Ho 110 + CHo100 — 2C0H2 121 + §H2,1,4,0 + GeHa 210 + §H2,3,2,0 - §H2,4,0,0

IR ] IR Et] s Ly4y

1
—Hy 410+ §C2H2,1,0,0,0 + CHa 11,00 +2CH211,10 + H21,130 + Ha220— H21300

1 1
+2H111,20 — H2131,0+ Ha2120 — §H2,2,2,0,0 —Hs99210+ §H2,3,0,0,0 —Hs31,1,0
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1
—Hz11200 + 3

+ H21,1,1,0,0,0 - (7.46)

H> 12000~ H21,21,00—2H2121,1,0 + H221000 + H2211,00

Here the H functions are all implicitly evaluated at argument .
The contribution from fi(z,Z) = —fa2(1/2,1/Z) is made single-valued by inversion on
x. So we define
h(z) = ha(z) — hao(1l/z). (7.47)

Finally we deduce that the combination
f(2,7) = fola,2) + fi(a,7) + folx, &) + h(z) — h(Z) (7.48)

is single-valued and obeys the differential equation (7.17) and hence describes the four-
loop integral 1Y) defined in equation (7.1). The equations (7.29), (7.46), (7.47) and (7.48)
therefore explicitly define the function f .

7.4 Expression in terms of multiple polylogarithms

Now let us rewrite the integral form (7.29), (7.30) for fo(x,Z) in terms of multiple poly-
logarithms. We use the following generalisation of relation (7.42),

1 1 1
G(—,a9,...,ap;%) :<G<;y> —G(;y))G(ag,...,an;z)
Y z a9
Y dt dt 1
+/0 <t_ag—t>G<t7a3,...,an,Z) (749)

to recursively rewrite the G(1,...) appearing in the I(t,Z) in eq. (7.29) so that the ¢
appears as the final argument. Note that in eq. (7.49), the two terms involving an explicit
appearance of 1/ag vanish in the case ag = 0. The recursion begins with

G(zl/;z) =log(l—yz) = G(i;y) : (7.50)

The recursion allows us to write the products Hy, ()1, (t, Z) as a sum of multiple polylog-
arithms of the form G(w;t) where the weight vectors depend on z. Then we can perform
the final integration dt/t to obtain an expression for fo in terms of multiple polylogs.

We may relate fi(x,z) directly to fo(z,Z) since

dt [T dt By (1) T dt /x dt
I NN
/ / t -t L 2 ), tE—1/t) +(t:1)

:/1 t[/l Py (68— / E+”)]

= fg([L’,i‘) - Z[HOwi (1‘) - Hsz( )HHOw ( ) HOw ( )] : (7‘51)

i

For a practical scheme we express E as a sum over H,, (t)H,/(t) and do the ¢ integration.
In any single term of the integrand of fo, the recursion (7.49) will lead to multiple poly-
logarithms of the type G(...,1/Z;t). Next, we take the shuffle product with the second
polylogarithm and integrate over ¢.
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In this raw form our result is not manifestly antisymmetric under x <+ . Remarkably,
in the sum over all terms only G(0,1/%,...;x) remain. Upon rewriting

G<0717a17"'7an;x> - G(()?'%')G (17a17-~-7an;x> _/ dt G(Oﬂt)G(G’l?)an?t)
X x o t

(7.52)
we can use (7.49) to swap G(1/z,...;x) for (a sum over) G(...,1/z;Z). Replacing the

1
z

original two-variable polylogarithms by 1/2 themselves and 1/2 the z,z swapped version,
we can obtain a manifestly antisymmetric form. The shuffle algebra is needed to remove
zeroes from the rightmost position of the weight vectors and to bring the letters 1/z,1/z
to the left of all entries 1. Finally we rescale to argument 1.

In analogy to the notation introduced for the Hard integral let us write

1 11
~ — - . 1 .
G3,2,1 G <O> O? .’L‘.’Z"[), $’ 3?7 ) (7 53)
etc. Collecting terms, we find

13323(557 T) = (7.54)
—Lopoa+2Lo33—Lo40—2L2114+209123—2L0132+2L2141+2L29213—2L2222
—2L2231+2L2312+2L2320+ 202321 — 202410 — 202411 —2L3130+2L3310
—4Lo11922+4L2192921+4L29112 —4L29210 —4L22211 —4L31,120+2L321,00

+4Ls2100+ Lo(—Hygy +2H 55— Hy 0 —2H 114 +2H 193 —2H 3, +2H 4,
+2H 51 3=2H 599 2H 931 F2H, 315 F2H, 351 —2H) 41 —4H 1155 T4H ] 1901
+4H 9110 —4H 591) +4H 55 —4H 3, —4H 3+ 4H 55 +8H ;5 —4H 54
+AH 49 —8Hy 51 —4H 514 +8H 930 +4H 5y —8H 3,3 —4H, 419 —4H) 45,
+8H 511 +8H 1193 +8H 1130 8H 1931 —8H; 391 —8H9113+8H 5357,
—8H 319 +8H 3911 +(3(8L23 12032 — 120212 + 120991 — 120310 — 16L3 1,
—12L0Hy 5+ 12L0H 5 + 16H 3 — 16H, 5, — 16H, ;5 + 16H 5, ;) +2L3(s

+ (3 (—24Ly — T2Hy — 48H{,) +

G; (—=Lao — Laoo—2L410—2La11 —4L21(3 +4LoC3Hy +4L1(3Hy

+3LoHy + 2Ly Hy —AL1Hy +4GH ) —2LooH, 3+ 5LoH,, —2L1Hy , — 12H 4
+ 12C3H£1 — I_/o,QHQ_’2 + 2L0H2_73 — 2L1H2_73 — 6H2_’4 + Lolﬁfg_’2 — 2L1H:,:2 — 4L0H;1

— 201 Hy \+2H, 5 +16Hy \ +16(3H | | —2LooHy | 5 +6LoH ) 3—12H, ) ;—2LooH, 5,
+ 6L0Hl’72’2—81'{1*7273+2L0Hi&1 —8H1’73,2+4Hf’471+2I_/070H2”1’1+2L0H2’7172—4H2’7173

— 2L0H2_’271 — 4H2_,272 + 4[1‘2_7371 — 6L0H3_,171 + 4H?:1,2 + 12H3_,271 + 12[1[4_7171

+ 4L0Hf1,1,2 - 8Hf1,1,3 - 8Hf,1,2,2 - 4L0Hf2,1,1 + 8Hf2,2,1 + 8Hf,3,1,1 - LZHZF) +
Gy (2Lsp +4L310 +4Ls1,10 — 8GHy —6LoHy —2LooHy —4L11Hy +8LoHy
+6L1H, —20Hs —8C3H | +8LoH, 3 +4L1Hy 3 —20H, , + 6LoH, 5 +4L1Hy,
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—16Hy 4 +4LoHs, +4L1Hy ) — 16Hs ) — 8Hy +4LoH 5 — 16Hy ) 5 +4LoH
— 16H y—8H; 3, —4LoHy, | —8Hy o +8Hy, | —8H 1 5 +8H 5, | +2LoHy ) +
Géf L (2L35 — Lo — 2Lay + 2L310 — 12L2G3 + 163 Hy — 4L2Hy

—2LooH3 +8LoH; +8L1H; —20Hy + 16(3H; , +4LoH 3 — 16H; , +4LoHj,
—12H5 3 — 12Hy 5 +4LoHy 5 — 8Hy 3 — 8H ) —4LoHy, | +8Hy o, +8Hy, )+
GT (3LoHy —12H) +3LoHy — 12H; 5+ 6LoHy, — 12Hy, — 12Hgy + 6LoH
—12H 5, —12H;5,) + Gg’ L (2L30+4L31 — 8 H, +2LoHy — 4L1Hy — 8H
+4LoH , —8H 3 +4LoHy, —8Hy, —8H | 5 +8Hy ) + G{Q (Ly+ L3o+4L3;
— 16G3H; — 4L Hy +4H{ 3+ 4Hy, +8Hy —4LoH; | +8H 5, +8Hy, ;) +

G;I L (F2L4+2L30 + 116G Hy +4LoH , — 8Hy 3 — 8H,,) +

Gf(—4Hy —AH, —8Hyy —8Hy ;) + GZI (=6Loy + 3LoH, +6L1H, —12H;
—12H;, —12Hy,) + G5, (=2L3 — 8La,y + 2LoHy +8L1H, —4Hy —8Hy,

—8H, | +8H ) + G:{m (4L3 +4LoHy —16H; — 8H ) + G{S (—4L3 — 8L,

+2LoHy +8L1Hy —4H;, —8Hy +8Hy, ) + G, (4013 —8Hy —8H,)+

G;M (4L3+ 4Ly — 4L Hy — 4Hy 4 8Hy,)) + G{LM (4LoH, —8H3 )+

+ + + + + + + + +
(10GQ,4 + 8G3,3 + 3G4,2 N 8G2,1,3 N 8GQ,2,2 B 4GQ,3,1 B 8G:§,1,2 N 8G3,2,1 B 6Gz1,1,1

- - - + - - +
4GS 1, 4GQ,2,1,1) Ly+ (_16Gi,4 — 1265, — 66y, — 4G, + 1265

+ + + + ot _ e+ _ et —
+ 12GQ,2,2 + 8GQ,3,1 + 8G3,1,2 + 8G3,2,1 8GQ,1,1,2 8GQ71,2,1 8G3,1,1,1) Hy +

+ + + + + + + —
(-16G}, —16G;, — 12G], —8G} +8G; , +8G],, +8GT ) Hi+

+ + + + + + + +
(QOGi5 + 20G374 + 12G473 + 4G§72 — 16Gil,4 — 12GQ,2,3 — 12(127372 — 16G§)71’3

_ + + + + + + + _ +
16G:§,2,2 8G3,3,1 12G21,1,2 12021,2,1 8G5,1,1+8GQ,1,1,3+8GQ,1,2,2 8GQ,2,2,1

— 8G;3,171 + SGE;M2 — 8G§27171) H; +

Gy, (2Ls2 — Lao — 2Lay + Ly o0 + 2Ls 10 — 12LaCs + 8Cs Hy — 4Ly Hy

+8L1Hy —16¢3H | — 4Hy 5+ 4LoH3, — 4Hy, — 16H, | —4LoH{" | 5 + 8H, 4

+8H 4, +4LoHy, | —8Hy, —8H3, )+

Gy, (2Ls0 +4L3 +4L1(s — 6LoHy — 4L Hy + 20H — 4LoH;", + 16H;';
—4LoHy | + 16Hy, + 8Hy, +8H" , —8H ) + Gy, (La+ Lyo+4Ls1 +8L1Cs
—2LoH{ —4L1Hy +4H, +4H 3 + 4Hy, + 4LoH{ | | — 8H{ ) | —8H | 1) +
Gyia (—2L4 + 2Ls o — 8L1(3 — 4LoHy + 16H] — 4LoH,", + 8H{ 5 + 8H,) +

G, (=3L2g —6Lay +3LoHy +6L1Hy ) + Gy, (2L —2Log —8La1+
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2LoHy +8L1Hy —8H{) —8Hy | —8H" ) + Gy (4Ls —2Loo + 8H,) +

Gy 5 (—4L3 — 2Lao — 8La1 — Looo — 83 + 2LoHy + 8L1Hy — 12H1+2

- 8H2,1 - 8H1,171) + G2_2 | (4L3 +2Lo 0 + 16¢3 + 8H172) + G2_1 5 (4Ls3 + Loy

+4Ls +L0,0,0+8C3*2L0H2+*4L1H2++8H1+7 ) +G;1 11 (72L2,0—2Lo0,0—16(3) +

Gy, (4Hy +8H{,) + Gy, (3Ly +12H ) + G| | (—6La + 12Hy") + Gy, (8Ly + 2Loy

—4Hy +16H}) + Gy, | (—8Ly — 4Loo +8H)) + Gy |, (~=8Ly — 2Loo + 8HS

—8H{)) + Gy (4Loo + 8Hy ) + Gs, (10Ly +4Loo — 4HF + 16H{)) +

G> (—4E2—4L00)+Gf , (=8La—4Loo+4Hy —8H"|) +G5 | (—4La+8Hy )+

23,1 2,2,1,1

Gy, (= 8Lo—4Loo+4Hy —8H) +Gy 10y (4Loo+8H) +Gy1 1, (4Lo+4Lgp) +

(—10GT —8G,, — 3G, + 10(};1’4 + 8G2‘2 st 8G2‘3 ,+ 4G2‘4 Lt 8G?:,1,3

+ 8G?:2,2 + 8G3_3 3G21 2 + 6G22 1 8G2_,1,1,3 o 8G2_,1,2,2 a 4GQ_1 3.1 4GQ_,2,1,2

+ 4G;,3,1,1 8G§:1,1,2 o 8G§:1,2 1 6G4,1,1,1 + 4Gzi,1,1,1,2 4G2,1,2,1,1) Lo+

(—IOGT — IOGT — 6G43 2G —i— 8G2_71’4 + 6G2_2 3 + 6G2_3 9 + 8G?:1’3

+8G3:2,2 +4G;31 +6GZ12+6GZ21 +4G5_11 GQ_,1,1,3 _4G2122 +4672_221

+ 4G;,3,1,1 4G?.,1,1,2 + 4Ga 2,1,1) Ly +

20GA ¢t 20GA 5t 12GA " 4GT 20G2_,L5 16G2_2 4 12(;2_3 5 126’2_42

—20G;14 16G;23 16G3_32 G341 12G213 12G;22 12G;31 _4G5_12
8G5,2,1 +16(’727,1,1,4+12G27,1,2 3+12G;,1,3 2+8G;2,1,3+8G;2,2,2 8G;3 2,1 *8G274,1,1

+ 16G?:1,1,3+16G?:1,2,2+8G?:1,3 1+8G;2,1,2 8Gy 3,1,1+12G;1,1,2+12G;L2,1 T 8G5_,1,1,1

_8G2_,1,1,1,3_8G21122+8G2_1221+8G2_1311 8G31112+8G;1211

7.5 Numerical consistency tests for 14

In order to check the correctness of the result from the previous section, we evaluated
I™ numerically and compared it to a direct numerical evaluation of the coordinate space
integral using FIESTA. In detail, we evaluate the conformally-invariant function f(u,v) =
w323, 1 4 (21,2, x3,x4) by first applying a conformal transformation to send x4 to infinity,
the integral takes the simplified form,

1 d4 d4 d4 d4 2
lim 22422, 1Y, = / o Ted Tr” T8 %13 (7.55)

; 8 2 .2 2,2 .2 2 2 2 2 °
TATro0 ™8 J a5 aig 155605 V56T g
and then using the remaining freedom to fix 22; = 1 so that u = 2, and v = 23;. In com-
parison with the two 3-loop integrals, the extra loop in this case yields a moderately more
cumbersome numerical evaluation. As such, we modify the setup for the 3-loop examples

slightly and only perform 5 x 10° integral evaluations. We nevertheless obtain about 5 dig-
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U v Analytic FIESTA )
0.1 0.2 156.733 156.733 4.9e-7
0.2 0.3 116.962 116.962 5.9e-8
0.3 0.1 110.366 110.366 2.8e-7
0.4 0.5 84.2632 84.2632 1.4e-7
0.5 0.6 75.2575 75.2575 1.4e-7
0.6 0.2 783720 78.3720 3.7e-8
0.7 0.3 70.7417 70.7417 6.8e-8
0.8 0.9 58.6362 58.6363 1.4e-7
09 05 60.1295 60.1295 1.1e-7

Table 4. Numerical comparison of the analytic result for #2232, IY (21, 29, 23, 24) against FIESTA
for several values of the conformal cross ratios.

its of precision, and excellent agreement with the analytic function at 40 different points.
See table 4 for an illustrative sample of points.

8 Conclusions

Recent years have seen a lot of advances in the analytic computation of Feynman inte-
grals contributing to the perturbative expansion of physical observables. In particular, a
more solid understanding of the mathematics underlying the leading singularities and the
classes of functions that appear at low loop orders have opened up new ways of evaluating
multi-scale multi-loop Feynman integrals analytically.

In this paper we applied some of these new mathematical techniques to the computation
of the two so far unknown integrals appearing in the three-loop four-point stress-tensor
correlator in /' = 4 SYM, and even a first integral occurring in the planar four-loop
contribution to the same function. The computation was made possible by postulating
that these integrals can be written as a sum over all the leading singularities (defined
as the residues at the global poles of the loop integrand), each leading singularity being
multiplied by a pure transcendental function that can be written as a Q-linear combination
of single-valued multiple polylogarithms in one complex variable. After a suitable choice
was made for the entries that can appear in the symbols of these functions, the coefficients
can easily be fixed by matching to some asymptotic expansions of the integrals in the limit
where one of the cross ratios vanishes. In all cases we were able to integrate the symbols
obtained from this procedure to a unique polylogarithmic function, thus completing the
analytic computation of the three-loop four-point stress-tensor correlator in NV =4 SYM.
While for the Easy integral the space of polylogarithmic function is completely classified in
the mathematical literature, new classes of multiple polylogarithms appear in the analytic
results for the Hard integral and the four-loop integral we considered.
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One might wonder, given that the Hard integral function H(® involves genuine two-
variable functions, whether there could have been a similar contribution to the Easy inte-
gral, compatible with all asymptotic limits. Indeed there does exist a symbol of a single-
valued function, not expressible in terms of SVHPLs alone, which evades all constraints
from the asymptotic limits. In other words the function is power suppressed in all limits,
possibly up to terms proportional to zeta values. However, the evidence we have presented
(in particular the numerical checks) strongly suggests that such a contribution is absent
and therefore the Easy integral is expressible in terms of SVHPLs only.

We emphasise that the techniques we used for the computation are not limited to the
rather special setting of the N' = 4 model. First, by sending a point to infinity a conformal
four-point integral becomes a near generic three-point integral. Such integrals appear as
master integrals for phenomenologically relevant processes, like for example the quantum
corrections to the decay of a heavy particle into two massive particles. Second, the con-
formal integrals we calculated have the structure Y R; F; (so residue times pure function)
that is also observed for integrals contributing to on-shell amplitudes. However, we believe
that this is in fact a common feature of large classes of Feynman integrals (if not all) and
one purpose of this work is to advocate our combination of techniques as a means of solving
many other diagrams.

Further increasing the loop-order or the number of points might eventually hamper our
prospects of success. Indeed, beyond problems of merely combinatorial nature there are
also more fundamental issues, for example to what extent multiple polylogarithms exhaust
the function spaces. It is anticipated in ref. [88, 89] that elliptic integrals will eventually
appear in higher-point on-shell amplitudes. Via the correlator/amplitude duality this ob-
servation will eventually carry over to our setting. Nevertheless, some papers [89, 90] also
hint at a more direct albeit related way of evaluating loop-integrals by casting them into
a ‘dlog-form’, which should have a counterpart for off-shell correlators.
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A Asymptotic expansions of the Easy and Hard integrals

In this appendix we collect the asymptotic expansions of the different orientations of the
Easy and Hard integrals in terms of harmonic polylogarithms. The results for Eq4.23 and
Hi2.34 were already presented in section 3. The results for the other orientations are given

below.
2 2 3 1 1
213754 F12;314 = log” u [ 32 (2H1,2 + H1,1,1) + 3z <H1,2 + H1,1,1)} (A1)
2
+ log2 U [? (2H272 + H271y1 + 2H1,3 + HLLQ)

1
—%< —4Hs9 —3H211 —4H13— Hi21 — 4H171’2)}

1
+ logu [?( — 16H3’2 — 8H3,171 — 16H273 — 8H271,2 — 8H174 +4 H17371
—4Hy 09 — Hip11 —4H113+2 Hi121 — Hi1,12

IR

1
—i—; (8H3,2 +5H311+8Hos3+ Hoo1 +6Ho120+4 Hiy— Hi3:

+5H1092+Hi211+4H113—2 Hi121+Hi11 2)}

IR ]

-ﬁ%@@Hm+a@HMJ+3HQT+MHMJ+M1ﬁ3+MHM2
+16Ho 4 — 8Ho 31 +8Ho22 +2 Hyg11 +8Hy 13 —4Hz 121 +2H2 112
—8Hy 41 +4 Hisp+4H1311+4H123—2H1221+2H1212—4 Hi131
+Hi1211 — H1,1,1,2,1> + %( — 4¢3Ha1 — 6(3H12 — 2(3H111 — 16 Hy
—10H411 —16H33 —10H312 —8Ha 4 +4H331 — 8 Ha2 — 2H2211
—6H213+4Hs121 —2H2112+2 Hyg1 —6H132 —4H1311 —6H123

s L9y IR

+2H1 291 —2H1 212 +4H1131 — Hi1211 + Hi1,1,21 —8¢3 H3

+205Hy ) + O(u),
log u

2 2
i3T5 13,04 = <H2,2,1 —Hy19+Hy31—Hip11—Hi13+Hi121—6 CSHQ)

IR

—2H3191+Ho112—4H 1410 +3H 1311 +Hip12+4H1 14 —2H11 3,1

sLydy

—Hy129—Hi12110—Hi113+Hi121+ 12C3H3> + O(u) , (A.2)

1
OHy, — Hyg—H ) ————{H —H)} A3
< 2,1 1,2 1,1,1) + 31 —2)z 2,1 3 (A.3)

1
+; (4C3H2,1 —2@3H12 —2H321+2H312 —2Ho31+ Ho211+2H213

. 1
4 4 3
T13T9y Hi3.04 = log” u [@

1
+ log2 U [ 3 ( —4H31 —2Ho9 +2H 3+ 2H1 21 + 2H17172)

T

1
—i-i( —2H31 — Hyp— Ho1n— Hi3+ Hig1 + 4H4)}
(1—2x)x
1
+ logu [? (16H372 + 8H3,171 + 8H273 — 8H2,271 — 4H1,4 — 12H17371

—4H1 29 +2H1 211 —4H113 — 2H1,1,1,2> + . (4H4,1 +4Hs3 9

ot
(1—-x)
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4 4
T13%94 Hia03 =

+

_l’_

+6H311 +4Ho3+2Hy 10+ 8H 14 —4H1 31 —2H122 —2H1 21,1

4Ly

)Ly &y

64Hs1 — 32H,0 — 32Hy11 — 24Hs3 + 16Hs.91 — 16H3,1 5 — 24H> 4
+40H231 —4H29211 —8Ho 13 +4Ho 112 +40H 1 41 +4H1 32

IR R]

—8H 311 —4H123+4H1 221 —4H1212 + 8H1,1,1,3)

1
e (16C3H2,1 — AH5 — 12Hy 1 — AHs3 — 12H3 1 — 8Hs. 15

—12Ho 4 +4Ho31 +2H2911 —4Ho 121 +2H2 112 —20H 5 +4H1 41

y a4y

+4H 1392 +6H1311 +4H123+2H1 212+ 8H114—4H1131—2H1122
—2H11211 —2H111,3+2H 11,121 — 16¢3H3 + 40H6> +O(u),

1
—2H113+2H11901 — 20H5)} + o (32C3H2,1 — 16¢3H12 — 16¢3H1 11

log®u 11
§1’ [; <2H2,1 - H1,2 + 2H17171) — 2H2,1 — HLQ — 2H1’1’1 _ H3:|
2
log2 u [ — P <2H3,1 + H2,2 - H1,3 + 2H1’271 + 2H17172) (A4)

4
+; <H3,1 +Hoo+Hig+ Hip1+ Hijpo+ H4>}

4
log u [ﬁ <4H372 — 4H371,1 + 2H273 + 4H27172 - H174 + 2H17371 + 4H17272

4
—2H1 911 +4H113+ 2H1,1,1,2> + - (2H4,1 +4H3 —2H3 11 +4Hs 3
+2H219+5H14+2H 131 +4H1 22 —2H 1211 +4H113+2H 1,12

8
+5H5>] + ) <4C3H2,1 —2C3H12+4C3H11,1 +8Hs1 —4Hy 2 +8Hy 11
—6H33+4H321 —4H3 192 —3Ho4 +2H31 —4H2929 +2H221,1

4Ly

—6Hs13—2Ho112+2H 141 —3H132+4H1311 —5H123+2H 1221
8
—2H12192 —4H114 —2H1122 —2H1 11 3) + 5( —4(¢3Ho 1 — 2¢3H1 2

—4C3H1 11 +3Ha2 —2Hy11 +3H33 —2H3 01 +4Ho 4+ 2H 99
+2Ho13+5H5+3H1 32 —2H1311 +3H123—2H1 221 +4H114

+2H1 1292 +2H111,3 — 2C3H3 + 5H6> + O(u),

bty

B An integral formula for the Hard integral

We want to find an integral formula for pure functions which involve x — Z in the symbol

as well as x,Z,1 — x,1 — Z. We are interested in single-valued functions, i.e. ones obeying

the constraints on the discontinuities,

[disc, — discz] f(z,z) =0, [disci—, — disci—z] f(z,z) = 0. (B.1)

and with no other discontinuities.
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It will be sufficient for us to consider functions whose symbols have final letters drawn
from a restricted set of letters,

S(F) = 8(X) ® g FS(YV) @ 1 —

_; +8(2)® (z— 7). (B.2)
where X,Y, Z are single-valued functions of z, z.

We will suppose also that the function F' obeys F(x,z) = 0, as required to remove the
poles at =  present in the leading singularities of the conformal integrals. We therefore
take Z(x,z) = 0 also. If F' has a definite parity under x <+ & then X and Y have the
opposite parity while Z has the same parity.

The functions X,Y and Z are not independent of each other. Integrability (i.e. d>F =
0) imposes the following restrictions,

1—

dX Adlog = +dY Adlog —— +dZ Adlog(z —F) = 0. (B.3)
xr X

We may then define the derivative of F’ w.r.t. x to be

X Y Z
0. F(x,7) = — — —, B4
(@, 7) T 1—m+x—m ( )
so that (t.2) (t.2) (t.2)
z X(t,z Y,z Z(t, T
F(z,z) = dt L ’ ’ . B.5
(,2) L [ t -t -z (B5)

A trivial example is the Bloch-Wigner dilogarithm function, defined via,
Fy(x,z) =logaz (Hi(z) — Hi1 (%)) — 2(Ha(z) — Ha(Z)) . (B.6)
It has a symbol of the form (B.2) where
X7 =log(l —z)(1 —z), Y1 = —logaz Z1=0. (B.7)
Thus we can write the integral formula (B.5) for Fs.

B.1 Limits

We want to be able to calculate the limits of the functions to compare with the asymptotic
expressions obtained in section 3. The formula (B.5) allows us to calculate the limit z — 0
(which means dropping any power suppressed terms in this limit). We may commute the
limit and integration

- + . (B.8)

[X(t,i) Y(t,z) Z(t7)
1—1t t

T
lim F(x,z) = / dt lim
z—0 7 z—0

In the second and third terms one may also set the lower limit of integration to zero.
directly. In the first one should take care that contributions from X (t,z) which do not
vanish as t — 0 produce extra logarithms of Z, beyond those explicitly appearing in the
limit of X, as the lower limit approaches zero.
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B.2 First non-trivial example (weight three)

The first example of a single-valued function whose symbol involves x — Z is at weight
three [58]. There is exactly one such function at this weight, i.e. all single-valued
functions can be written in terms of this one and single-valued functions constructed from
single-variable HPLs with arguments x and Z only. It obeys F3(z,z) = —F5(z,x). The
symbol takes the form (B.2) with

X = ~log(a®)(H(x) + H(2)) + 5 (Ha(x) + Hu(2))?,

Y, = —% log2(2) + log(7) (Hy (z) + H (2)),
Zy =2logzx (Hi(z) — Hi(2)) — 4(Hz(z) — Ha(Z)) - (B.9)

Note that X5, Ys and Z5 are single-valued and that Z5 is proportional to the Bloch-Wigner
dilogarithm (it is the only antisymmetric weight-two single-valued function so it had to
be). They obey the integrability condition (B.3) so we can write the integral formula (B.5)
to define the function F3.

We have constructed a single-valued function with a given symbol, but in fact this
function is uniquely defined since there is no antisymmetric function of weight one which
is single-valued which could be multiplied by (» and added to our result. Moreover, since
it is antisymmetric in = and Z, we cannot add a constant term proportional to (5.

Looking at the limit £ — 0 we find, following the discussion above,

1
lim Fy(z,z) = 3 log® ZH, (x) + log &(Ha(z) + Hio(x) — Hi1())
X

- 3H3(1,‘) - HLQ(ZU) + ng(.%) + H271($) + H1,()70(2U) - HLLO((L‘) (B.lO)

Starting from the original symbol for F3 and taking the limit £ — 0 we see that the above
formula indeed correctly captures the limit.

B.3 Weight five example

We now give an example directly analogous to the weight-three example above but at
weight five. The example we are interested in is symmetric F5(z,z) = F5(Z,z). It has a
symbol of the canonical form (B.2) with

Xa(z,Z) = (Loo0,1,1 — L1100 — Lo+ L1,1,1,0) 5
Yi(z,Z) = (Loo,0,1 — £1,0,00 — Loo,1,1 + L£1,1,00)
Zy(z,z) = (Loo11+ L1100 — L0110 — L£1,00,1) - (B.11)

The above functions are single-valued and obey the integrability condition and there-
fore define a single-valued function of two variables of weight five via the integral formula.
Taking the limit £ — 0 we find
%i_% Fs(x,2) = Hi1Hopo+ (Hi10 — Hi1.1)Hopo

+ (—Hsy+Ho11+ Hi,00— Hiji1,0)Ho

IR ]
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—Hy4—Ho3+2Hsq + Hi31 — H3z10— H3zi
+Hz110+ Hi1000— Hi1,1,00+2H11C3. (B.12)

This formula correctly captures the limit taken directly on the symbol of F5. This weight-
five function plays a role in the construction of the Hard integral.

B.4 The function H(® from the Hard integral

The function H® from the Hard integral is a weight-six symmetric function obeying
the condition H® (z,z) = 0. The symbol of H(® is known but is not of the form (B.2).
However, we can use shuffle relations to rewrite the symbol in terms of logarithms of u
and v and functions which end with our preferred set of letters. We find the symbol can
be represented by a function of the form

HYD(1 —2,1-17)
= (2Ho0(u) + 4Ho(u)Ho(v) + 8Ho,0(v))(Lo,0,1,1 + L£1,1,00 — Lo,1,1,0 — L£1,00,1)

syt

—8F5(H0<’U,) +2H0(’U)) +F6. (B13)

Here Fy is the weight-five function defined in section B.3. The function Fg is now one
whose symbol is of the form (B.2), where the functions X5, Y5 and Z5 take the form

X5 =20Lo,0,0,1,1 +12L0,0,1,1,0 — 32L0,0,1,1,1 — 8L0,1,0,1,1 — 12L0,1,1,0,0 — 8L0,1,1,0,1
+16Lo1,1,1,10 —8L1,0,0,1,1 +8L1,0,1,1,0 — 20£1,1,0,0,0 + 8L1,1,0,0,1 +8L1,1,0,1,0

sbsdsty Lyl

+32L1,1,1,00 — 16L1,1,1,1,0 — 16L£1,1(3, (B.14)

Pk Eat] shytaty

Y5 =20Lo,0,0,01 — 32L0,0,0,1,1 — 8Lo,0,1,1,0 + 16L0,0,1,1,1 —8L0,1,0,0,1 + L0,1,1,00

—20£L1,0,0,0,0 +8L1,0,0,1,0 + 16L1,0,0,1,1 +8L1,0,1,00 + 32L1,1,0,0,0 — 16L1,1,0,0,1
—16L1,1,1,00 — 16£1,0C3 + 64L11(3 - (B.15)
Zs = 32F5 . (B.16)

Note that the (3 terms have been chosen in such a way the functions X5, Ys and Z5 obey
the integrability condition (B.3). The integral formula for Fs based on the above functions
will give a single-valued function with the correct symbol, i.e. one such that H(® defined
in eq. (B.13) has the correct symbol and is single-valued.

We recall that the Hard integral takes the form

1 [HY(1—xz1-27) N H®O(1 —z,1-7)

Hi4.903 = B.17
R v ol R o (= )w—9) (B.17)

Calculating the limit £ — 0 we find that H (@) reproduces the terms proportional to 1 Jx?
in the limit exactly, including the zeta terms. Note that in this limit the contributions of
H@ and H® are distinguishable since the harmonic polylogarithms come with different
powers of z. Since there are no functions of weight four or lower which are symmetric in
xz and T and which vanish at z = T and which vanish in the limit £ — 0, we conclude that
H@ defined in eq. (B.13) is indeed the function. Comparing numerically with the formula
obtained in section 5 we indeed find agreement to at least five significant figures.
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C A symbol-level solution of the four-loop differential equation

In this appendix we sketch an alternative approach to the evaluation of the four-loop
integral. More precisely, we will show how the function I® can be determined using
symbols and the coproduct on multiple polylogarithms. We start from the differential
equation (7.17), which we recall here for convenience,

A 1 _ 1

0,0z f(x,T) = — Ey(z,7) — mEQ(l’,Zf), (C.1)

(1 —zz)xz
where we used the abbreviations Fi(z,z) = E(1 — 2,1 — Z) and Ea(z,z) = E(1 —1/x,1 —
1/z). We now act with the symbol map S on the differential equation, and we get

1 1

0,0:S[f (x,T)] = — S[E) (2, 7)] — mswg(x,z)} , (C.2)

(1 —xx)zz
where the differential operators act on tensors only in the last entry, e.g.,
Orla1 ® ... ®ay) = [0z logay]a1 @ ... ®ap_1, (C.3)

and similarly for 0z. It is easy to see that the tensor

S1 = S[Ei(z,7)] ® <1 - ;) ® (zz) + S[E2(z,z)] @ (1 — 2Z) @ (x) (C.4)
solves the equation (C.2). However, S; is not integrable in the pair of entries (6,7), and
so Sp is not yet the symbol of a solution of the differential equation. In order to obtain
an integrable solution, we need to add a solution to the homogeneous equation associated
to eq. (C.2). The homogeneous solution can easily be obtained by writing down the most
general tensor Sy with entries drawn from the set {z,z,1 — z,1 — Z,1 — 2z} that has the
correct symmetries and satisfies the first entry condition and

0,032 = 0. (C.5)

In addition, we may assume that Sy satisfies the integrability condition in all factors of
the tensor product except for the pair of entries (6,7), because Sy satisfies this condition
as well. The symbol of the solution of the differential equation is then given by S7 4+ Ss,
subject to the constraint that the sum is integrable. It turns out that there is a unique
solution, which can be written in the schematic form

A l—2a = T
S[f(x,z)] :sf®u®u—|—s§®U®u+sg®m®§—|—sj{®§®u
x 11—z x T T
5T QU+ 5T ® —— Qu+tsT RUR =+ 55 ®=® = (C.6)
x 1-2 z T z

+5g®(1—-u)Qu,

+

where s;- are (integrable) tensor that have all their entries drawn from the set

{z,z,1— 2,1 — z} and the superscript refers to the parity under an exchange of z and z.
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The form (C.6) of the symbol of f(x,Z) allows us to make the following more refined
ansatz: as the silL are symbols of SVHPLs, and using the fact that the symbol is the
maximal iteration of the coproduct, we conclude that there are linear combinations
£ (2, %) of SVHPLS of weight six (including products of zeta values and SVHPLs of lower
weight) such that S[f*(z,7)] = s and

A671,1[f(x,§:)] = fi (z,7) ®logu ®@logu + f5 (z,Z) ®logv ® logu

1—

+ f3 (2,2) ®log ;®log%+fj(x,f)®logg®logu

JE ® logu (C.7)

— X

+ /i (@, @) @ logu®log = + fi (¢, 7) @ log 7
+ ff (z,2) ®logv®log% + fs (x,2) ®log§ ®10g%
+ fo (z,7) @ log(l —u) ®u.

The coefficients of the terms proportional to zeta values and SVHPLs of lower weight
(which were not captured by the symbol) can easy be fixed by appealing to the differential

equation, written in the form!©

1

(1 - 2z)az Bsy(z,7)@1@1. (C.8)

(1d®0,®0:) Mg 11 [f (2, 7)) = — Ey(z,7)®101-

(1 —2xx)
The expression (C.7) has the advantage that it captures more information about the
function f(x,z) than the symbol alone. In particular, we can use eq. (C.7) to derive an
iterated integral representation for f(z,z) with respect to x only. To see how this works,
first note that there must be functions Ai(x, T), that are respectively even and odd under

an exchange of x and , such that
Ar1[f(z,7)] = A~ (z,7) ® logu + AT (2, ) ® log % . (C.9)
with

A6,1[A_($7‘T)] = fl_(xv‘i.) ®10gU+f2_($,f) ®10gv+ ff(iﬁaf) ®10g%

I (0, 7) @ log o + fy (r,7) @ log(1 — w), o
10

1—=x

A1 [AT (2, 2)] = f3 (2,Z) ® log + [ (z,%) @ logu

1—z

+f7+(a:,5c)®logv+f8_(a:,:€)®log%.

The (6,1) component of the coproduct of A™(x,Z) does not involve log(1 — u), and so
it can entirely be expressed in terms of SVHPLs. We can thus easily obtain the result for
AT (z, ) by writing down the most general linear combination of SVHPLs of weight seven
that are even under an exchange of x and Z and fix the coefficients by requiring the (6,1)
component of the coproduct of the linear combination to agree with eq. (C.10). In this

10We stress that differential operators act in the last factor of the coproduct, just like for the symbol.
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way we can fix A" (z, ) up to zeta values of weight seven (which are integration constants
of the original differential equation).

The coproduct of A~ (z,Z), however, does involve log(l — u), and so it cannot be
expressed in terms of SVHPLs alone. We can nevertheless derive a first-order differential
equation for A~ (x,z). We find

0.A(2,7) = - [fi (0,8) + S (0. 2)] — -2 [fy (@) + /i (2, 7)
ST e (C.11)

The solution to this equation is

A" (z,z) = h(Z) + /w dt K(t,z), (C.12)

xT

where h(Z) is an arbitrary function of . The integral can easily be performed in terms
of multiple polylogarithms. Antisymmetry of A~ (z,Z) under an exchange of z and =
requires h(z) to vanish identically, because

T

A~ (2,7) = h(Z)+ / "4t 9,4 (8,5) = h(Z)+ A~ (2, 5)— A~ (3,7) = h(Z)+A~(2,7) . (C.13)

We thus obtain a unique solution for A~ (x, ).
Having obtained the analytic expressions for A% (z,Z) (up to the integration constants
in AT (z,Z)), we can easily obtain a first-order differential equation for f(z,z),

0, f (2, 7) = %[A‘ (2, %) + AT (2, 7)) (C.14)

The solution reads

o, 7) = / %A—(t,z) b AT 3. (C.15)

The integral can again easily be performed in terms of multiple polylogarithms and the
antisymmetry of f (z, ) under an exchange of x and T again excludes any arbitrary function
of Z only. The solution to eq. (C.14) is however not yet unique, because of the integration
constants in A1 (z,z), and we are left with three free coefficients of the form,

(c1Gr+e2G5C+e3Cas)log % : (C.16)

The free coefficients can be fixed using the requirement that f (z,x) be single-valued (see
the discussion in section 7). Alternatively, they can be fixed by requiring that f (z,z) be
odd under inversion of (z,Z) and vanish at x = Z. We checked that the resulting function
agrees analytically with the result derived in section 7.

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License which permits any use, distribution and reproduction in any medium,
provided the original author(s) and source are credited.
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