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ABSTRACT: We study the symbol and the alphabet for two-loop NMHV amplitudes in pla-
nar N = 4 super-Yang-Mills from the Q equations, which provide a first-principle method
for computing multi-loop amplitudes. Starting from one-loop N?MHYV ratio functions, we
explain in detail how to use Q equations to obtain the total differential of two-loop n-point
NMHYV amplitudes, whose symbol contains letters that are algebraic functions of kinematics
for n > 8. We present explicit formula with nice patterns for the part of the symbol involv-
ing algebraic letters for all multiplicities, and we find 17 — 2m multiplicative-independent
letters for a given square root of Gram determinant, with 0 < m < 4 depending on the
number of particles involved in the square root. We also observe that these algebraic letters
can be found as poles of one-loop four-mass leading singularities with MHV or NMHYV trees.
As a byproduct of our algebraic results, we find a large class of components of two-loop
NMHV, which can be written as differences of two double-pentagon integrals, particularly
simple and free of square roots. As an example, we present the complete symbol for n =9
whose alphabet contains 59 x 9 rational letters, in addition to the 11 x 9 independent
algebraic ones. We also give all-loop NMHV last-entry conditions for all multiplicities.
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1 Introduction

Scattering amplitudes are central objects in fundamental physics: not only do they play a
crucial role in bridging theory to high energy experiments such as Large Hadron Collider,
but they also provide new insights into Quantum Field Theory (QFT) itself. Tremendous
progress has been made in unravelling hidden mathematical structures of perturbative scat-
tering amplitudes, especially in planar ' = 4 supersymmetric Yang-Mills theory (SYM)
at the (all-loop) integrand level (cf. [1-3]). Moreover, it has become an extremely fruit-
ful playground for new methods of evaluating multi-loop Feynman integrals, which is a
subject of enormous interests by itself (cf. [4-6] and references there in). Along these fasci-
nating directions, we have discovered numerous new structures of the theory (and in many



cases also for more general QFT), and it is conceivable that we will have more and more
important understandings for both integrands and integrals.

However, it is clear that there are major obstacles ahead when we go to sufficiently
high loops and/or multiplicities. For example, we encounter transcendental functions that
go beyond generalized polylogarithms [7, 8]; even at two loops, it becomes more and more
difficult to perform loop integration due to the rapid growth of complexity at higher mul-
tiplicity. More importantly, remarkable properties and simplicity of the final answer are
sometimes obscured at integrand level or for individual integrals. It is thus tempting to ask
for some alternative methods for computing multi-loop amplitudes, avoiding all the works
of integrands and integrals, for higher loops and multiplicities.

One alternative is to use integrability of the theory [9], which is believed to determine
among other quantities scattering amplitudes (or equivalently light-like Wilson loops) for
any value of the coupling [10]. In principle all-loop amplitudes can be determined in this
way, but in practice it is rather difficult to extract complete loop amplitudes as an analytic
functions, and the state-of-art method is to use these results as powerful constraints on
amplitudes. The most formidable progress for computing multi-loop amplitudes so far
is through the hexagon and heptagon bootstrap program, which has exploited constraints
from integrability very successfully [11-16]. The first non-trivial amplitude in planar N' = 4
SYM, the six-point amplitude (or hexagon) has been determined through seven and six
loops for MHV and NMHYV cases respectively [17], and similarly the seven-point amplitude
(or heptagon) has been determined through four loops for these cases respectively [18, 19].
This bootstrap method has been extremely powerful for n = 6,7, but so far it has not been
extended to n > 8 (octagons etc.), which are expected to be much more intricate. Despite
all the progress on integrability and bootstrap, it is natural to ask the following question:
is there an independent method for computing, at least in principle, scattering amplitudes
of all loops, multiplicities and helicity sectors?

It is well known that scattering amplitudes in planar N' = 4 SYM enjoy both super-
conformal and dual superconformal symmetries [20-22], and they close into the infinite-
dimensional Yangian symmetry which underpins integrability of the theory [23]. In [24],
based on the dual Wilson-loop picture, exact equations obeyed by the all-loop S-matrix
were derived by determining the quantum corrections to the generators of Yangian sym-
metry acting on the Bern-Dixon-Smirnov (BDS)-renormalized S-matrix [25]; the equations
consist of @ equations for dual superconformal symmetry, and level-one generators Q)
which are given by the parity-conjugate [24]. One answer to the question above is that
by exploiting these anomaly equations, we have a first-principle method for recursively
computing all-loop scattering amplitudes for all n» and k, which bypass loop integrands
and integration altogether! Technically it is still very difficult to perform the recursive
calculation explicitly for higher loops, but we would like to emphasize that there are no
conceptual obstacles and everything boils down to solving first-order differential equations
with sources from lower-loop amplitudes, as we will review shortly.

The basic idea of computing amplitudes using anomaly equations is to convert the
anomalies to total differentials, in terms of collinear integrals of lower-loop amplitudes
with higher n and k [24]. In all calculations using these anomaly equations so far, only
half of them, namely the Q equations, have been used, which can already uniquely deter-



mine MHV and NMHV amplitudes given lower-loop ones. No serious attempts have yet
been made to include both sets of equations, which would allow us to compute amplitudes
with £ > 2 and in turn MHV and NMHV amplitudes at higher loops, thus significantly
push the limit of this method. Within the limitations of @ equations, the first application
of the method has produced the complete symbol of two-loop MHV for all n, two-loop
NMHYV heptagon, and three-loop MHV hexagon [24]; for external kinematics in two di-
mensions,all two-loop NMHV and three-loop MHV amplitudes have been computed using
Q equations [26]. Moreover, the equations can provide all-loop constraints on scattering
amplitudes which have proved to be very useful. As we will show shortly, without doing any
loop-specific computations, @ equations provide the so-called last entry conditions for the
symbol [27-29] of not only MHV, but also NMHV amplitudes to all loops and all multiplic-
ities," and for n = 6,7 they have been exploited in the hexagon and heptagon bootstrap.

A crucial assumption for the hexagon and heptagon bootstrap is that the collection
of letters entering the symbol, or the alphabet, consists of only 9 and 42 variables known
as cluster coordinates [30], and the main challenge starting at n = 8 is the lack of control
for the symbol alphabet. The cluster algebra of G4 (4,n) for n > 8 becomes infinite type
and it is unclear which letters can appear for L-loop N*MHV amplitudes (see progress
on analysis based on Landau equations [31, 32]). In addition, a new feature for n > 8 is
the appearance of algebraic letters which can no longer be written as rational functions
of momentum twistors [33]. It is of great interests even at two loops to understand the
symbol alphabet and in particular what algebraic letters appear for n > 8.

In our recent paper [34], we have computed the symbol of two-loop NMHV octagon
using Q equations, as the first example of multi-loop amplitudes with algebraic letters. We
have determined the alphabet of two-loop NMHV octagon, which consists of 180 rational
letters and 18 algebraic ones that are independent under multiplicative relations. The
n = 8 alphabet of algebraic letters [34] has been explained and conjectured to hold to
higher loops using mathematical construction based on tropical Grassmannian [35, 36]
(see related ideas on positive configuration space [37]). More recently, these 18 algebraic
letters have also been obtained from studying n = 8,k = 2 Yangian invariants or leading
singularities [38, 39] (see earlier works on “cluster adjacency” properties of rational letters
based on poles of Yangian invariants [40, 41]). It is tempting to ask if we can extend all
these results on algebraic letters and the symbol to higher multiplicities.

In this paper, we systematically derive such all-multiplicity results using @ equations,
both at two-loop and all-loop orders, for NMHV amplitudes. Our results can be divided
into three parts. First, since Q equations alone determine the total differential of MHV
and NMHV amplitudes, the last entries of their symbols directly follow. The famous MHV
last-entry conditions [42] follow from a simple residue computation on NMHV Yangian
invariant [24], without specifying loop orders. We will show that by the same residue
computation on all possible N2MHYV Yangian invariants, we obtain the complete last-entry
conditions of n-point NMHV amplitudes, which we expect to be valid for all loops.

'Recall that MHV and NMHV amplitudes are expected to contain only generalized polylogarithms of
weight 2L at L loops [2].



As the main results of the paper, we present the Q calculation for the “new” part of two-
loop n-point NMHYV that contains algebraic symbol letters. By showing how to compute
the action of collinear integrals on four-mass boxes of one-loop N?MHYV, we determine the
algebraic part of the symbol. All algebraic letters are grouped according to what “four-
mass” square root A, . 4 they contain: we find exactly 17 —2m multiplicative-independent
algebraic letters for each A, where 0 < m < 4 is the number of corners of the four-mass
boxes that has only two particles. The most generic case is when all four corners contain
more than two particles, i.e. m = 0, we have 17 independent letters which at least depend
on 12 particles, a—1,a,a+1, ---, d—1,d, d+1; other cases with m > 0 are degenerate ones
where some of the labels coincide. It nicely generalizes the 9 independent algebraic letters
for n = 8 [34] with m = 4. Moreover, we find that the symbol for this algebraic part can be
written in a compact form: all new algebraic letters only appear in the third entry, and the
first two-entry are the symbol for corresponding four-mass box; these weight-3 functions
are also interlocked with specific (rational) last entries.

Two interesting observations can be made about our results on the algebraic alphabet
and words. First, we will show that all the algebraic letters can be interpreted as “letters”
or poles of one-loop four-mass leading singularities with four trees that are either MHV or
NMHYV, which generalizes results for n = 8 in [38, 39]. Moreover, we find a large class of
components of two-loop n-point NMHV amplitudes, which are absent of algebraic letters.
They are the simplest NMHV components, which are coefficients of x;x;xxx; for any non-
adjacent i, j, k,l, and we show that they are completely free of square roots! Any such
component can be written as the difference of two (cyclically related) double-pentagon
integrals [43], connecting our result to these important two-loop integrals.

Finally, as the computation is straightforward but tedious for the remaining part which
is independent of any algebraic letters, we content ourselves by presenting explicit symbol
for n = 9. We find precisely 59 x 9 rational letters in addition to the 11 x 9 independent
algebraic letters. Almost all rational letters are predicted by Landau equations except
for one cyclic class, and we expect similar results for the rational alphabet extends to all
multiplicities. We also show that all the algebraic letters are consistent with the rational
letters in the sense of Landau analysis.

The paper is organized as follows. In section 2, after a quick review of Q) equations, we
move to list the complete collection of last-entry conditions for n-point NMHV amplitudes
to all loop orders. In section 3, we show how to compute the action of collinear integrals
on four-mass boxes of the one-loop N2MHV amplitudes, which allows us to compute the
algebraic part of the two-loop NMHV amplitudes. In section 4, we present the 17 — 2m
independent algebraic letters after finding all the multiplicative relations they satisfied;
we make a observation connecting them to one-loop four-mass leading singularities; we
also give the nice patterns of how these algebraic letters appear in the symbol, and the
implication for a large class of components. In section 5, we present the full symbol of
two-loop n = 9 amplitudes including the complete alphabet.



2 Last-entry conditions for NMHYV amplitudes from Q equations

2.1 A lightning review of Q equations

The infrared divergences of scattering amplitudes in planar N' = 4 SYM exponentiate [44],
which can be captured by the famous BDS ansatz [25]. For the n-point, N\MHV am-
plitude A, j, we define an infrared-finite object, the so-called BDS-normalized amplitude
Ryr = A /AEDS. Ry, 1. is dual conformal invariant and enjoys a chiral half of the dual
superconformal symmetries, but it is not invariant under the action of the other half [24]:

_ n 0
Qz? = ZX? a (2'1)
= 0Z;

where Z; and y; are the bosonic and fermionic part of the super momentum-twistor

Z = (Z21x) = (A8, 28 Nial 07 M) (2.2)
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with dual super coordinates (z|¢). The remaining unbroken SL(4|4) dual superconformal
generators include the “good” chiral half Q4 = >/, Z%0/ 8)@4, the bosonic generators
K¢ =" ,2780/0Z? and the R symmetry ones Ra = 7, x£9/0xP.

Thus super momentum-twistors make dual superconformal symmetry manifest, while
the usual superconformal symmetry acts via level-one generators [45]. The most basic SL(4)
invariants that one can build from bosonic momentum-twistors are the Pliicker coordinates
of Gr(4,n): (ijkl) := 5adeZZ@ZJbZ,§Zld. Using supersymmetric momentum-twistors, one can
build dual superconformal invariants or even Yangian invariants, which are most generally
written in terms of contour integrals inside positive Grassmannian [2, 46, 47]. For example,
the most basic Yangian invariant, which were originally called the R invariant [21, 48], reads

SO (x A (jklm) + cyclic)

(g R Em] 2= Ty Gk et (imig) (migk)

(2.3)

It is antisymmetric in the five particle indices and satisfy the so-called six-term identity
[igklm] + [jklmn] + [klmni] + [lmnij] + [mnijk] + [nijkl] = 0. (2.4)

They are the most general Yangian invariants for £ = 1, and for general k, such Yangian
invariants are leading singularities of loop amplitudes, including BCFW terms appearing
in tree amplitudes. The NMHYV tree amplitude, which we use shortly, is simply given by a

tree __

sum of them: R 5® =

EKj[l ii+17 j+1] (one can replace label 1 by any other label here,
which gives the same result).

One of the main results of [24] is the following anomaly equation for the Q) generators:
it has been argued based on a Wilson-loop analysis that @Q of the amplitude is given in
terms of an integral of higher-point one with fermion insertion (which increases k) in the
collinear limit, and by taking into account @Q of the BDS ansatz we have:

T=00

NA 1 2|3 4 tree :
Qo Rni = ZFmsp Res.—o (d Zn+1)a [Rpt1k+1 — Rn,kRn+1,1] + cyclic,  (2.5)

=0



where I'cysp is the cusp anomalous dimension [49] and “cyclic” denotes the n—1 images of
the foregoing term under the rotation 1 — 2 — --- — n — 1. Eq. (2.5) is conjectured
to hold non-perturbatively [24]. On the r.h.s., we have shown the term with particle n+1
added in collinear limit with n, and its (super-) momentum-twistor 2, is parameterized

by €, T:
Zpi1 = Zp — €2y 1+ CerZ) +C'é 2y, (2.6)
with C' = % and C' = % The integral measure [(d?32, 1) consists of

the bosonic part (d%Z,11)s = €apeaZly1dZ5,1dZ%, | and the fermionic part (d®xn41)7;
using (2.6) the bosonic measure can be written as

C(n)q Rese_o/ede/ooo dr (2.7)

with (7)q := (n—1n1),. Thus computing the Q anomaly is straightforward: after perform-
ing the 3-fold fermionic integration over x,41, taking the collinear parametrization (2.6)
for both Z,, 1 and the remaining x,11, the notation Res.—¢p means to extract the coefli-
cient of de/e under the collinear limit of € — 0, and finally we integrate over “momentum
fraction” 7 from 0 to co. As shown in [24], precisely the difference of the two terms in
the bracket ensures that the r.h.s. of (2.5) is finite: not only do possible log e divergences
cancel, the combination is also free of endpoint divergences for the T-integral, which serve
as important consistency checks of the calculation.

In practice, we can make enormous progress by expanding (2.5) perturbatively: it

relates the anomaly of L-loop amplitude, RgLle, to lower-loop ones such as Rﬁﬁr_lllg 41 and
RSZL,; U The next question is if we can use the anomaly to determine the full amplitude,

and this amounts to solve (2.5) which can be viewed as a collection of first-order dif-
ferential equations. From a “modern” perspective (cf. [50]), the right thing to do is to
replace the Grassmann variables by differentials of momentum twistors (which are also
anti-commuting) [51] ! — dZ# for i = 1,2,--- ,n, and we have identified the index of dZ
with the R-symmetry index; by taking the trace of the operator > ; dZZ-A(?/ 0Z{ we have
that ng}g is given by the r.h.s. of (2.5) with the same replacement x; — dZ;.2

The remaining task in solving the differential equations is just to determine the “kernel”
of @ (or d if we make the replacement). As shown in [24], for N'MHV amplitude with
k > 2, the kernel of @ does involve non-trivial dual conformal functions, thus Q-equation
can not determine the result uniquely without supplement with the parity-conjugate, Q)
equations (with both Q and QM) equations, the kernel must be linear combination of
Yangian invariants which can be determined in turn by collinear limits etc.). However, as
we will see that for NMHV (and MHV) amplitudes, (2.5) is very powerful as the kernel is
essentially trivial, and it alone allows us to compute the differential of R£LL/<); with £ =0, 1.

For MHV amplitude, which is a function of bosonic momentum twistors (no Grassmann
part), the only function that can be annihilated by Q or d is a constant. For NMHV cases,

2Note that when we take the differential of the usual super-amplitude, it is understood that the differen-
tial d only acts on transcendental functions, not on the coefficients which are Yangian (thus Q) invariants.
This is consistent since after we do the replacement xy — dZ for these Yangian invariants, they become
differential forms that are closed.



the Qg‘ operator has a non-trivial kernel since

QA <[12345] log 8;23) =0. (2.8)

Nevertheless, one can prove that the Q4 can never annihilate a function of
form [ijkim]F(Z) where F(Z) is a conformal invariant function of bosonic
momentum-twistors [24]. Thus, @ equations (2.5), with the supplement of dual confor-
mal invariance, can determine the differential of NMHV amplitudes on their own.

2.2 Last-entry conditions for all-loop NMHYV amplitudes
It is expected that MHV or NMHV BDS-normalized amplitudes admit a schematic form

nk 01—2 kOlI (2.9)

where Y, ;; denote the loop-independent Yangian invariants (recall Y;, z—o = 1 and all Y}, j—;
are given by R invariants of the form (2.3)), and Z(*/)’s are linear combinations of gener-
alized polylogarithms of weight 2L. They can be defined by 2L-fold iterated integrals [52]

dt
t—a1

Glar, ..., asp; 2) :/0 Glag, ..., as:t), (2.10)

with the starting point G(z) := 1. It is straightforward to see that the differential of a

2L)

generalized polylogarithm Ié of weight 2L satisfy

dzRh) = ZI AL~ qlog s (2.11)

where Z2L=1 are some generalized polylogarithm of weight 2L—1. Then, one can introduce
a symbol map for generalized polylogarithms by recursively defining

ZS TP ) @ 56 (2.12)

with S(log a) := a. We call sg’s generated in this way the symbol letters, each tensor prod-
uct consisted of letters the word, and the collection of all letters the
symbol alphabet [27, 53].

Now, it is natural to write the differential of NMHV or MHV L-loop amplitudes as

ngfgzm =3 V%o dlog(ss) Io(fg‘l) . (2.13)

To derive (2.13) from Q equations (2.5), we use the fact that the r.h.s. of (2.5) consists of
terms of the form Y, {1 p41 FniLl_Q).?’ A remarkable feature of the integral Res.—q | d2|3Zn+1

3For k > 0, we do not assume the transcendental functions F' to be generalized polylogarithms, but we
still schematically put a “weight” 2L—2 for such functions at L—1 loops. In turn, just from Q equations
we cannot prove NMHV amplitudes must be generalized polylogarithms without inspecting structures of
N2MHV amplitudes on the r.h.s., though we expect this to be true.



is that the fermionic integral [ d3xn+1 and residue Res.—g part can be performed on Yan-
gian invariants Y,y x4+1 independent of transcendental functions F’s. One may worry
about the log”~! e divergences arising from the collinear limit of but the divergences are
always canceled after integrating over 7, as shown in [24]. For MHV (k = 0), the effect of
Resc—o [ ede [ d3x,11 yields terms of the form

Qlog EZ?) X /dlog fij(T) Frga(r,e = 0) (2.14)

with some rational function f; j(7) for each term. The last step is trivial for MHV: we can
simply replace X{L‘ in Qf with dZZ-A then take the trace to obtain the external derivative
d:= 3, ,dZy0/0Zf, which reproduces the well-known MHV final entries d log(i—114i+1 j)
after collecting all cyclic terms. The one-dimensional integrals for FT(L%FLIQ) gives weight-
(2L—1) functions in (2.13).

For NMHV (k = 1), the effect of Resc—q [ ede [ d3x,+1 on N2MHV Yangian invariants,
Y412 on the r.h.s. of (2.5) gives a list of possible Y}, 1 in (2.3) times final entries as

o Qlog(aa) € {[z‘jklm] Qlog <7_ﬂ>} (2.15)
’ (nJ)

where I, J can generally be intersections of momentum twistors of the form e.g. (ij) N (kim)
(see [1, 43]). To obtain the differential of R, ; in this case, the naive replacement above
has an ambiguity due to the existence of non-trivial kernel of @Q, which always take the
form (2.8). Nevertheless, since the kernel of () can not contain non-trivial functions of
dual conformal invariants (DCI) in this case, the replacement x; — dZ; has no ambiguity
once we convert the arguments of Qlog to DCI by adding “0” of the form (2.8). It is a
straightforward but tedious algorithm to arrive at such a manifestly DCI form, which gives
the final answer for dR,, ;.

To obtain all possible last entries for NMHV amplitudes, one needs to consider the
action of [ d?B 2,1 on all possible N2MHV Yangian invariants. Unlike the unique type
of NMHV Yangian invariant (2.3), there are 14 distinct N2MHV Yangian invariants up
to cyclic rotations [2]. Apart from the algebraic leading singularities of four-mass boxes,
which we will discuss below, the other 13 of them are all rational, for which the effect
of Resc—o [ ede [d®xpy1 is given in appendix A. Now we list all the NMHV last-entry
conditions by applying the operation all these 14 types of invariants.

We have obtained three types of last entries (dressed with NMHV Yangian invariants).
First, we obtain last entries of the form

[abede] @ log i) (2.16)

By considering six-term identities (2.4) and relations of the form (2.8) we see that there
are (n —4)(",;") — ("3°) such last entries.*

4This counting comes from the fact that the number of independent R-invariants is ("21), the number of
(ni)
(ng)”

independent Q log % is n—4, and there are ("7

5 3) vanishing combinations of form [n—1n11i5)Q log



The second type of last entries we obtain are

(1(n—1n)(i1d2)(i3 i4))
(i) (Liginia)
(n—1(n1)(iy d2)(i3 ia))
(i1 (n—L inizia)
(n(1n—1)(i1i2)(i314))
(i) (m iizia)

[1 il ig i3 i4] Q log

[i1243i4n—1] Qlog (2.17)

[il ig ig i4 n] Q log

where 1 < i1 < iz < i3 < iy < n—1, and we abbreviate (a(bc)(de)(fg)) := (abde){acfg) —
(acde)(abfg). There are 3("23) such last entries.
Finally, we have the third type of last entries

..... = (n(i1i2) N (igiais)) L (n(i112i3) N (i4i5))
<ﬁi1><i2’i3i4i5> <ﬁi1><i2i3i4i5>

., (2.18)

where 1 < i1 < i9 < i3 < i4 < i5 < n—1, and we have 2(”53) of them.

By considering cyclic rotations, we see that altogether there are 42(2) last entries.
However, since () has a non-trivial kernel, we need to turn the arguments of @ log into
dual conformal invariants (DCI): this has already been done in the second and third cases,
but we need to do it for the first case. This is realized by expanding the last entries on the
basis which has the minimal number of the basis vectors that are not DCI. After then, the
coefficients of these basis vectors automatically vanish due to the dual conformal invariance
of amplitudes. To see this, we temporarily introduce equivalence relations leQlogU ~
0, where v is a DCI. Since [cde f g]Qlog para) [cde f g]Qlog {ika) o475 introduce

(pqrb) (ikby
the abbreviation ( >
~ pgra
ab;cdefg| = |cde f g]Qlo . 2.19
absedefo] = fede f g Qlog L0 (219)
It is easy to see that [ab;abede] ~ 0 by adding “0” of the form (2.8),
51 (PTa) = {pgra)(bede)
abcedel@Qlo =labcde]@Qlog —————— ~ 0,
abedelQlon 1) = 10118 10t (aede)

and

[ab; cde fg] ~ [ac; cdefg] + [cb; cdefg],
[ab; bede f ~ [ab; hede f] — [ab; bhde f] + [ab; cdhef]
— [ab; cdeh f] + [ab; cdefh],,

where the six-term identity (2.4) has been used in the second relation, especially
[ab; bede f] ~ [ac; bedef] and [ab; bede f] ~ [ab; acdef]. By repeated use of such relations,
all [%;%] can be expanded on a basis {[ab;bcden],1 < a <b<c¢<d<e<n—1}. As
mentioned, all the coefficients of these basis vectors, which are weight-(2L—1) functions,
must vanish. After removing them, we obtain 42 (g) — ("gl) last-entry conditions for all-
loop NMHV BDS-normalized amplitudes. This reduces to the last-entry conditions given
in [34] for n = 8.
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Figure 1. The four mass box and four mass leading singularity.

3 The action of collinear integrals on the four-mass boxes

3.1 A quick review of box expansions in N' =4 SYM

According to @ equations (2.5), we need the one-loop N?>MHV amplitudes as the input in
the computation of 2-loop NMHV amplitudes. Such data are available from the familiar
boz expansion [54, 55]. Let us quickly review this result and setup some notations.
Because the scattering amplitudes in NV = 4 are free of UV divergence, one-loop
amplitudes can be expanded in a basis of box integrals I, . involving four inverse loop

momentum propagators x%a, x%b, :v%c and x%d:

-1
‘A711,I<c:)0p = Z ﬁa,b,c,dla,b,c,d (3.1)

1<a<b<e<d

with the leading singularities L, . q as the coefficients. The most generic terms are the so-
called “four-mass” box, i.e., all four mass corners {{a,...,b—1},{b,...,c—1},{c,...,d—1},
{d,...,a—1}} involve two or more particles, (see figure 1). For such terms, the box integrals
I, pc.q is free of any divergence and can be evaluated to weight-2 polylogarithms:

I = [ dipg——acbd—_ — _Lj Lis(2) — = log(22)1 ( ) 3.2
abcd / xOSU(%aﬂC%bﬁ(Q)C?U(Q)d ia(z) + Liz(Z2) 5 og(2Z) log 1—3 (3.2)
where
2,2 2.2
= xgbxgd , vi= :Egcx‘é“ , A= \/(1 —u—v)?—4uv. (3.3)
LacTpq LacLpd
1 1
z:§(1+u—v+A), 5=§(1+U—U—A)- (3.4)

The subscript a, b, ¢, d will be restored to indicate the specific box when necessary, otherwise
suppressed. The coefficient L, .4 for each four-mass box is the sum of products of 4 tree
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amplitudes and the N°MHV “four-mass” Yangian invariant [2]
Ak’l (aia Ay b_1> Bi)
XAk’ (B:b by~ ,c—1, ’Y:I:)
Laped= :
bed Zz:t: XAk3(7i767"' 7d_1a6:|:)
XAk4(5:t; d, .. ,a—l, Ozi)
l—u—v+A
>< e —

-1 -1 -1 -1 .
5A [ax,b—1,b,c—1,c]|[ys,d—1,d,a—1,al (3.5)

where the first sum is over all sets of four tree amplitudes satisfying Y%, k; = k—2, and
the second sum is over the two solutions of the Schubert problem

a=(a—la)N(dd—1%), v=(c—=1lc)n(bb—1a), (3.6)
g=(bb—1)N(c—1c9), 0= (dd-1)N(a—1ap).

The other terms in the box expansion (3.1) can be obtained from the general four-mass
boxes by taking one or more mass corners massless (say, b — a+1). The coefficients L ¢4
vary smoothly in this limit. However, the box integrals become divergent and must be
regulated. There are several regularization schemes, say dimensional regularization [55] and
Higgs regularization [56]. Here we follow a dual conformal invariant regularization scheme
introduced in [57]. In this regularization, the infrared finite and regulator-independent
BDS-subtracted S-matrix R, ; at 1-loop reads

1
R = 3 (Laped — AWV (3.8)

1<a<b<e<d

where IEE’ ¢4 denote the finite part of DCI-regulated box integrals; Llﬂ{cv 4= 0,1 are 1-loop

MHYV box coefficients. The reader who is interested in the other coefficients L, .q and
DCl-regulated box integrals is urged to see [57] for a detailed discussion and a complete list.
For our purpose, we only need k = 2 thus the 4 tree amplitudes in (3.5) are all MHV
with Ai—g = 1, and we are left with the last line, which we denote by f:b, ed for the two
solutions. An important point we want to emphasize here is that all boxes other than
four-mass ones are totally free of the square root A, since the corresponding u and/or v
vanish. The d2|32n+1 integration for these boxes can thus be easily performed without
any obstacle. However, the d2|3Zn+1 integration for four-mass boxes are non-trivial due
to the existence of the square root A. In the rest of this section, we will work out on the
prescription for four-mass boxes and obtain algebraic part of the two-loop answer.

3.2 The prescription for four-mass boxes

Now we consider how d?P 2, acts on N2MHV four-mass boxes with coefficients, and it
is easy to see that only two kinds of f;tb o.q Survive: flib end1 be;n With corners

{1,...,0=1},{b,...,c—1},{c,...,n—1},{n,n+1}}, (3.9)

1Lab,e;n+1 With corners

{Ha,...;0=1}{b,...,c—1},{c,...,n},{n+1,...,a—1}}. (3.10)

+
and fa,b,c,n+
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Since Ajp.n become rational in terms of momentum-twistors under the collinear limit
Zn+1 — Zn, it is straightforward to see that no square root remains, and we have

2|3 +
ZRGSEZO/d | Znt1 fl,b,c,n
+

_ 5 (n2)
= /dlogTQlog AO—10) N (c—lcn)>[b_1 bc—1cn] (3.11)

and

2 .2 2 .2 2 2 .2
. . 5. 1 x5 T 1T i, T
lim Il b = — L12 1— 1b7en + = ]Og “2n"1n—1"bc +2 IOg € log 1% cn
7 7 0,6, 2 .2 2 2 2 .2 2 .2
nt+1—%n :L'lc.%'lm $2n713}1c$bn 1ben

Note that the divergence of log € and 7-integration will be cancelled in the final answer.

However, for the second kind of boxes, after taking the collinear limit Z,+1 — Z,,
the square root A remains and we do not have a rational functions of 7. To perform the
T-integration, we need rationalizing these 7 integrands first. In other words, we need to
find a variable substitution #(7) such that A% in terms of ¢ is a perfect square. Since A2
is a quadratic polynomial in 7 (after factoring out a perfect-squared denominator), this is
just a classical problem to find a rational parameterization of a quadratic curve. For the
rational curve defined by

v’ =a2? +ar+b, (3.12)

If there is a rational point (x.,y.) on this curve,5 then we can insert y = y, + t(x —
z4) in eq. (3.12) to work out the rational parameterization z(¢) and hence y(¢). For a
more comprehensive treatment of rationalizing roots in Feynman integrals, we refer the
reader to [58, 59].

For our problem, there are two kinds of obvious rational points, one with u(7.) = 0
and the other with v(7,) = 0. In what follows, we will denote these two points as 7, and 7,.
Depending on the values of 7, and 7, the second kind of 4-mass boxes can be decomposed
into 4 classes further:

. 22 2 x2 x?
(i) a>2and c<n—1: Ty = — 5232, Ty = — 52
Ty T3y L1a%3n
B x2 IQ
(ii) @ > 2 and ¢ = n—1: Tu=0, Ty = — 5233
xlamBn
2 2.
(iii) a =2 and ¢ < n—1: Ty = — 532, Ty = 00
Ty T3y
(iv) a=2and ¢ =n—1: Tu=0, Ty = 00 .

Case (i) is the generic case, which first appears for one-loop 10-point N2MHYV. Case (ii)
and (iii) are two special cases of Case (i), both of which first appear for 9 points, and Case
(iv) is the most special case which first appears for 8 points. Let us consider Case (i) first:

By a rational points (., y.) we mean x.,y. € Q(a,b).
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Case (i): 2<a<at+l <b< b+l <c<n—1. The d2‘3Zn+1 integration for such
boxes will introduce two square roots

A = \/(1 —uy —v1)? —4dugv A, = \/(1 — Uy, — V)% — dupu, (3.13)
where
2 .2 22, 22 2 .2 2 .2
U = L1aTpe _ LapLel _ LabLen _ Lhelna (3 14)
1_x2x2’ a2 " a2 p2a2 '
1b 1b bn ac”bn

Similarly, we have z1,z; and z,, Z, as in eq. (3.4). In terms of these new variables, there

are two rational parameterizations

(t—ur (I —up—Ay)) (t —ur (1 —up+Ay))
(t—vn(1—v1 — A1) (t—vp (1 —v1 +Ay))

(3.15)

T="Ty

and (t—v1 (1= vn — An)) (= 01 (1= 0 + Ay))

-

= up (1 —up — A1) (t—up (1 —up +Ay))
based on the rational points 7, and 7,, respectively. By using the first parameteriza-
tion (3.15), the d?¥ 2, integration for the sum of f;tbcnﬂ gives

T =

(3.16)

ReSE:O/ﬁdde/dX§z+1 (Fipensr T Tapent1)

— urvn (14 22.) ~
= [ dlog —lab-1b 1 c— -1
/ 8 wron (1= 2g0) [a—1a cJQlogx. — (¢ +» c—1)

t—uivy (14 2xy)

Un (1 - 2yb)
t—ugvy, (14 2x,)
t —ujvp, (1 — 2y,)

+dlog [a—labc—1c]Qlogxy — (b <> b—1)

+dlog [ab—1bc—1c]Qlogx, — (a ¢ a—1)

+dlog = u;:?fﬁ 50 )log <T2:Lc>1> [a—1ab—1b(c—1c¢) N (n)]
+dlog (t - ulanJ_rZ> Qlog <Tz7ja>1> [(a—la)N(n)b—1bc—1¢], (3.17)

where (i <> j) denote the exchange of particle labels i and j of the foregoing terms, and
n(b—1b)(c—1c)(n—11)){(a—lac—1c

_ )

~ (n(a—1a)(c—1¢c)(n—11))(b—1bc—1c)’
_ (n(b— 1b J(c—1¢)(n—11)){(a—1ab—1b)
- )

n(a—1a)(b—1b)(n—11))(b—1bc—1c)’
S (n(c— 1c) (ab—10)) . (a—1ab—1b){ac—1cn)
“ (n )<b lbe—1c) 7% A{a(b—1b)(c—1c)(na—1))’
_ (n(c=1c)N(a—1abd)) _ (a—1ab—1b){(bc—1cn)
T a—1a)N(be—1c)) 7 la—labn)(b—1bc—1c)’
o — (nc)y(a—lab—10b) (c(a—=1a)(b—1b)(c—1n)) (3.18)

" (nla—la)N (b—1bc))’ Ye = (a—lacn){(b—1bc—1c)
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Note that, the R invariant [(a—1a) N (n)b—1bc—1¢] in eq. (3.17) should be understood
as the R invariant [Ib—1bc—1c] with I = Z,_i(an) + Z,(na—1) rather than I =
Zp—1(nla—1la) + Z,(la—lan) + Zi(a—lan—1n), similarly for the R invariant
[a—lab—1b(c—1c) N (n)]. This kind of R invariants can be expressed as the R invari-
ants without any intersection by using of the six-term identity (2.4) and

<b1a1a2a3> <b2010203>
(c1c9e3b1) (baajazas)

-1
[a1a2a3b1 (blbz) N (618203)] = (1 + ) [alagagblbg] . (319)

The box integral under this collinear limit in terms of ¢ becomes

. s o1 - 1-¢
oJm Tapeni = Lis(Q) = Lia(O) + 5 log(¢)log —¢ (3.20)
where -
_ t—ulvn, ‘= <V> t 4 urv, (1 — 2u) ' (3.21)
t+ urvp w) t—ugv,(1+ 2v)

Note that although the 7 integrand becomes rational in terms of ¢, the integration region
for ¢ is either [ui(1 —up + Ap), vn(1 —v1 + Ay)] or [ui (1 —up — Ap), vp(l —v; — Ay)] from
which these two square roots enter the final result, as in [34].

For future use, here we also give the result under the second parameterization (3.16):

ReSe:O/EdEdT/dX%H (f;fb,c,nﬂ + fabentt)

B /dlog t —upvr (1 +22,1)

—lab—1bcQloga,t — (¢ ¢ c—1
t—unvl(1—2y21) [a—1a c|Qlogx, (c+ c—1)

l[a—labc—1dQlogz, ! — (b4 b—1)

a 9 -1
+dlo w12y ]) [ab—1bc—1c|Qlogx,” — (a <> a—1)
v\ = nc—1
+ dlog (t — UpV1 ~+ Z) Qlog (rzc > ) [a—1ab—1b(c—1c) N (n)]
— ne

+(Mogt_F£;;iZ?i2ﬁ)Qlog<?s;;>Ka—la)ﬂ(ﬁ)b—lbc—lc], (3.22)
where
. (n(a—1a)(b—1b)(n—11)){a—1ac—1c)
(n(a—la)(c—1c¢)(n—11)){a—1ab—1b) (3.23)
~ {n(a—1a)(b—1b)(n—11))(b—1bc—1c) '
YT n(b—1b)(c—1¢)(n—11))(a—1ab—1b)

and x4, Yy, etc. are the same as in eq. (3.18). The box integral under this parameterization
has the same form as eq. (3.20) but now with

U\ t+ upv1(1 — 20) - t— upvy

g:1—(~> Foq— Lz tnut (3.24)

i)t —upvr(1+20) t+ unvy

Now the integration region for ¢ is either [v1(1 — v, — Ap), up (1 —uy — Aq)] or [v1(1 — v, +
Ap),un (1l —up + Aq)).
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Case (ii): 2 < a < a+1 < b < b+1 < ¢ = n—1. Unlike the previous case, the
d2|3Zn+1 integration for these boxes only give the square root A; in eq. (3.13), since now

2 .2 2 .2 2 2
T10Th T2, Th Ty X
Uy = ——— 3" L 01:731); L= U, =0, vnzig" ! = . (3.25)
X7 X7 X X Xz
1% an—1 1% an—1 an—1"bn

In this case, the first rational parameterization (3.15) is still available while the second
one (3.16) becomes singular. Thus, the d2|3Zn+1 integration for the sum of f;%b,n_l,n 41
gives almost the same result as in (3.17) with ¢ = n—1 except that the terms with @) log(nc)
have to be modified since now (nc) = 0. A straightforward calculation shows that

t —uyvy, (14 22x,)
t+ ujv, (1 —2y,.)

(nc)y(a—lab—1b)

dlog (n(a—1a) N (b—1bc))

[a—1ab—1bc]Qlog

t — ujop o ~, (ne-1)
dl —lab—1b(c—1 1
dlog =) [a—1a (c=1¢) N (n)]Qlog i
Ze—=Zn_1 t—ujop, ~ (nn—2)(a—1ab—1b)
dlog —— " _[a—1ab—1bn—1]Q1 . (3.2
8 @ oy e tab b =lQles e ey - (329)

Note that, the 1-D integral over ¢ for this term now is divergent since the poles of (3.26)
meet with one endpoint of both integration regions. The divergence of this ¢ integration
can be easily removed by subtracting

1 1 2 .2 2
/dlog Tt Lig(1 — vy) + 3 (logT + log W) log vy, , (3.27)
T 13%an—1%hn

which is cancelled in the final result.

Case (iii): 2 = a < a+1 < b < b+1 < ¢ < n—1. This case is very similar to
the Case (ii). The d?3Z, ., integration for these boxes only give the square root A, in
eq. (3.13) with

2 .2 2 .2 2 ,..2
=0 _ Toplel _ TopTen _ Tbcton 3.98
uyp =V, V1 = 2 92 n— "9 9 Up = 2 92 ( . )
L1pT2e LoeThn, LoeLpp

Now, the second rational parameterization (3.16) is available while the first one (3.15) is
not. Again, the d2%2,, | integration for the sum of f;fa ent1 8ives almost the same result
as in (3.22) with a = 2 except that the terms with @ log(n a—1) have to be modified since
now (na—1) = 0. A straightforward calculation shows that

t—upvr(1+22,1)) (n(c=1c)N(a—1b—10))

dlog [1b—1bc—1c|Qlog

t—upvr(1—2y,1) (na—1){(b—1bc—1c)
L —upvy _ -~ (na-1)
dl —1,a)N b—1bc—1 1
Talosy + upv1 (1 — 27) (a=1,a) 0 (n) c=1dQlog (na)
Zq1—oZ t—un(2—vp) = (n2){(b—1bc—1c)
dl 1b—1bc—1 1 . 3.29
R Up V1 [ c=1dQlog (n(c=1c)N(1b—10)) (3:29)

Again, the 1-D integral over ¢ for this term now is divergent since the poles of (3.29) meet
with one endpoint of both integration regions. The divergence of this ¢ integration can be
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easily removed by subtracting

: 1 x%i’)x%nxgc
- /dlog(T +1) Lig(1 —v1) + - ( log 5~—5"5°¢ —log T | log vy, (3.30)
2 LoeL1pT3n
which is cancelled in the final result.

Case (vi): 2 =a < a+1 < b < b+1 < ¢c=mn—1. We remark that in fact the last
case does not introduce any square root since

2,2 2 2
T5 T T T
2b**n—11 bn—1%2n
u =0, v=-3F—5"—7, Uy =0, Vp = —5——5, (3.31)
Ty X x x
16*2n—1 2n—1%bn

and we do not need it for the algebraic part. However, for completeness, we present the
result for this case in appendix C.

Having rationalized the 7 integrand, one can easily perform the 7 integration for the
above four-mass boxes and obtain generalized polylogarithms of weight 3. This is done by
using, say PolylogTools [60] or HyperInt [61], or the algorithm provided in the appendix
A of [24] if one only needs the symbol.

4 Algebraic letters and words for two-loop NMHYV amplitudes

4.1 Algebraic letters and their multiplicative relations

The full computation including contributions from lower-mass boxes becomes tedious for
large n, and for now we will be interested in a part of the answer depending on algebraic
letters, which turns out to be quite neat. Before spelling out the general result for this
part, we present all the algebraic letters appeared in the result. We write them in the form

a+ A
a— A

where a is a rational function of Pliicker coordinates, and A is a square root for one of
the four-mass boxes. The nice thing about this representation is that the multiplicative
relations of algebraic letters do not involve rational ones, as shown in appendix B. In terms
of notations we introduced in Case(i), we find the following algebraic letters from the

. 2 + .
integral of [d2%Z,, 3, faveni1lapenti:

Z1 1—2= Zn 1—2z,

4.1
Z1 1—517 Zn 1—5,17 ( )

which are letters consisting of the symbol of the 4-mass box integral (3.2), and new symbol
letters of the form (with % denotes possible superscripts)

* —1 * —1 =
(ma,b,c,n + 1) — Alabc (ma,b,c,n + 1) ~ Zn,ab.c (4 2)
_ = ’ — :
(mz,b,c,n + 1) t— Z1,a,b,c (:Bz,b,c,n + 1) T Zn,a,b,c
where wz’b,c’n are simply x,, xp, €. defined in (3.18) as well as ¢,_1, xp_1, €. differing by

exchanges of particle labels. Here we restore the subscript to indicate the specific boxes.
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Since Case (ii) and Case (iii) can be viewed as degenerations of Case (i), the new
algebraic letters produced by them have the same form as in (4.2).

All new algebraic letters are generated by cyclic rotations of eq. (4.2). Collect all new
algebraic letters, we find they can be filled into two classes:

. (&t )™ = Zgap,e . (& a1 T )™ = Zgape (4.3)
a,b,c,d * (m;b,c,d + 1)_1 — Zdabe ) a,b,c,d * (m;b,c,dfl + 1)_1 — zd,a,b,c .
with 6 choices a—1,a,b—1,b,c—1, ¢ of the superscript *, where
20 _ @(E—lc) N(ab—10))
wbed = da) (b—1be—1c)
b (d(c—=1c)N(a—1ab)) (4.4)

dc){a—1ab—1b)

_(d(

Tabed = Ga—1a)n(be—1c)) |
_

Fabed = Ga—1a) N (b—1bc)) |

and acg_blc d,xl;;)}c7 d,ngb}g g differing by exchanges of particle labels a <+ a—1 etc...Note

* * ES * . .
that Xa7b7c7d, Xb7c7d7a7 Xc,d,mb and Xd%b’c involving the same square root Ay .4, and so do

AX’s. Naively, there are 4 x 2 x 6+2 = 50 algebraic letters involving the square root Agp ¢ 4.
However, some new algebra letters reduce to z/z or (1—z)/(1—z) when some mass corners
only contain 2 particles, for instance,

yd+l _ Zddi2be Sd2 1 —Zdapd-2
d+2,b,cd = ) bd—2,c = = :
t2hed i drobe @ ¢ 1= Zgapd—2

It is straightforward to show that there are 50 — 2m algebraic letters involve the same
square root if the corresponding four-mass box has 0 < m < 4 corners that contain only
two particles. Note that m also signifies the number of momentum twistors involved in
such a square root. For the most generic case with m = 0, it involves at least 12 momentum
twistors, a—1,a,a+1, ---, d—1,d,d+1. For degenerate cases with m > 0, some particles
become coincide, and the most degenerate case with m=4 we have only 8 momentum
twistors. These X’s and X’s, together with z/Z and (1 — z)/(1 — Z) give a set of algebraic
letters whose logarithms are invariant up to a sign under the cyclic rotation ¢ — i+1
and the reflection i — n—i+1. Algebraic letters involving different A’s are manifestly
multiplicatively independent, while algebraic letters involving the same A are not. A rather
remarkable observation we have is that there are precisely 33 multiplicative relations among
them. In the most general form, these relations read:

X;,;i,d _ Xc(il,a,b,c XCZQ_}),C _ ng,a,b

Xg,b,c,d X(Z;};,c ’ Xia,b,c Xgii,b 7

XNL(LZ,E,(IJ,d _ X~(§,a,b,c ‘jc‘via_}),c _ A?gd,a,b (4 5)
Ng,b,c,d ‘/f)c(il,;}),c ’ ‘%c?,a,b,c X~ca,c?,(11,b 7 .
X;,g,i,d _ XNca,d,a,b X(g,b,c,d _ fc?,b,c,d Xci),b,c,d _ XN;,b,c,d

Xl fg;;,b 7 X bed ‘)?g,b,c,d 7 X bed ??é’,b,c,d
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and 21 images under the rotations of a =+ b — ¢ — d — a, as well as

a d d a
Xa7b,c,d‘)(b,c,d,aXc,d,a,bXd,a,b,c

th,b,c,d‘)(bc,c,d,a)(cc,d,a,bXc?,a,b,c - ’
X(Zb,c,d‘)c‘éi,c,d,a‘)(ia,b,c —1 (4 6)
X;,b,c,d‘)(bc,c,d,a‘)(g,a,b,c ’ .
Xl?,c,d,achfd,a,bX(g:a,b,c —1
=4

c c b
Xb,c,d,a‘)(c,d,a,d‘xd,a,b,c
and

a a
Xc,d,a,bXd,a,b,c o Za,b,c,d

d d 5 )
qu,a,bXd@,b,c Za,b,e,d 47
e (47)

b,cd,a“cdab L T Za,b,c,d

d d -
Xb,c,d,aXc,d,a,b 1

- Ea,b,c,d

Note that eqs. (4.6) and (4.7) can also be written in terms of X’s by using eq. (4.5).
These relations leave us 17 — 2m multiplicatively independent algebraic letters for where
A involves m corners that contain only two particles.

Let us complete this subsection by commenting on the consistency of these algebraic
letters with rational letters. These algebraic letters can be rewritten in terms of (a £
Va2 — 4b)/2. The discriminants a? — 4b are always proportional to A? in eq. (3.3), which
are the square-root branch points from the Landau analysis [62], while the branch points
b = 0 correspond to zero locus of some rational letters since log(a—+v/a? — 4b) = log b+O(b).
It is straightforward to show that:

(@ poar + 1) = Zaapel” o (c(A)(B)(D-)) (A) N (d—1)B(C) N (d—1)){AB)
(@ peq + 1) = Zaapel” o (c(A)(B)D1)){((A) N (d)B(C) N (d))(AB),

(@l ear + 1)1 = Zaape]” o (D(A)(C)(D_)){(A) N (d—1)B(C) N (d-1)), 43
(@) eq + 1) = Zaanel” o (B(A)(C)(DL)){(A) N (d)B(C) N (d))

(@8 a1 + 1) = Zaapel” o (@(B)(C)(D_)){(A) N (d—1)B(C) N (d—1))(BC),
(@8 g + 1) = Zaape|” o< (a(B)(O)(D4)){(A) N (@)B(C) N (d){BC),

where |a — 2|? stands for (a — 2)(a — ), and we introduce 5 lines A = (a—1a), B =
(b— 1b) C = (¢c—1¢), D_ = (d—2d-1) as well as D, = (d—1d). The expressions for
(%G e L +1)—Z2aape|? ete. can be easily obtained by the exchanges of a—1 and a, etc. .. The
consistent alphabets for two-loop NMHV amplitudes thus require the appearance of factors
on right-hand side of eq. (4.8). As we will see in the next section, these rational letters
indeed appear the alphabet for the 2-loop 9-point NMHV amplitudes.

4.2 Algebraic words of the symbol and a large class of simple components

Once the algebraic letters are expressed in terms of (a + A)/(a — A), we can separate
the words involving algebraic letters from the symbol unambiguously, and we call such
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words algebraic words. As noted in [34] for n = 8, these algebraic words, although not
integrable, follow a very simple pattern where the first two entries consist of the symbol of
the four-mass box integral I, . 4,

S(Ia,b,c,d) = ;<u & 1 — z +v® ;) s (49)
while the third entry would be an arbitrary algebraic letter in the alphabet. Our calculation
shows that not only this is true for all n, but there is a much stronger result, which we
present now. In fact, the final entries and the accompanied R invariants are also completely
fixed after knowing the first three entries of the algebraic words, as indicated in eqgs. (3.17)
and (3.22). In summary, when the third entry is non-degenerate X* abed S: the algebraic
words become extremely simple:

S

(Taped) ® bcd®wabcd[a lab—1bec—1]
~Saped) @ Xgped® Tapedla—1lab=1bc|
+SLaped) ® bcd®azabcd[a lab—1c—1]
~S8(Taped) @ XLy ea @ Thyeqla—labe—1d]
+SUaped) ® bcd@wabcd[a 1b—1bc—1¢]
~Saped) ® Xgped ® Tapealab—1be=1c], (4.10)

and likewise for X’s. We see that the w27b7 ¢4 variables, which we have used to define X
and X ’s, exactly appear as the last entries for the corresponding third entries, and they
also determine the accompanying R invariants.

When the third entry is z/z or (1 — z)/(1 — z), one can directly show from eq. (3.17)
or eq. (3.22) that, for general a,b, c,d which are non-adjacent, the algebraic words take

the form
Zab,e,d (d—1c—1){dc)
S(I%b’c’d)@ a,b,c,d <<d—1€><d6—1> {a—lab—le]
<m(c leyn(a—lab— 1)><dc 1)
+<E(c—1c) A (a—Tab-1))(d 16_1>[a—1ab—1c—lc]—(b—1Hb)
(d=1(c=1¢) N (a—1b=1b))(dc—1)
T ldle=1e) N (a—16-18))(d- 1c1>[a‘1b‘1bc—14—<a—1w>) (4.11)
and
1= 2aped _ ((d—1a—1)(da)
Sabed) © 7250 (<d—1a><da_1> la=15=1be—1¢]
(d=1(a—1a)N (b—1c—1¢)){da)
—|—<7< 1a)n (b—lc—lc))(ﬂ@[a_lab_lc_lc]_(b_le
({d—1(a—1a) N (b—1bc—1))(da)
T d(a—Ta)n (b-1be-D))(d—1 1a)[“ lab=lbe=1] = (e= 1HC)> (4.12)
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as well as their cyclic images under the rotation a — b — ¢ — d — a. Again, the final
entries have to be modified as in egs. (3.26) and (3.29) when ¢ = d—2 or a = d+2. More
precisely, the final entries in the first lines of (4.11) and (4.12) are modified by

(d=1c—1){dc) csd—2  {(d—1d-3){(dd—2){a—1ab—1b)
d—1c){dc—1) (dd—3)(d—2 (a—1a)(b—1b)(d—1d))
and (d=1a—1){da) a¢—sd+2 (d=1d+1){(dd+2)(b—1bc—1c)
(d—1a){da—1) (d—1d42){d+1 (b—1b) (c—1¢c)(d—1d))’

respectively. This concludes our result for the algebraic words of two-loop n-point NMHV.

Finally, let us remark on an obvious but interesting corollary from the pattern of
algebraic words. Let’s consider the x;X;XxkX: components with non-adjacent 4, j, k, [ of the
two-loop NMHV amplitudes (recall the MHV tree amplitudes are stripped off), or Wilson
loops. Given that in the algebraic words, all R invariants always contain two pairs of
adjacent particles, i.e. [a,a+1,b,b+1,c|, no such components can be extracted, thus any
such component is simply free of square roots! Note that when n is large enough, we have
O(n*) such component, which are the majority of all NMHV components.

Qualitatively we do expect these to be the simplest components of NMHV amplitudes,
since they not only vanish at tree and one-loop level (which means they are finite at two
loops), but each of them can be written as a combination of only two integrals! These
facts are clear in the representation of NMHV amplitudes (up to two loops) in [43], but
even more invariantly follow from the super-Wilson-loop picture [63]. As noted in [43], it
is straightforward to show that the component x;x;xxXx: is simply given by the difference
of double-pentagon integral Iq,(%, 7, k,1) and its cyclic rotation Iqp(l,1, 7, k):

J k i J

(4.13)

i l l k
and we record the definition of non-adjacent double pentagon integral Iqp (i, j, k,1):

/ d4£1d4£2 <€1€ N §><£2E‘ N i> <Z]kil>
Or =10y (0 G 1)1 =15 (01 G+ 1) (@rla) (£ k=) (€ KA1 (€ I—11) (€ 11+ 1)

where /1 and {5 denote the two bi-twistors for the loop momenta.

Remarkably, in terms of these integrals, what we find, rather indirectly through two-
loop NMHV amplitudes, is that for any non-adjacent i, j, k,[, this difference is free of
algebraic letters! We have also obtained the complete symbol of the differences for n = 8,9,
which depends on relatively small number of rational letters, and we expect the simplicity
continues to all n (note the difference depends on at most 12 twistors).

Of course, these integrals themselves are important ingredients of two-loop amplitudes
and it would be fantastic to study them individually. The symbol of such integrals are
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currently unknown, and individual integral does contain algebraic letters involving A’s, as
shown in [64] by evaluating it at a specific kinematic point. We leave the comprehensive
study of both the differences and the integrals themselves to the future.

4.3 Comments on algebraic letters from leading singularities

Following [38, 39], we make a simple observation that all our algebraic symbol letters for
two-loop n-point NMHV amplitudes, (4.3), are “letters”, or simply singularities, of one-loop
leading singularities for the four-mass boxes. As reviewed in section 3, these are leading
singularities (LS) gluing together four tree amplitudes, each with at least 4 legs. If the
number of legs for them are n1, ng, n3, ng respectively, we have n = 221:1 n; — 8. For details
of “letters” of leading singularities, or Yangian invariants, please refer to [39]. For these
algebraic functions, we do not need to compute all the “letters”; and it suffices to list the
poles of such leading singularities.

The simplest examples are 8-point N2MHV leading singularities (with n; = 4-point
MHYV amplitudes for i = 1,2, 3,4), which was the primary example in [38, 39]. Quite nicely,
we find that there are 9 independent letters associated with such a leading singularity, all
containing the square root e.g. Ag 465, and similarly 9 letters with square root Ay 35 7.
We denote such leading singularities as Eiﬁ?{i,s and E'ﬁ%j. By just using these two leading
singularities, we obtain exactly the 18-dim space of algebraic symbol letters for our n = 8
case. Encouraged by this success, now we move to general 1-loop four-mass leading
singularity, which was given in (3.5). The independent algebraic letters/poles of such
a leading singularity are given by the 9 independent ones of E’;:ch 4 and those from the four
tree amplitudes at the corners.

To be concrete, we focus on a particularly simple sub-class of these leading singularities,
where each corner has either MHV or NMHYV degree (k; = 0,1 for i = 1,2,3,4). N2MHV
leading singularities correspond to all k; = 0, and now we allow some (or all) of the corners
to have k; = 1. We start with the case where one corner, say, the first one, has k; = 1,
and without loss of generality we consider (a,b,c,d) = (1,4,6,8) for n =9 (i.e. 3 external
legs only at the first corner). In this case we have A, =5 1,=1 = [a, 1,2, 3, 5] (and the other
three A = 1). Now in addition to the 9 independent algebraic letters of Lx—2(1,4,6,8), we
have 5 letters/poles from [a, 1,2, 3, 5]:

(af12), (0323, (aB13), (a123), (8123) . (4.14)

Note that o = (91)N(87v) and B = (34)N(566), thus («123), (5123) and («[13) are in fact
rational functions of Pliicker coordinates, so the only two algebraic letters are («12) and
(ap23). Tt is straightforward to check that they are multiplicatively independent with the
9 letters above, thus we conclude that there are 9 4+ 2 = 11 independent algebraic letters
for this leading singularity. By taking the ratio of two solutions =+, they span precisely the
same space as the 11 algebraic symbol letters for n = 9 which are associated with Ay 46 g.

More generally, it turns out that the complete algebraic alphabet of two-loop n-point
NMHV, (4.3), can be obtained from one-loop four-mass leading singularities with k; = 0, 1.

5To compare directly to our symbol letters which are in the form of (a + A)/(a — A), we can take the
ratio of each pole/letter of leading singularities evaluated at two solutions +.
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The correspondence works for each four-mass configuration (a, b, ¢, d) individually: for the
generic case, the 17 independent symbol letters of two-loop NMHV amplitude with square
root of Aypcq can be obtained from a single leading singularities in (3.5) with 4 NMHV
tree amplitudes, i.e. k; = 1 for ¢ = 1,2,3,4. One can check that in addition to the 9
algebraic letters for L’;:b% 4> €ach tree amplitudes at least contain two new algebraic letters
similar to those in the n = 9 example. Altogether this means we can generate the 17
independent algebraic letters for the generic case, which we first encounter at n = 12.
Note that as we have seen before [39], the correspondence between letters from leading
singularities and symbol letters does no preserve k: for NMHV (two-loop) amplitudes, we
need leading singularities with up to k = 6.

5 The complete symbol and alphabet: n = 9 example

Now that we have the algebraic part of the symbol, we can finish the calculation by includ-
ing the rational part which also receive contribution from all lower-mass boxes. This part
has been automatized, which produces the complete symbol of two-loop n-point NMHV
amplitude. However, the length of the symbol (especially the rational data) grows rapidly
when n increases, and we content ourselves by presenting the result for n = 9 as an example.

5.1 The symbol of two-loop 9-point NMHYV amplitude

The differential of two-loop NMHV amplitude from @ equation can be written as
AR = ia jo kalo ma) (Fadlog za),
«
where Fy, are the weight-3 generalized polylogarithms arising from 1-D integrals. Here, we
only compute their symbol S(F,) by using the algorithm in [24]. We record the symbol
of Rgi,
SR = > lia jo ko la ma] (S(Fa)  7a),

o
explicitly in the supplementary material of this paper as well as the repository [65]. The
data is organized as follows: we choose a basis of R invariants [ijkl9] for 1 <i<j <k <
[ <9, and record (i) = 70 coeflicients S; ;1;. Then, we find 59 x 9 = 531 rational letters
in the alphabet, and they are:

o 13 cyclic classes of (12kl) for 3 < k <1 < 8 but (k,l) # (6,7),(7,8);
o 7 cyclic classes of (12(ijk) N (Imn)) for 3<i<j<k<l<m<n<9;

o 8 cyclic classes of (2N (245)N6N(691)), (2N (346) N6N (892)), (2N (346) N6 N (782)),
(2N (245) N7N(791)), (2N (245) N (568) N 8), (2N (245) N (569) N 9),
(2N (245) N (679) N 9), (2N (256) N (679) N 9);

o 10 cyclic classes of (1(ii+1)(jj+1)(kk+1)) for2<i<i+1<j,j+1<k <S8,
6 cyclic classes of (1(2i)(j j+1)(k9)) for 3<i<yj, j+1<k<8but (i,k) # (3,8),(4,7),
14 cyclic classes of (1(29)(ij)(k k+1)) for 3<i<j<8,3<k<i—2or j+1<k<T,

o 1 cyclic class of (1(56) N (3) (78) N (3)9).
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A few comments are in order. First of all, by combining these 59 x 9 rational letters
with 11 x 9 independent algebraic letters, we have the complete alphabet of 630 letters for
n = 9. We see that the alphabet is consistent as we have mentioned in the last section:
for each algebraic letter of the form a 4+ v/a? — 4b, b is indeed a rational letter. We expect
this to hold for all multiplicities. Furthermore, we have found some discrepancies with the
predictions from Landau analysis [62]: not only some rational letters predicted there do
not appear in our alphabet, but more importantly exactly the last class, i.e. cyclic rotations

of (1(56) N (3) (78) N (3)9), are absent in the Landau analysis of [62].

5.2 Consistency checks

Even before obtaining the final result, the Q calculation is very rigid: it cannot be carried
through till the end unless various tests have been passed. For example, in the collinear
integral, all the log e divergence must be accompanied by vanishing 7-integrals; also it is
highly non-trivial that we are able to convert the arguments of @Q log into DCI combinations.
All that being said, to make sure our result is correct, we have performed various consistency
checks including easy ones such as cyclicity, dual conformal invariance and the condition
of physical first entries. Let’s present details for the more non-trivial checks, such as
integrability, collinear limits and absence of spurious poles.

In these checks, it’s usually difficult to determine whether a symbol with algebraic
letters vanishes or not before imposing the multiplicative relations of algebraic letters. We
leave this technical problem in the appendix B.

Integrability. It is a non-trivial but crucial check that our symbol is integrable. We
expand the symbol of the total differential on a basis of ("11) R invariants, and we check
that each coefficient can be integrated to a function. These coefficients have the form

Z CO{l,OéQ,C)(3,a4lOt1 ® la2 ® lag dlog lOt47

a1,02,03,004

where symbols in the coefficients of dlog comes from polylogarithms, so it’s integrable if
and only if (see [66, 67])

Y Canasasalar @ lay dlogla, Adlogla, = 0.

a1,002,03,04
In order to calculate dlog;, we choose a positive parameterization of Gry.(4,9)/T [68]

which makes all arguments of square roots positive

-10 0 0 1 pig P77 P18 PLY
0 -1 0 0 —1 —p2g —p2,7 —D2,8 —P2,9
0 0 -1 0 1 p3s P37 D38 P39
o 0 0-1-1 -1 -1 -1 -1

where we have the polynomials of face variables

pij(x) = ) 11 Ty

q:t—7j face f under the path ¢
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naturally defined on the following network:

1
20,0 ¥ 0,1 Y 20,2 ¥ 0,3

2
1,0V P11y 21,2y 21,3

3
T2,0 Y T2,1VY %22V 223

4

9 8 7 6 5
and the unlabeled face variables are fixed to be 1.

We use this positive parametrization to check the integrability of the coefficients of all
linear-independent R invariants, and we find that they are indeed integrable.

Collinear limits. We check that the NMHV 9-point amplitude reduces to NMHV and
MHYV 8-point amplitude upon taking the k-preserving and k-decreasing collinear limits
respectively. We consider the limit 9(|8 by sending

(1258) (2568) (1568)
(1257) (1256) 7" " "(1256)

Zog — Zg+¢€ Zr+ et Lo,

for fixed 7 then taking the limit » — 0 before ¢ — 0. Under the k preserving limit, R
invariants behave as [abc89] — 0 and [abed9] — [abed8], while under the k decreasing limit,
the R invariants behave as [1a789] — 1 with the others vanishing. After taking such limits
and keeping leading terms of ) and ¢, it is highly non-trivial that the limits do not depend
on the parameters 7, € and 7, i.e. it has smooth limits, and then we find that these two
limits are exactly the known symbols of NMHV 8-point amplitude [34] and MHV 8-point
amplitude [42].

Cancellation of spurious poles. Finally, we check that the residue on any spurious
pole of R invariants vanishes. For instance, (1235) = 0 is a non-physical pole of [12359],
thus the residue as (1235) — 0 should vanish. Thanks to cyclicity, we only need to check
the following poles

(1235), (1236), (1237), (1238), (1246), (1247), (1248), (1257), (1258), (1268), (1357)

each of which is of the form (labc) and belongs to exactly one R invariant in our basis. The
cancellation of the pole (labc) means that the coefficient of the corresponding R invariant
vanishes as (labc) — 0. To see this, we send 7y — aZ, + 52y, +~vZ.+ 0 Zy for fixed «, 3,7,
and verified numerically that the coefficient of [1labc9] vanishes under the limit of § — 0.

6 Discussions

In this paper, following the n = 8 result [34], we have systematically studied NMHV am-
plitudes to all multiplicities based on the recursive method of Q) equations [24]. In addition
to the first all-loop results for last-entry conditions of n-point NMHV amplitudes (2.16)—
(2.18), we have focused on the computation of two-loop NMHV amplitudes. The main
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results we have presented are the symbol and alphabet of the non-trivial, algebraic words,
derived using relevant four-mass boxes for one-loop N?MHV amplitudes. For a generic
square root which involves four corners with at least 3 particles, we find 50 algebraic let-
ters (4.3) satisfying exactly 33 multiplicative relations, (4.5)—(4.7), thus resulting in 17
independent algebraic letters (for degenerate cases the number reduces to 17 — 2m with
1 < m < 4 corners containing 2 particles). The symbol has a nice pattern where the
R-invariant and last-entry are directly correlated with the algebraic letters on the third
entry (while the first two entries being the symbol of four-mass boxes). Moreover, we have
computed for the first time the complete symbol for n = 9, and obtained the full alphabet
with 59 x 9 rational letters, in addition to 11 x 9 algebraic ones. Our results have passed
various consistency checks, and interestingly the rational letters for n = 9 raise tensions
with Landau analysis though the majority of them are consistent with it.

One of the motivations here is to extend the n = 8 alphabet [34] to higher n, namely
the algebraic letters for all n and the full alphabet for at least n = 9. It is straightforward
but tedious to compute the full alphabet for higher n, which would provide a new family
of data points besides n-point MHV alphabet [42]. It is then highly desirable to “explain”
such alphabets from certain mathematical structures [35-37]. We have provided a simple
explanation by listing the letters/poles of one-loop leading singularities with MHV /NMHV
corners, and it would be interesting to pursue that direction further. For example, even
when restricted to quadratic ones, we find many “new” algebraic letters/poles (most of
which with new A’s) of higher-loop leading singularities already for n = 9,10, and it
would be interesting to see which of them appear as symbol letters. Moreover, the re-
markable simplicity of the algebraic words suggests a deeper structures, and it is worth
studying properties such as cluster adjacency/extended Steinmann [69-71], now for the
part involving algebraic letters. It is also highly desirable to “complete” such algebraic
words into integrable ones, which would allow us to write down weight-4 functions for the
algebraic part.

Regarding computation of loop amplitudes, the most pressing question is to compute
the long-sought-after symbol of three-loop n = 8 MHV, from our two-loop n = 9 NMHV
results. As is familiar from @Q computations before, the computation of MHV amplitudes
from NMHYV ones can be completely automatized, though again we need to rationalize all
the square roots as we have done for two-loop NMHYV in this paper. This is a tedious but
straightforward exercise, and we expect to report the result in the near future [72], which
would add a data point of the alphabet as well as give the “lost symbol” for the octagon.
Moreover, since the method for rationalizing square roots works for all multiplicities, it
is conceivable that one can compute the algebraic words of higher-point three-loop MHV
from those of two-loop NMHYV as well.

We have focused on the symbol so far, but it should be possible to obtain polylogarithm
functions from our symbol, at least for two-loop NMHV octagons (see recent works on
heptagons [73]). Moreover, a fascinating question is if we can “bootstrap” octagons, based
on the alphabet, first and last entries, as well as constraints from collinear limits etc. similar
to the hexagon and heptagon bootstrap. A potential issue is how to implement (extended)
Steinmann relations in some way, which at least naively do not apply to n = 8 (or any
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multiple of 4) due to the lack of BDS-like normalization [74]. If one could resolve that issue,
it may be possible to bootstrap to three loops and higher, which would be a strong test
on some conjectural alphabet of octagons. A particularly simple example is given by our
special class of components which are free of algebraic letters: for example the component
X1X3X5X7 of the octagon has a simple symbol with only 68 (out of 180) rational letters,
and it would be interesting to uplift it to a weight-4 function (or even directly bootstrap).
Given the simple relation of such components to double-pentagon integrals, such results
may also shed light into these unknown Feynman integrals.

It would be interesting to push the limit of our method based on anomaly equa-
tions even further. Higher-point three-loop NMHV and four-loop MHV amplitudes can be
reached if we have the corresponding two-loop N2MHYV amplitudes. The simplest one is the
two-loop N2MHYV octagon, which should be completely fixed by Q equations and parity:
the point is not only to re-derive three-loop NMHV heptagon and four-loop MHV hexagon
from first-principle computations, but also illustrate the structures of the Q-method fur-
ther. Of course, to go to even higher n,k and loops, we would need the more general
method involving solving both @ and Q") equations, which are related by parity. We leave
the study of the anomaly equations and their applications to higher-loop amplitudes to the
future. Finally, it is tempting to ask the following: can we formulate a question based on
these anomaly equations, to which the non-perturbative S-matrix of planar N'=4 SYM is
the (unique) answer?
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A The effects of [ eded®x,; on all rational N>MHYV Yangian invariants

Here we require 1 < i1 < 9 < --- < 419 < n+1 and define X := n A B where Zg =
Z,-1— O7Z. The effects of the operation [ eded3y,;1 on NMHV Yangian invariants are
known from [24]

dlog ﬁgzz Olog <mz; +dlog gﬁgi@log EZZ‘?; 1 <y and i3 <n—1

dlo <X“” log $72) 1 < iy and i3 = n—1

[2.1 2.2 7:3 ’I’LTL+1] N g <§Zn2 2n ing (ni1) 1 3 .
dlog X%QB Ql 0og <m§ 1=1; and i3 <n—1
dlog <X§‘X21;‘ L Qlog >> 1 =1i; and i3 = n—1

(A.1)

There are 14 classes of N°MHV Yangian invariants which can be found in [2]. One of them
is the four-mass box Yangian invariants which we have elaborated in the main text. In
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this appendix, we give the results of the action of the operation [ eded3x,.1 on 13 classes

of rational Yangian invariants. For thoes Yangian invariants unlisted here, this operation

gives zero.

1. [il 19 (’iz i3) M (’i4 n, n—l—l) (iz 13 i4) M (n n+1) n+1] [iz 13 T4 nn-l-l]

its

cyclic rotations.
1.1 [il 19 (iQ ig) N (i4 n, n+1), (ig, 13, i4) N (n n—H) n—i—l] [ig, 13,14, nn—i—l]

[il 19 (ig ig) N (i4 nn+1) (iz 3 i4) N (n n—l—l) n+1] [iQ 1314 nn—l—l] —

9 (n(n—11)(41 32) (i3 ia)) (Xiyio)
[i1 12 i34 1] (Q OB T < %8 (X

| +Qlog {Fidlog
[i1 i i3 n—1n)Q log {221
(149314 n)Q log §Z§§;d10g<Xi3i4> i1 =1and ig <n—1
(n2)
(nda)

) 1< and iy <n—1

T

leg (Xi1i2> 1 < il and i4 — n_l

dlogT i1 =1and 74 = n—1
(A.2)

[1i9i3n—1n]Q log

1.2 [ig 3 (ig i4) N (n n+1 il) (ig iq n) N (n+1 il) il] [ig iunn+l il]
The effect of [eded®x, 1 on this Yangian invariant is the same as [i1(i3i4) N
(i119m)ig nn+1] [i1 i i394 n], for which we can apply eq. (A.1).
1.3 [ig iq (i4 n) N (n—l—l 11 iz) (i4 n n—|—1) N (il ig) iz] [i4 nn+1i ’ig]
The effect of [ededx,+1 on this Yangian invariant is the same as [i1(i1i2) N
(i3iam)ig nn+1] [i1igigian], for which we can apply eq. (A.1).
1.4 [i4 n (TL n+1) N (il 12 ig) (n n+1 il) N (ig i3) ig] [il 1913 nn—|—1]
The effect of [ eded3x, 41 on this Yangian invariant is the same as in (A.2).
1.5 [TL n+1 (TH-1 i1) N (ig 13 i4) (n+1 11 ig) N (ig i4) i4] [il 1913 14 n+1]
The effect of [eded®x,41 on this Yangian invariant is the same as [(ni;) N
(i21i314) (niyi2) N (ig44) ia nn+1] [132i324n], for which we can apply eq. (A.1).
1.6 [n+1 11 (il iz) N (ig 4 n) (il 19 ig) N (i4 TL) n] [’L'l 1913 14 TL]

Directly apply eq. (A.1).

2. [t142 (izi4)N(is nn+1) (igi4i5)N(nn+1) n+1] [i3 14 i5 n n+1] and its cyclic

rotations.

2.1 [il 19 (ig i4) N (i5 n n+1) (ig 4 i5) N (n n+1) n—i—l] [ig 415N n+1]
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For generic i1 < 19 < i3 < 4 < 45 where 43 > 1 and i5 < n—1, the operation
[ eded3 x4 1 gives

Olog (n(iria) N (iziais))

i (ind o
[i121431475] dlog (X5 (i172) O (igiais))

(nis) (i1iat3ia) (Xiria)
+ Qlog 222; [i1 431495 n] dlog éﬁzig; — Qlog EZZ; [i993 14 15 n] d log 2§Z22;
+ Qlog <”(”<;_;512 ZZZ 7(;;2'5» [i1i2 435 1] d log gziz;
PHE T
~ Olog <n(n<;z'15>1<)z’(f;§§;z(:§l4)> li1 i i i n] dlog <Xl5(1§§)i;2(>i3i4n)> (A3)

For i5 = n—1, eq.

—~

A.3) reduces to

iy iz (i) 0 (1) n—1n] dlog s (A4)

<T_u§> ([1 Q91314 15]d log(Xis(1ia) N (isigis))
— [Lizi3i4n]dlog(Xis(Liz) N (izian))
— [ig i3 i4 ’i5 n] d log(Xi2i5) + [1 ’iQ i3 i5 n] d 10g<Xi3i5>

~[ligigisn]d 1og(Xi4i5>) .

(A.5)
For i1 =1 and i5 = n—1, eq. (A.3) reduces to
~ n2
Qlog <TL ) [ligign—1n]dlogT. (A.6)
(nig)
2.2 [ig 3 (i4 i5) N (TL n+1 il) (i4 5 TL) N (n+1 il) il] [il 1415 M n+1]
The effect of [ eded3x,41 on this Yangian invariant is the same as
[Zl 1213 14 n] [21 145N n+1] + [Z (i4 i5) N (ig i3 n) 5N n—l—l] [Z'Q 1314 15 ’I’L]
— [ (’l4 ’l5) N (11 19 13) 5 nn+1] [il 1913 14 i5]
+ [i1 (g 15) N (i1 42 n) i5 nn+1][i1 i2 94 95 0]
- [ ( 47,5) N (11 3 n) 5 nn+1] [il 1314 15 n] , (A7)

for which we can apply eq. (A.1).

2.3 [ig 4 (i5 n) N (TH-l 11 ig) (i5 nn+1) N (il iz) ig] [il 915N n+1]

The effect of [eded®y, 11 on this Yangian invariant is the same as [i1(i1i2) N
(i3iam) i5 nn+1] [i1 42 i394 n|, for which we can apply eq. (A.1).
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2.4 [i4 5 (TL n—|—1) N (il 19 ig) (TL n+1 il) N (ig ig) ig] [il 1913 M n—i—l]
For i1 > 1 and i5 < n—1, the operation feded3xn+1 gives

(Q log <77, ‘ ><Z22324Z5> d1 <X(i4i5) N (i1i2i3)i1>

(M(iais) N (inizia))° (Xiria)
= (nliais) N (iri2iz)) (X(iai5) N (ivigiz)iz)\ .. . . . .
Qo A G ) X i) (49
For i1 =1 and i5 <n—1, eq. (A.8) reduces to

(1(i2i3)(i4i5)(n—1 n)>

(nig)(ligiqis)

Qlog

dlog(X (i4i5) N (Ligig)iz) [Lizdgiais].  (A.9)

Directly apply eq. (A.1).

2.6 [n+1iy (iai3) N (iaisn) (i2izia) N (i5n) n] [i2 13 4435 1]
For i1 > 1 and i5 < n—1, we can directly apply eq. (A.1). For i1 > 1 and i5 =
n—1, the operation [ eded3x,11 gives

(nia) T
lo 121374 n—1nldlo — ; . A.10
Qlog 177y 2 dsian—Lnldlog e s (4.10)
For i1 = 1 and i5 = n—1, eq. (A.10) reduces to
Qlog <72> [igi3ign—1n]dlogT. (A.11)
(m4>

3. [¢1 2213 (i3%45) N (nn+1) n+1] [i3 24 15 n n+1] and its cyclic rotations.

3.1 [il 1913 (i3i4i5) N (n n+1) n+1] [7:3 1415 TH‘H‘H
For i1 > 1 and i5 < n—1, the operation feded3xn+1 gives

“Olog Ezgi ((ixi2) ()i i 1] dlog{Xiria)

- (niy)(igigisn) .
—i—Qlog( (731@3)1(14@35;(2—11» [i1i3i415n)dlog(Xiqis)
Qlog TNy ) dlog{Xinis)

(n(iai3)(iat5)(n—11))
(n(i192)N(iiais)) . . . . .
(n(igi5N(i1i213))
g <T_Li4><i1i2i3n>
(n(iri)(i3ia)(n—11))
(n(i1ig)(igis)(n—11))
(ﬁi5><i1i27j3n>

[i1213 (i415)N(n)n]dlog(Xisis). (A.12)

+Qlog

[i142i374n] dlog(Xigis)

[i1 ig 135 n] dlog(Xigis)

N

(niy
TLZ5

/\
g
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For i1 =1 and i5 <n—1, eq. (A.12) reduces to
— (ﬁi2><i3i4i5n> .. ..
—Qlog (linia) (i) (1—1.1)) [12i31475 n] dlog(Xigis)
_ (fvia) (Liziais) o o
+Qlog Linis) (iaia) (1—11) [Ligizigis]dlog(is(1iz)(iais)(X))

—Gog 21140 104 ml dlog{ X i) + Olog 2] 145 45 m] dlog{ X isis)
(nig) (nis)
A (nig) .. . .. _ .
Qlog i >[1 i913 (i45)N(n)n]dlog(Xisis) (A.13)
5
For i1 > 1 and i5 =n—1, eq. (A.12) reduces to
Qlog <7}23> [i14293n—1n]dlogT—Qlog <1}“> [(i172)N (1) izian—1n]dlog(Xiqia)
(niyg) (nis)

+Qlog EZZ; [i1i3i4n—1n]dlog(Xiyis3) —Qlog

émiiR[2213Z4n—1n]dlog(XZQZ3>

~1 {n(i1i2)(i3i4)(n—11))

_Qlog (ﬁ24)<112213n>

+Qlog <”<_1,(m?),(?314)_(”1)> (i1 i i ia n—1] dloglis(i1is) (in—1)(X))  (A.14)
nig)(i1i2i3n—1)

[i1i24314m] dlog(Xizia)

For i1 =1 and i5 = n—1, eq. (A.12) reduces to

Qlog 2;_22; <[1 igizn—1n]dlog T — [izi3ian—1n]dlog(Xisis)
4

— []_ iQ ’i3 ’i4 ’I’L] d 10g<Xi3i4> + [1 ’iQ ’ig ’L'4 n—l] d 10g<i3(1i2)(i4 n—l)(X))) (A15)

3.2 [igigiq (tai5n) N (n+1i1)d1] [igi5 nn+1i;)
The effect of [eded®x,41 on this Yangian invariant is the same as
[i243 14 mi1][i1 445 nn+1], for which we can apply eq. (A.1)

3.3 ligigis (isnn+1) N (iriz) iz)[is nn+1iy ia)
For i1 > 1 and i5 < n—1, the operation [ eded®y, 1 gives

.o A (n(iniz) N (igiais)) (Xi1ig)

(i1, 32, 33, 14, 1] (Q log (7vi1) (iziziais) dlog (s (iri2) (i304) (X))

(niq) (Xiyis)

(ﬁi5>dlog (i5(i1i2)(i3i4)(X)>> (4.16)
For i1 > 1 and i5 = n—1, eq. (A.16) reduces to

+Qlog

<ﬁi1> <i2i3’i4 n—1>

- T
11121314 n—1]Qlo dlo A7
itz dzian=11Qlog T o i D)y 8 (Xiria) (A-17)
For i1 =1 and i5 < n—1, eq. (A.16) reduces to
~ Ands) g
Qlog (i) [1dg 1314 15) dlog(is(1ia)(isiq) (X)) . (A.18)
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For i1 =1 and i5 = n—1, eq. (A.16) reduces to

= 2
Q log <il ) [ligizign—1]dlogT
(nig)

3.4 [i4 5N (n n+1 il) N (igig) Zg][ﬂ n+11q 29 i3]

For i1 > 1 and i5 < n—1, the operation [ eded®y, 1 gives
(Xiyio)

<Xi1(i2i3) N (i4i5n))

n(i2i3)<i4i5)(n—1 1)>dlog

[i2 13145 n) (Q log EZZ; dlog

<ﬁi2> <i3i4i5n)

For i1 =1 and i5 < n—1, eq. (A.20) reduces to

(n(igiz)(iais)(n—11))
(nig)(igiaisn)

[iQ i3 i4 i5 n]@ log d log<Xi2i3> .

3.5 [i5 nn+1 (TH-1 11 ig) N (i3i4) i4] [n+1 11 19 13 ’i4]

<X’i1 (’izig) N (i4i5n)>

(A.19)

)

(A.20)

(A.21)

The effect of [ eded®x,41 on this Yangian invariant is the same as [(nijiz) N

(i314)i4i5 nn+1] [i1 121334 n], for which we can apply eq. (A.1).
3.6 [n n+1i (i1i2i3) N (i4i5) i5] [il 1913 14 i5]
Directly apply eq. (A.1).
3.7 [n+1 11 %2 (i2i3’i4) N (Z5TL)TL] [ig 1314 15 ’I’L]

Directly apply eq. (A.1).

4. [i1 1213 (14i5%6) N (R n+1) n+1] [i4 75 ig n n+1] and its cyclic rotations.

4.1 [il 1913 (i4i5i6) N (n n+1) n—i—l] [i4 1516 M n—i—l]
For i1 > 1 and i < n—1, the operation [ eded®x,+1 gives

<X(i1i2i3) N (i4i5i6)>
(Xi1i2>

<X(i1i2i3) N (i4i5i6)>
<Xi1i3>

<X(i1i2i3) N (i4i5i6)>

—
3
S.
iy
-

Qi
5}
o

[(i12) N (1) a5 i6 2] d log

3
S
)

o~ o~
3
~
—
~ ——

|
Qi
5}
0]

[(i1d3) N (1) ia i5 i n] dlog

—~
3
~

w
~ ~—

3
S
DO

[(i2i3) N (1) ia 5 ig n] dlog

_l’_
Qi
5}

o

(Xigis)
(X (iyigiz) N (igisig))

—~
3
~

w
~ ~

3l
S
W~

[i1 2 i3 (iai5) N (n) n] dlog

_l’_
Qi
5}

o

(Xigis)
(X (iigiz) N (igisig))

—~
3
=
ot
~—~ ~—

3
S
W~

|
Qi
5}
o

[i1 2 i3 (iais) N (n) n] dlog

(Xigip)
(X (iyigiz) N (igisig))

—~
3
=

[=2]

- <

3
S.
at

[i1 2 i3 (i5i6) N (n) n] dlog

_l’_
Qi
5}

o

(Xisig)

—~
3
~

[=2]
~

~ 31—
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For i1 =1 and ig < n—1, eq. (A.22) reduces to

(niz)
(nii3)

12

— Q log [(Z.QZ':I,) N (ﬁ) 14 15 16 n]d 10g<X’i2i3>

~

=

+ Qlog —[1 (izig) N (1) ig i5 ig)dlog (X (Lizig) N (iaisic))

3

IT

3

e

2

1

— Qlog

[Lig iz (iai5) N (72) n]d log(Xi4is)

3

ot
~ ~—

31

2

1

o~ o~

+Qlog [Ligd5 (iai6) N (72) n|d log(Xiais)

3
=}
~ ~—

31

o~ o~

5

L6

— Qlog

[1 1213 (’i5i6) N (ﬁ) n]d log(Xi5i6> (A.23)

g

=

For i1 > 1 and ig = n—1, eq. (A.22) reduces to

<X(’i1i2i3) N (’L'4 5 n—1)>
(Xiria)
<X(i1i2i3) N (i4 5 n—1)>
(Xiyis)
<X(i1i2i3) N (i4 5 n—1)>
(Xigis)
<X(i1i213) N (i4 5 n—1)>
(Xiqis) )
<X(i1i2i3) N (i4 5 n—1)>

<7jbi4>

Qlog <

. ([11 igi3n—1n]dlog
nis)

— [il 19 (i4i5) N (ﬁ) n—1 TL] dlog

+ [il 13 (i4i5) N (ﬁ) n—1 n] dlog

- [ig 13 (i4i5) N (ﬁ) n—1 n] dlog

— [t 423 (i4i5) N (n) n] dlog

For i1 = 1 and ig = n—1, eq. (A.22) reduces to
Olog \14)
(nis)

—l—[lig 13 n—ln]dlogT—i—[l 1913 (i4i5)ﬂ(ﬁ) n—l]dlog(X(liQig)ﬂ(i4i5 n—l))) .

<— [1 1913 (i4i5) N (ﬁ) n}dlog(Xi4i5> - [ig 3 (i4i5) N (T_l) n—1 n]dlog(Xz'gz'3>

(A.24)

4.2 [iQ 13 14 (i5i6n) N (n+1 il) il] [i5 ignn+1 il]
The effect of [eded®x,y1 on this Yangian invariant is the same as
[i112 4314 n|[i1 35 ig nn+1], for which we can apply eq. (A.1).

4.3 [i3 14 15 (iﬁ n TH-1) N (i1i2) ig] [il 12 16 nn—i—l]

The effect of [eded3x, 41 on this Yangian invariant is the same as [i1(i1i2) N

4.4 [i4 15 16 (n n+1 il) N (igig) ig] [TL n+111 29 ’ig]

The effect of [ eded®x,+1 on this Yangian invariant is the same as [i1ia(ioi3) N

Directly apply eq. (A.1).
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4.6 [n n+11 (i2i3i4) N (i5i6) iﬁ] [ZQ 1314 15 ZG}
Directly apply eq. (A.1).
4.7 [n+1 11 %2 (i3i4’i5) N (zﬁn) n] [ig 14 15 16 n]
Directly apply eq. (A.1).
5. [#1 12 13 14 n+1][i4 15 16 n n+1] and its cyclic rotations.
One of the R-invariants have a smooth limit under 2,11 — 2Z,, and the other follows

the replacement rule (A.1).
6. [¢1 22123 (245) N (tenn+1) n+1][i4i5 6 n n+1] and its cyclic rotations.
6.1 [il 1913 (i4i5) N (iﬁn TH-1) n—i—l] [i4 1516 M n—i—l]
For i1 > 1 and ig < n — 1, the operation feded3xn+1 gives

(nis) .. . . . (Xiste)
dl
[i1142 14315 1] dlog (Xisis)

- (nig) .. . . . (Xigig) ~
Q log i [i1 1214314 mn]dlog (Xisis) —Qlog (Fite)
(n(igis) N (irigis)) li1 iz i3 i 5] d log (X(Z4ZEZ)X24(Z51>2213)16>

0 (iatsn) [i1 1294 15 n] d log <X(i1i?§£4(ii4>i5n)i6>

i1921415)
N (iqi5m)) li1 i3 i i m] d log ( (zlz;g(ﬂ' ('Z4>Z5’I’L)Z6>
1415

i1931415)
N (iaisn)) 10 i iyis ] dlog <X(Z2Z:&ﬂ. (.Z“;E’nw - (A.25)
1415

—~
|
|~~~ o~~~
. ~. .

—_
'~ .
w

P P N

i2131415)

|
<.
[=2]
~

iy i a1 ) (1) ] g T (4.26)

6.2 [iz 1314 (ig,i@) N (n n+1 il) il] [’i5 ignn+l il]
For i1 > 1 and ig < n — 1, the operation [ eded®y,+1 gives

RN

- niy .. . . . . Xiyi - ni) .. ... . ni1t
(ni1) [i1 421314 15) dlog < 2,11,5> + Qlog @[11 i9131416] d log <1_%,1Z,6
(Xisig) (nig) (nisie

NG

dl
[i14214 5 16) dlog Xinia)

<T_L i5ig) N (i1i3i4)> [’h inigis i6] dlog <11(Z32<z;)((1526>)(X)>
1576

(nlisie) O (i273i4)) iz 9314 15 6] d log <X<Z57’(Z)Xﬁ (?2;31‘4)1‘1) : (A.27)
1576

— 33 —



For i1 > 1 and ig = n — 1, eq. (A.27) reduces to

(X (is n—1) N (i2izia)i1)
<X1125>
X(’ig, n— 1) (i2i3i4)’bl

1> ([11 igi3i4n—1]dlog

— [i1i9i315n—1] dlog

(X

(

+ [i1i214i5n—1]dlog 2
— [i1d314i5n—1] dlog 2

) . (A28)

For i1 = 1 and ig <n — 1, eq. (A.27) reduces to

—[Ligigia (isie) N (7)]Qlo gé id10g<XZ526> (A.29)

For i1 =1 and ig =n — 1, eq. (A.27) reduces to

[1igi3i4n—1]Qlog <<_ >> dlogT (A.30)

6.3 [ig 14 15 (zﬁn) N (n+1 11 ig) ig] [’iﬁ nn+liy ig]
The effect of [eded®y,y1 on this Yangian invariant is the same as
[igigigisn|[irioig n n+1], for which we can apply (A.1).

6.4 [i4 15 16 (n Tl+1) N (i1i2i3) i3] [n n+1141 19 ig]

For 71 > 1 and ig < n — 1, the operation [ eded3xn+1 gives

—Qlogé Zi[(lm) (1) i3 s i5 6] d log <X(i1i2<i)§)hmi2(>i4i5i6)>

QIo T ey 1 el lon e

Gl (ﬁgzz;g)(g@éljfzﬁ) Slizda s ] dlog ji ;Qig,)%%»

Qg (i 1 0 (2 )
T (i ol G

o R o T
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For i1 =1 and ig < n — 1, eq. (A.31) reduces to

Q8 e g 05 48
+Qlog <n<(z;:§)< : “Efifi i)> [Li2d3d4is] dlog §§8§223> l?iﬁizﬁi
- Qlog e vl oy TS
by G )
~Qlo ézzzi [1ig 4 is i) d log(X (Lizis) N (igisic)) -

Directly apply eq. (A.

6.5 [ignn—H (ilig) (Z314Z5) 15] [’il 1913 14 i5]
6.6 [n n+11 (igig) (241526) ’Lﬁ] [’LQ 1314 15 Z6]

1).
Directly apply eq. (A.1).
6.7 [TH-1 11 %2 (i3i4) (Z5’Lﬁn) n] [ig 1415 1g TL]

Directly apply eq. (A.1).

7. [’1,1 19 ’i3 (1,47,5) M (’L6’L71,8) (147'57'6) M (’L7’Lg)] [’i4, ’i5 7:6 ’i7 7'8]

Using six-term identity (2.4), this Yangian invariant is equal to

(—[i1 Qg 13 (i4i516) N (i71g) i) + [i1 1293 (i4i5) N (igiTis) ig]

(A.32)

+ [iliQ <i4i5) N (iﬁ’hig) (i4’i5i6) N (i7’i8)ig] — [il 3 (’i4i5) N (iﬁ’iﬂg) (i4i5i6) N (i7i8) ig]

where the effect of the operation [ eded®y,+1 on each term has been given.

8. [i1 42 4344 (i4isig) N (iris)][ia 45 ig ir is].

Using six-term identity (2.4), this Yangian invariant is equal to

+ [il 1914 (i4i5i6) N (i7i8) ig] - [il 1314 (i4i5’i6) N (i7i8) ig]

where the effect of the operation [ eded®y,+1 on each term has been given.

9. [i1 in i3 i io][is ig ir is o).

Directly apply eq. (A.1).
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10. [21 2213 24 (45%6%7) N (8%9)][i5 16 i7 I8 T9].
Using six-term identity (2.4), this Yangian invariant is equal to
<[i1 Q91314 19] — [i1 9213 (i5igi7) N (igiy) i9]
+ [il 1914 (i5i6i7) N (igig) ig] — [il 13 14 (i5i6i7) N (igig) ig]
+ [ig 1314 (i5i6i7) N (igig) Zg]) [i5 161718 Z'g} ,
where the effect of the operation [ eded®y,1 on each term has been given.
11. [21 121324 (45%6) N (i7i8%9)][i5 16 i7 18 T9].
Using six-term identity (2.4), this Yangian invariant is equal to
([il Q91314 19] — [i1 9213 (i5i) N (i7igiy) i9]
+ [il 1914 (i5i6) N (’i7i8i9) ig] — [il 13 14 (i5i6) n (’i7i8i9) ig]
+ [igd3 14 (i516) N (i7i879) Zg]) [i5 16 17 18 9] ,
where the effect of the operation [ eded®y,11 on each term has been given.
12. Qo[il’izi?, (’i4’i5)ﬂ(’i7igig) (i4i6)ﬂ(i7’i8’i9)][(i4i5)ﬂ(i1’iz’i3) (’i4’i6)ﬂ(’i1’i2’i3) i7i8’i9]2
Where . . . . . . . . . . . . . . . .
B <Z4Z5(Z11213) N (Z71819)><Z426(2122’L3) N (272819)>
(11121314) (14i7ig79) (i516(11i213) N (i7igd9))

This Yangian invariant is equal to

[iaisie (i7ig) N (igi1is) (i7igig) N (i193)][i7igigi1i3]
— i4i5’L6 (Z7’L ) (292112 (
(

)
)

+ [i1i9i3 (i4i516) N (igly) i9][iaisigisio] + [i11213 (i4i6) N (i7igly) i9][iaigivigig]
)

272819) Zﬂg)”iﬂgigiﬂﬂ

[
[
— [i1i9i3 (i415) N (i7igig) ig][iaisizigio] — [i112i3 (i4i5i6) N (i7lg) i9][iaisigizig]
[
[

+ [igt1iais (iaisi6) N (i7ig)|[iaisieivis] — [i19213 (i516) N (i7igly) i9][i5iciTigio]

— i4i5i6 (2718) (292213) (172819) (igig)”lﬂslglglg] y
where the effect of the operation [ eded®y,+1 on each term has been given.
13. [i1,1%2, 13, 14, i5][i6, i7, i8, 19, t10]-
Directly apply eq. (A.1).
B Simple facts of field extension

When the symbol involves algebraic letters, there is an important technical question: how
to find a basis of (numerical) algebraic letters

{la ::aa+ba\/a|aa’baacaEQ’lgagk}
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such that all algebraic letters are product of powers of letters in the basis and some rational
numbers? It’s difficult to find it directly because rational numbers are indefinite, so we first
normalize algebraic letters to fix this uncertainty by introducing the norm of a number in
a field extension [75].

Suppose we have the square roots /c1,+/C2,...,/Cs in letters, where {¢;}1<i<n is
multiplicative independent. Consider the field K = Q(/c1,+/C2,...,1/Cn). As a field
extension of Q, K is a 2""-dimensional Q-vector field, each element a € K defines a linear
operator L, : K — K by Ly(b) := ab, and we define the norm N(a) to be det(L,). It’s
clear from the definition that

(1). N(ab) = N(a)N(b),

(2). Nla+by) = (a? — be)? ™,

(3). N(a) =a?®" ifa € k.

The main lemma used here is that 1 and —1 are only possible rational numbers with
unit norm in K.

Since our irrational letters always have the form

Ao + ba Cin
Ao — ba \/Cia

with unit norm, if a product [], [* € K is rational, it can only be 1 or —1 according to

lo =

the lemma. Therefore, such a multiplicative relation is equivalent to a linear relation of
log(|ls]) up to a overall sign,

> nglog(|lal) =0,

which is very easy to handle for computers, e.g. by the PSLQ algorithm [76].
More generally, for the original problem, one could look for multiplicative relations of
the following numbers with unit norm instead

« ba 7 2
{LQ:ZMGK},

ag — baci,
i.e. L, is the normalized square of [, or equivalently

lo = /a2 — b2¢;. /Lo

or

1
QR = 5(...@((&_bicia)®...+...®La®...)
in the symbol. It’s easy to determine a basis of {L,}, from linear relations

2analog(|Lal) = 0.

C Details on case (iv)

For case (iv), rational parameterizations (3.15) and (3.16) are not available, but one can
easily find the following parameterization

, ot f) (C.1)
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based on the rational point 7, = 0, where

(123n)(n—1(12) (b—1b) (nn—2))
(23n—1n){1(b—1b) (n—2n—-1) (n2))’
~ (12n—2n—-1)(1b—1bn—1)(n(12) (b—1b) (n—2n—1))
(n—1(12) (b—1b) (nn—2))(1(b—1b) (n—2n—1) (n2))

Then, in terms of ¢,

23 + -
/d | Zni 1 ([ pmt1nt1 T fobn—1mt1)

= <T_12> t=00 t+x _ e o t+ xo _ N2
ng@n—%([o dlog = 12,51, b,n=2] £ dlog {2 (2,61, b.n=2,n1]
-+dbgzizzj[LZb—Ln—anlL—dbgiiz:HﬁL@n—Zn—ﬂ
—%dbg@%—$ﬂﬂlb—1Jhn—ﬂ—%dbgttJ[Lb—llnn—Zn—ﬂ> (C.2)
where
~ (12n—-2n)(1b—1bn—1)
L -1 (n—2n-1)(n2))’
~ (12n—2n—-1)(1b—1bn—2)(n(12)(b—1b)(n—2n—1))
U 2 (12)(—16)(n—1n)) (1 (b—1b)(n—2n—1)(n2))
~ (12n—2n—1){n(12) (b—1b) (n—2n—1))
P2 on—2n1n)(1(b—1b) (n—2n—1) (n2))’
~ (1b=1bn—1){2(b—1b) (n—2n—1) (1n))
Y2 b 1bn- 1)1 (b—10) (n—2n-1) (n2))

~ {(12bn)(12n—2n—1)(1b—1bn—1)
T 2bn1)(1(—1b)(n—2n-1)(n2))’

~ {1bn—2n—1)(n(12)(b—1b)(n—2n—1))
Yo on—2n1n)(1(—1b)(n—2n-1)(n2))

and xy_1,yp_1 differ from xp, y, by the exchange of b—1 and b. The box integral under
the parameterization (C.1) has the same form as eq. (3.20), but now with

(12n—1n)(b—1bn—2n—1)

. <12n—2n—1><b—1bn—ln)t s t+1
¢ = t+ (1b=1bn—1)(n(12)(b—1b)(n—2n—1)) ¢= t+ (12n—2n—1)(1b—1bn)
(b—1bn—1n)(1(b—1b)(n—2n—1)(n2)) (1(b—1b) (n—2n—1) (n2))

After subtracting the divergence of the t integration properly, this integral can be performed
without any obstacle.
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