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Landau’s work on the singularities of Feynman diagrams suggests that they can only be of three types:
either poles, logarithmic divergences, or the roots of quadratic polynomials. On the other hand, many
Feynman integrals exist whose singularities involve arbitrarily higher-order polynomial roots. We
investigate this apparent paradox using concrete examples involving cube roots and roots of a degree-

eight polynomial in four dimensions and roots of a degree-six polynomial in two dimensions and suggest
that these higher-order singularities can only be approached via kinematic limits of higher codimension

than one, thus evading Landau’s argument.
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I. INTRODUCTION

This paper tries to reconcile two seemingly contradictory
facts. First, there is the folk wisdom that Feynman diagrams
have only three types of singularities: poles, square roots,
and logarithms. This folk wisdom can be traced back to
Landau, who demonstrated it in Ref. [1], though his
argument included one oft-forgotten caveat: the restriction
only holds for singularities approachable at kinematic
configurations of codimension one. Second, we now have
something Landau did not: an extensive body of work on
the singularities of perturbative scattering amplitudes—
especially in the case of planar, maximally supersymmetric
(N = 4) super Yang-Mills (sYM) [2-10]—where exam-
ples are known to involve roots of arbitrarily high-order
polynomials in the kinematics. Consider for example the
following on-shell diagram (Fig. 1) involving 40 external
particles at 37 loops:
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This diagram encodes a function where all internal lines are
taken to be on shell, with the particular parities of each
three-point vertex indicated in the diagram. But it turns out
that there are 2'°(!) distinct solutions to the cut conditions
with this particular set of three-point parities—with each
encoding a different, specific on-shell function involving the
various roots of some 1024th-degree polynomial [9,10].
Simpler examples of higher-than-quadratic roots arise at
much lower loop orders. In massless theories, nested
quadratic roots make their first appearance at two loops,
but the first example of an irreducible cubic root appears at
three loops involving 11 massless particles. For massive
Feynman integrals, integrals involving sextic roots also
appear at three loops. This raises a natural question: do these
examples contradict Landau’s analysis? Or if not, why not?
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FIG. 1. The swallow-tail singularity of Eq. (12). The blue
curves depict the locus where three roots coincide, while the red
curve depicts the locus where two pairs of roots coincide. At the
point where these curves intersect, all roots coincide.

In this work, we suggest a simple resolution to the
apparent paradox: cubic- (or higher-) root singularities can
and do occur in Feynman integrals but correspond to
singularities of amplitudes at codimension two or higher.
Specifically, this means that such roots cannot be accessed
by any codimension-one kinematic limit. To access such
higher-order singularities, one may first consider starting
from a set of restricted kinematics in which some dis-
criminant locus vanishes. This may be possible in some
cases but is not in the cases we investigate here: the
discriminant locus is not merely vanishing, but singular in
these restricted kinematics, which makes further mono-
dromies ill defined.

Our work is organized as follows. We begin in Sec. II
with some useful background material and review; spe-
cifically, we review how one finds singularities via the
Landau equations in Sec. I A, and revisit Landau’s argu-
ment regarding the types of singularities that arise in
Sec. II B, before finishing the section by discussing some
useful facts about the roots of higher-degree polynomials.
We then study the implications of these ideas for three
concrete examples in considerable detail. In Sec. III we
describe the first example of a cube root arising in the case
of theories of massless particles in four dimensions. We
show how this root is required when one tries to represent
the on-shell space of the diagram in terms of a rational
parametrization of the external kinematics and how any

codimension-one kinematic limit will nonetheless isolate a
pole, not a cubic root. We also discuss how one could set
up the Landau equations in this kinematic parametrization.
In Sec. IV we discuss a similar example with more generic
kinematics, where the on-shell space is described by two
degree-eight polynomials. In this example the Landau
equations can be fully solved, and we describe a para-
metrization of the kinematics which rationalizes the roots
present, analogously to the way one can rationalize the
square root in the one-loop box. Finally, in Sec. V we
describe an example involving sextic roots that arises for
massive theories in two dimensions, where we can once
again solve the Landau equations.

II. PRELIMINARIES

A. Where do amplitudes have singularities?

It has been known since the work of Landau (see Ref. [1]
but also Ref. [11]) that the singularities of scattering
amplitudes or Feynman integrals are given by the solutions
to Landau equations. The scalar Feynman integral

d"k
0= | oD

(2)

has singularities when a subset of the denominators vanish
and there exist a not-all-vanishing set «y, ..., a,, such that

S ayds,(p.k) = 0. 3)
e=1

where the differential is taken with respect to the integration
variables k only.

The perhaps more familiar form of the Landau equations
is obtained by using s,(p.k) = g2 —m2 where g, is a
linear combination of independent external momenta p :=
{Po} and independent loop momenta k which depends on
the graph we are studying. Then Eq. (3) yields a vector
equation for each independent loop momentum, which are
normally called the Landau equations.

Mathematically, the condition in Eq. (3) arises as a
critical value condition for a map between the on-shell
space defined by the vanishing of a subset of denominators
and the space of external momenta (see Refs. [12—14]).
Reference [15] introduced a physical way of understanding
Landau diagrams as real scattering processes of on-shell
particles—where the Landau equations arise as the con-
dition for the closure of the loops.

B. What kind of singularities can amplitudes have?

In the original paper Ref. [1], Landau studied not only
the location of the singularities, but also their nature: how
scattering amplitudes behave when approaching these
singularities. Similar results were obtained by Leray in
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Ref. [11] (see also a review of Leray’s results in Ref. [12],
p. 109, Chap. VI). A more detailed derivation following
Landau’s original idea was presented in Ref. [16]. The
asymptotic expansion around these singularities has been
used recently in Ref. [17] to impose constraints on the
symbol of polylogarithmic integrals.

The derivation of the behavior of a Feynman integral in
the neighborhood of a Landau singularity is slightly too
technical for our current needs, so we will not present it in
detail. Instead, we refer the reader to the result of Ref. [12]
(which uses slightly different notation from ours).

Consider an integral of the form [18]

’@“T/HTNZRM@’ )

where 9, ...,0,, > 0 are integers and @ is some holomor-
phic differential n-form on the k’s independent of the
external momenta p. We will find it useful to define
o= ", 6, [19]

The integral is regular unless the contour of integration is
trapped (or pinched) by the singularity hypersurfaces
si(p,k)=---=5,(p,k) =0, so that it cannot be
deformed away from them. A detailed discussion of the
geometry of the contour pinching can be found in Ref. [12].
The integral is potentially singular for p such that we have a
set of not-all-vanishing variables «y, ..., a,, such that there
exists a function Z(p) with

4t (p) =S acds.(p. k), (5)
e=1

(1) if n+m —1 is odd, then

where now on the right-hand side the differential is taken
with respect to both p and k. The left-hand side is
independent of k by virtue of Eq. (3). We can then choose
a constant factor so that the equation of the Landau
singularities is (p) = 0 (see Ref. [14] for more details).

Some technical assumptions are necessary here. First, we
assume that the Landau locus #(p) = 0 arises from a single
Landau diagram.

Second, we take p — p* where p* is smooth point of the
Landau locus [#(p*) = 0]. This is necessary to be able to
define homotopy paths going around the complexified
Landau locus. Roughly, one needs to be able to define a
complex transversal space where the Landau locus sits at
the origin. Then in this transversal space one can construct
a homotopy path as a loop around the origin. However, at a
singular point the tangent space is not well defined and
therefore one can not define a transversal space either. The
Landau loci are themselves generically singular so this
restriction is necessary (we present an example at the end of
Sec. II D). Third, the pinching has to happen for a unique
value of internal momenta. Related to this, a certain Hessian
(see Ref. [17], Appendix E, for a more detailed discussion)
which appears in the denominator of the coefficient A below
must not vanish.

Finally, we will approach the Landau locus only at
generic points, which are not also singular points for other
Landau singularities. Indeed, Landau loci generically
intersect other Landau loci. These intersections have been
the subject of study, for example in connection with
Steinmann relations (see Ref. [17]).

In this notation and under the conditions described
above, we have the following asymptotic behavior for
I(p) when ¢(p) — 0:

_ N @ri)"A(p) [Ty (—a)™  £(p)5 0 .
1) = =5 = s far 1y T ey (1 o) + (6)
2) if n+m—11s even and n +m — 1 > 26, then
o ri) T A(p) TT (=) £(p)=5° .
H(p) = N e e 5y 1oB(C(P)) (1 + 0(¢ (7)) + hf 7)
3) ifn+m—11isevenand n+m —1 < 26, then
ai)"A(p) [T1, (=a)® (= 25=t + 5 - 1)! /
I(p) =—-N — 14+ 0(? + Nlog(Z(p))hf + ht’; 8
(p) T (o~ 1! ()= (1+0(#(p))) + Nlog(¢(p)) (®)
(4) if m = n+ 1, we have the more specific result that
n\n m i o
1(p) = (et CEPAPHIE GO 20 2 D8 o)) 4 )

i=1

(e - 1))

f<p)§—n
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Here, n is the number of integrations [see Eq. (2)], “hf”
(and hf’) denote any holomorphic function and o(#(p)) is
any holomorphic function which vanishes at the Landau
locus. The quantity A(p) is essentially the inverse of the
square root of a Hessian, while N is an intersection index
which is purely numerical. Explicit expressions can be
given for N and A(p), but we will not need their detailed
form in what follows.

From this discussion we may conclude that there are three
basic types of singularities that may arise in the neighbor-
hood of a Landau locus: polar, square root, and logarithmic.
The ramification type of each in the neighborhood of a
Landau locus can also be determined from a homological
analysis, as was done in Ref. [12], p. 96, Sec. 2.6.

C. Nonexamples

Let us list a number of cases which might look like they
violate the result in the previous subsection but do not
satisfy the conditions we require.

First, one might think about removing the square-root
singularities by a change of coordinates, which amounts to
going to a double cover. Such transformations are some-
times useful but we want to study the singularities in the
original coordinates, which can be either Mandelstam
invariants or momentum components in a special frame.

We do not study second-type singularities, for which the
pinch happens at infinite values of loop momenta. In
principle this case can also be studied after an appropriate
compactification of the internal kinematic space has been
made. Then one can change coordinates to parametrize the
points at infinity and do the same analysis. The numerator
enters in an essential way in this analysis; for pinches at
finite values of momenta the numerators can only cancel
singularities, not create new ones.

Another seeming counterexample is that of the massless
box in six dimensions. This is a finite integral, which up to
a global factor can be computed to be

log?$ + 72

s+t (10)

It might look like terms of type log? contradict the general
results in Egs. (6)—(9).

However, this example violates several of the require-
ments we have imposed above. First, the kinematics is such
that the momentum of each external massless particle is at
the threshold. Therefore, the integral has a permanent
pinch. For integrals which have such permanent pinches
even the existence of an analytic continuation in kinematic
variables is not guaranteed. Another problem is that s = 0
or t = 0 correspond to multiple Landau loci. They arise in
bubble Landau singularities as well as in triangle and box
singularities. The bubble and triangle singularities are
particularly troublesome since the pinching in internal
momenta does not happen for some fixed values of the

momenta, but for a one-parameter family of values. This
precludes the usual construction of vanishing homology
classes which arise in the application of Picard-Lefschetz
theory (see Ref. [12] and also Ref. [17]).

Despite these problems, at least the prefactor of the
integral (which is a second-type singularity in six dimen-
sions) can be analyzed in dimensional regularization and
computed to all orders in €. It is also interesting to note that,
since this second-type singularity cannot appear in the
physical region, when s = —¢ the numerator vanishes so
as to cancel the pole. This uniquely fixes the 72 term once
we know there is a long term. We believe this kind of
constraint should provide a handle on “beyond the symbol
terms” (or “initial conditions” in a differential equations
language).

In general, we expect that cases such as these should give
rise to higher powers of the singularities described in the
previous section (higher poles, powers of square roots, and
powers of logarithms), as they correspond to factorizable
singularities. We do not expect them to give rise to new
types of singularities, such as higher roots.

D. Roots of polynomial equations

Consider what happens to the roots of an algebraic
equation when taking its coefficients along some closed
path. As the coefficients change, the various roots follow
always continuous paths themselves and return to the
same locations as at the beginning—but possibly up to
permutation.

If we have a square-root singularity at codimension one,
this means that going twice around the singularity must
always return the roots to where they began: if they had
been exchanged in going once around, then going twice
would return them to their initial locations.

When the discriminant of their defining polynomial
vanishes, the two roots coincide, and the singularity is
therefore at codimension one.

A cubic-root singularity would correspond to a situation
where three roots simultaneously coincide. This however
can only happen at higher than codimension one for an
intuitive reason: the equality of any pair of roots imposes
one constraint on the coefficients of the polynomial, and
collapsing the pair with the remaining one requires one
further constraint. Thus, all three roots collide only at
codimension two.

Consider for example the depressed cubic equation
x*+px+¢q=0. Its discriminant is (up to a sign)
A = 4p® +27¢*. A = 0 implies only that two of the roots
have collided. One could easily make all three collide by
requiring p = g = 0, but this demand clearly constitutes
two conditions. Incidentally, the vanishing of the discrimi-
nant locus is itself a cuspidal cubic in terms of p, ¢, and it
has a cuspidal singularity when p = g = O—precisely at
the locus where the three roots coincide.
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The case of a general cubic hypersurface 0 = x>+
a,x*> + a,x + ay can be understood similarly. If two roots
coincide and equal u while the third equals v we have

2u+v=—ay, u’>+2uv=a, and u’v = —a, After
eliminating u and » we find
alal —4daya3 — 4a} + 18aga,ay —27a3 = 0.  (11)

It turns out that this surface has a singularity when three
roots coincide. To see this, we set v = u and after

+» which is the
equation of a rational normal curve. It is now easy to see that
if we take the differential of Eq. (11) we find zero, upon
replacing the solutions for a, and a; in terms of a, [21].
This means that the surface defined by Eq. (11) is singular
along the curve where three roots coincide.

To illustrate the complexities that can arise for higher
degrees, let us discuss the quartic equation. To find when
the depressed quartic x* + a,x> + a;x + a, = 0 has multi-
ple solutions we take the roots ry, r,, 13, r4, which are such
that r; + r, + r; + ry = 0. If we set r; = r, we can solve
ry = ry = —%(r; + ry). Plugging back in the expressions
for ag, a;, a, and eliminating r; and r, we find

o @ 2
eliminating u we find ay = 5% and a; =

4aia3 — 16agas + 27a} — 144agaia, + 128aa3
— 25643 = 0. (12)
|

For the quartic we can also have three roots coinciding or
two pairs of roots coinciding. In general, the type of
coincident root locus is specified by a partition of the
degree of the equation. In the case (3, 1), that is when three
roots coincide, we have
as + 12ay = 0, 9a3 —32apa, = 0.  (13)
In the case (2, 2), that is when two pairs of roots coincide,
we have
ay =0, a% —4ay = 0. (14)
Again, it can explicitly checked that the differential of
Eq. (12) vanishes along the (3, 1) locus and along the (2, 2)
locus, which means that the surface defined by Eq. (12) is
singular there.

The (3, 1) locus intersects the (2, 2) locus in the (4) locus,
where all the roots coincide. In the case of the depressed
quartic, this means that all the roots vanish (since their sum
vanishes). In the neighborhood where all four roots

coincide the vanishing discriminant locus has a swallow-
tail singularity.

III. EXEMPLI GRATIA: A CUBE ROOT
AT THREE LOOPS

Consider the scalar three-loop scalar Feynman integral

d* 0y d*lyd* e

where we have used dual momentum coordinates with
Pa=tX,.1 — X, and where we have defined the shorthand
(a|b) = (x, — x;)*. This integral contributes to 11-particle
amplitudes in both pure and maximally supersymmetric
(N = 4) super Yang-Mills theory.

Here, we will establish that, in order to represent this
integral in a reasonable parametrization of the kinematic
space, we require cubic roots. We will primarily establish
this by examining the on-shell space, and in particular the
value of the integral on this space (i.e. at the leading
singularity). We will confirm this by parametrizing the
integrals in a nonredundant, rational manner, to show that
this is not just an artifact of a poor choice of parametriza-
tion. However, as suggested by the discussion in Sec. II, we
will find that in this nonredundant parametrization it is
impossible to approach these roots in a codimension-one

(€112)(€1[3) (€1]4) (€1]2) (€25) (€2] 7) (£2]9) (€2 €5) (€319) (€[ 11) (¢5]2) (¢35 (1)

|

limit [22]. Having established what we set out to, we briefly
discuss how one might set up the problem of determining
the Landau singularities of the diagram, leaving a full
derivation for future work.

A. On-shell space

To begin, let us discuss the on-shell space. This integral
has 16 locations in the (complexified) space of loop
momenta which put all its 12 propagators on shell—
corresponding to the solutions to its “maximal-cut” equa-
tions. These solutions may be organized according to which
particular solution to the cut equations is involved at each
three-particle vertex, which can take one of two forms: with
all spinor-helicity variables A of the participating on-shell
momenta being proportional (white) or all their conjugate
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A’s proportional (blue). When represented in momentum-
twistor space [23], these correspond to the cases where the
lines (representing the loop momenta #; and the external
dual-momentum points x,) pass through each other at a
single point (white) or when they are coplanar (blue).

As there is a three-particle vertex in the middle of the
loop integrand, we can divide the 16 solutions into two
groups of eight according to whether the lines representing
(¢;) in momentum-twistor space intersect at a point or not
(white and blue, respectively). Of these eight, there are
three rational solutions, two (a pair) that involve quadratic
roots, and three which involve the roots of an irreducible
cubic. We would like to analyze and describe these cube-
root solutions to the maximal cut equations explicitly.

Let us start with a concrete parametrization of a subset
of solutions to the next-to-maximal cut [that for which
(7,|3) # 0)—those associated with the parity and coloring
of three-particle vertices as indicated in the following
contour diagram:

(15)

We may parametrize this one-dimensional family of sol-
utions to the cut equations in momentum-twistor space by

writing (£,) = (24), (¢,) := (59), (£3) = (92), where

da)=z+az, 5(a):=(54)n(679),
4a)=(43)n(592), 9(a):=(98)n(10112). (16)

It is not hard to verify that this one-parameter family of
Zi(a) satisfies the 11 cut equations and that they corre-
spond to the particular branch indicated by the coloring of
vertices in (15). Readers interested in the details on how
such a parametrization can be constructed may consult
Appendix A.

To access the leading singularities (that is the singu-
larities arising from the pinch of all the internal lines)
of the initial integral from this 11-cut, we must cut the
final propagator—that is, take residues about the solutions
to (£1]3) x (£,23) = (2423) = a(1423) = 0. There
are four solutions to this final-cut equation: one rational
(a = 0) and three roots of an irreducible cubic. The a = 0
solution corresponds to a rational leading singularity with
the following coloring of vertices:

(17)

To see this, notice that when a = 0, the line in momentum-
twistor space corresponding to (£;) = (24) [as parame-
trized in (16)] passes directly through the point z, (as 2>
7, when a — 0).

We are interested in the other leading singularities—
those involving the three solutions to the final-cut equation,
where (1423)=(123(43)n(592)) x(2593) =0, which
would correspond to leading singularities associated with
the following contour diagram:

(18)

It is not hard to check that this final-cut equation
is (irreducibly) cubic in the parameter a. In particular, it
is given by

gla) == (2593)=icy + cia+ 2% + c3a°  (19)

with

co=(235,9,), ¢;=(135,9,)+(235,9,) +(235,9,),

Cy =<23§1§]>+<13§2§1>+<13§1§2>» C3 —<13§19]>,
(20)

where we have introduced 5;:=(54)n (679;) and
9,:=(98) N (10114).

B. Cube-root leading singularities of an amplitude
in N =4 sYM

For maximally supersymmetric Yang-Mills theory
(sYM), we can give an explicit formula for the three on-
shell functions associated with these cube-root-dependent
leading singularities of the original Feynman integral. To
do this, we start by first computing the on-shell function for
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the 11-cut of (15). Representing maximally helicity violating (MHV) and MHYV tree amplitudes by blue and white vertices,
respectively, the 11-cut on-shell diagram corresponds to

& (21)
11 6 11 6
10 7 10 7
9 8 9 8

where the latter is one realization of the former, using one of the (two) Britto-Cachazo-Feng-Witten (BCFW)
representations of the four-particle MHV amplitude appearing on the lhs. Thus, we can recognize the on-shell function
for the 11-cut as the one-parameter BCFW shift of the following, purely rational leading singularity in sYM:

2) 3

= R[8910112]R[4567 (98)()(10112)] (22)

1 6 R[34(98)()(10112) (54)( (67 (98)()(10112))]

10 7
9 8

This on-shell function has a permutation label given by {9,6,7,11,8,3,10,5,1,4,2} [9,10] and has a representation in
terms of R invariants given by the expression above—where

5"4(mabcde) +ny{cdea)+n.(deab) +ns{eabc)+n,{abcd)

Rlabcde] = (abcd)(bcde){cdea)(deab){eabc)

(23)

[The formula given in (22) was found using [10] and recognizing it (via its permutation label) as a series of inverse-soft
factors; in general, any leading singularity that could have arisen via BCFW bridges may be constructed recursively by
recognizing factorized graphs among its bridge boundaries.]

To implement the BCFW shift as required to represent the 11-cut on-shell function, we merely need to replace
7y B> Zp == 75 + az; and include the prefactor of 1/a in the bosonic part of the superfunction. Thus,

2 3

1 . . S
= —R[8910112]R[45679] R[34952] (24)

Q

11 6

10 7
9 8

where 2, 5, and 9 were defined above in (16). This on-shell function corresponds to a 19-dimensional cell in the
momentum-space Grassmannian Gr_ (11,5) labeled by the permutation {9,6,7,11,8,2,10,5,1,4,3}.
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From this 11-cut on-shell function, the 12-cut on-shell
functions involving the cube roots can be obtained by
taking a simple residue about one of the poles arising from

(2593) =0 (which appears in the denominator of the
bosonic part of the third R-invariant factor appearing in
the expression above). Notice that this is precisely the
same cubic as encountered in the final-cut condition
above. When a residue is taken on any one of the cube
roots, the resulting on-shell function would be labeled by
the path permutation {9,7,6,11,8,2,10,5,1,4,3} for an
18 = (2 x 11 —4)-dimensional cell in Gr, (11,5); using
the tools of [9,10], it can be easily confirmed that this
cell in the Grassmannian has “intersection number” (with
kinematics) equal to 3—meaning that there are three
solutions to the constraints connecting the auxiliary
Grassmannian to kinematic data. These three particular
leading singularities correspond to the particular roots of
the cubic used to define the cell via (24).

The existence of three leading singularities here leads to
an unusual situation. Typically, we expect leading singu-
larities to serve as prefactors of polylogarithmic functions
in the integrated expression for an amplitude. Here, we
have three distinct possible prefactors, corresponding to
distinct residues of Eq. (24) at the roots o} in Eq. (19).

The presence of these distinct possible prefactors raises
the question of whether such an integral has differential
equations that can be written in canonical form (cf. [24]).
This form generally demands pure functions, and there is
no normalization under which this integral is pure.

This issue is still present even for a scalar version of the
diagram. There the leading singularities are just residues of

ﬁ on its three poles, of the form m As these
i Jj i k
must sum to zero, we do have one identity:
1 B 1
(af —a)(a] —a3) (&5 —aj)(a; —aj)
1
- . (25)

*_

(a3 — ai)(a; — a3)

Thus, we can express one residue in terms of the others, but
there are still two independent prefactors.

This situation does not arise for quadratic equations. In
that case we have the possible residues la; and az+ but

aj= @
since these can differ only by a sign, we can pull out a

global factor a; for example.

—ay

The appearance of this situation for cubic roots is perhaps
not so surprising and is a behavior we expect to continue to
higher orders. The final amplitude is, in any event, not
generally pure: it has nontrivial leading singularities, which
can in fact depend upon arbitrarily high-order algebraic

roots involving the kinematics. This behavior is natural from
the point of view of unitarity methods, where amplitude
integrands are rational differential forms on the space of
loop momenta; thus, when representing an amplitude using
unitarity in terms of any basis of master loop integrands,
whatever algebraic normalizations one uses must always
conspire with algebraic coefficients (leading singularities) to
yield a rational loop integrand.

C. Cluster coordinates for the integral

Following the above, we arrive at an expression for the
loop momenta on the leading singularity in terms of
momentum-twistor four-brackets. As four-brackets satisfy
identities, it is not immediately obvious that the cube root
is not reduced to something simpler upon application of
these identities. To rule this out, we find expressions on
the leading singularity in terms of an explicit twistor chart.

As we are considering an 11-point diagram, one
might naively expect to describe it with 3(11) — 15 =18
variables. However, this diagram is simpler than a generic
11-point dual-conformal diagram because of the presence of
pairs of legs at the same corner, forming “masses”: (5, 6),
(7, 8), (9, 10), and (11, 1). As such, the diagram only
depends on the seven dual points x,, X3, X4, X5, X7, Xo,
and x;;. Massless legs contribute three lightlike conditions,
bringing the correct number of variables to 4(7)—
3 — 15 = 10. We would thus ideally want a ten-parameter
twistor chart.

In Ref. [25], two of the present authors found twistor
charts for a variety of integrals with appropriate numbers of
parameters by specializing to particular positroid cells.
Unfortunately, this strategy does not suffice here, as there
are no ten-dimensional boundaries of the 11-point top cell
that preserve dependence on the required dual points.
Instead, we will follow a strategy outlined in Ref. [26]
based on cluster algebras, finding a subquiver of G(4,11)
with ten X-coordinates that spans the correct space of
dual points.

To carry out this strategy, we begin with a quiver for
G(4,11) and then mutate on all possible nodes. For each
mutation, we check to see if there is a subset of its X-
coordinates that is independent of the dual points of our
integral. We keep only the mutations with the largest sets of
X-coordinates that satisfy this condition. We stop when we
find at least one quiver which contains eight X-coordinates
that are independent from the seven dual points of our
diagram, which in this case happens after 14 mutations.
Setting these eight X-coordinates to one in a twistor
parametrization of the quiver, we find a twistor paramet-
rization with the minimal ten parameters for our diagram.

In terms of momentum-twistor four-brackets, these ten
parameters can be written as follows:
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(35)N (467)489)
(3489)(4567)

e =

(21011)467)

(45) N (389)31011)((89) N
2T T R31011)(891011)((35) N
_(3467)((45) n

(389)31011)

3
T 341011)((45) N (367)389)°
(341011)(891011)((35) N

(467)489)((45) n

(467)489)

(367)389)

“ = 167(345)n (89(1011) N
 (3489)((12) n

T 1234)((45) n

(345)))(3489)((89)n (31011)467)°
(345)31011)
(389)31011)

(121011)(2345)((89) n (31011)467)

€ = —

(12)n
(67(345) N (89(1011) N

(345)31011)((89) n
(345)))(1234)(231011)

(21011)467)

‘17 167(345) n (89(1011) n
 (89(31011) n

(467))((45) n

(123)))(2345)(341011)"
(367)389)

T T3467)(6789)((45)

n(389)31011) °

(67(345)Nn (89(1011) N (123)))((45) n(389)31011)
g = — ,
K (891011){((12)n (345)31011){((45) N (367)389)
(67(345)Nn (89(1011) N (345)))(3489) (26)
e =—
07 T ((35)n (467)489)((45) N (389)31011)"
|
We give an explicit parametrization of the momentum  with
twistors in these coordinates in Appendix B and also
include them in Supplemental Material [27]. A= c% —4csey,
Aj =2c3 —9cs3¢5¢; + 273, (30)

1. Structure of the cubic root
Out of 18 cluster X-coordinates, we retain ten coordi-
nates e; in our ten-parameter chart. In this chart, the cubic
equation for a takes the following form:

9
1 —eleseteresegesel (ege, + ey +5) e + cra

+ c20% + c30°] = 0. (27)

The coefficients in this expression are quite long, so we
omit them from the main text. They are presented in
Appendix B and in Supplemental Material [27].

For a general cubic equation ¢+ c;x + cox’+
c3x3 = 0, one can write the three solutions as

1 Ay
Xp=—— <C2+§kC+k—)’ where k€{0,1,2}. (28)
3C3 Z:

Here we have ¢ a third root of unity and define

1

Ay + /A2 —4n3 \°
C:=

2 9

(29)

It is clear that, in order for the leading singularity of this
diagram to have a singularity that goes as p'/3 as some
kinematic parameter p — 0, we must have C — 0 in this

—4A} — A and thus

that Ay — 0. Generically, in a limit where Ag — 0, C
behaves as

limit. This in turn demands that

A8 =28+ 0N (a3 )
C~< 2 ~ A—1+0(A0)

A

Al;g +O(AY). (31)

Thus, C will generically vanish linearly, not as a third
power, in such limits. C only vanishes as a third power if
both A, and A; simultaneously vanish, as suggested by the
form of Eq. (31). This is a codimension-two limit and thus
not forbidden by Landau’s analysis.

There are two potential loopholes in this general behav-
ior. If A, vanishes identically for generic kinematics, then
we only need a codimension-one limit to uncover the cubic
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root. If Ay and A both vanish in the same kinematic limit,
then it might also be possible to achieve a cubic-root
singularity.

In our case, these loopholes can be addressed by the
explicit forms of Ay and A;. These are too complicated to
print in full here, but their relevant structure is easy to
display:

Ay = egp(ei)7
Ay = e30(e)). (32)

P(e;) and Q(e;) are both complicated polynomials, but
crucially for our purposes they have no common factors.
This means that we can only have a cube-root singularity
when a common factor of Ay and A; vanishes, namely

when e — 0. As e — 0. we have \/A7 — 443~ /ef,

and thus C ~ eg. Thus, there exists no codimension-one
limit of this integral that behaves like p'/3, as expected [28].

D. Landau equations

The behavior established in the previous section should
also be able to be made manifest at the level of the Landau
equations. Here we will describe how this calculation may
be initiated, though at this time we have found it too
computationally intractable to be worth pursuing.

Examining the leading Landau singularity (with all
propagators on shell), one must in addition impose the
Landau loop equations.

For the box integral below

D4 T D1
Y1 ®
PYPYI L2 N
Ao Ta—To = AaAq
Tio A 0 Yy el2 ~
Ay Qg raNa = Yatr1—Ya
Y4 A3
o U3
Ps3 T3 P2

(33)
the Landau loop equations in dual coordinate language read
ay(xy —xp) + -+ ag(xy — xp) = 0. (34)

This equation is not manifestly dual-conformal invari-
ant. As such, it is not straightforward to represent it in
terms of a nonredundant parametrization of the kinematics.
To make the equation dual-conformal invariant, we may
upgrade it to an equation in embedding space, where each
dual point is represented as a six-dimensional null vector
X;=: (¥, X, X7) with metric such that

Xi Xj ::XI+X]_ +XI_X}|— —x,- ‘)Cj,

(35)

where for any nonzero real constant ¢ we take X;” = ¢ for
all i and X; = 5-x7. Indeed, using the Landau equations in
Eq. (34) and the on-shell conditions it can be shown that in
a gauge where X is a constant independent on i,

al(Xl—X0)+"'+(14(X4—X0>:0. (36)

For example, suppose we gauge X; = 1 for all X;. Then
the equations for the x!' components are identical to those
in Eq. (34), while the X;" equation is trivial, so we only
need to check X7 . In this gauge X; = %, so the equation
for this component becomes

@} —xd) +ad ) =0, (37)
Since we have imposed that the propagators are on shell,
we have (x; —xy)? = 0 for all i. Thus,

xiz—x%:x?—x%—(xi—xo)z

_ 2
= 2x; - Xo — 2x5

= 2xy - (x; — x0), (38)

which shows that the equation for the X; components is
implied by our original equation in x space.

Using this type of manifestly dual-conformal invariant
form of the Landau equations for the three-loop integral we
have discussed in this section, and writing the dual points of
the loop momenta as X4, Xz, X, we find

0=a;(Xa—X3) +a(Xa — X4) + a3(X4 — Xp)
+ay(Xa —Xc) +as(Xy — X>), (39)

0= ag(Xp —Xs) +a7(Xp — X7) + ag(Xp — Xo)
+a9(Xp — Xc) + a3(Xp — Xa), (40)

0 = a1o(Xe = Xo) + a1 (Xe — X11) + apn(Xe — Xs)
+ay(Xe = Xa) + ag(Xc — Xp). (41)

Separating these component by component gives 18
equations in the 12 a;, with coefficients that are algebraic
functions in the cluster X-coordinates. Some of these
equations are redundant, but 12 are independent, giving a
12-by-12 matrix of coefficients. The leading Landau
singularity occurs when the determinant of this matrix
vanishes.

It would be interesting to find and factorize the deter-
minant of this matrix. One would expect that it would have a
factor in common with A, and thus that it vanishing would
lead a pair of roots of the cubic to coincide. Unfortunately,
we are unable to confirm this due to the complexity of the
coefficients present [29].
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Before presenting a less computationally intensive
approach in the next section, we make a few brief comments
about the geometry of the problem. Much as the conserva-
tion of loop momentum is solved by the introduction of dual
coordinates, one can formally solve the Landau loop
equations by introducing new auxiliary coordinates asso-
ciated to the vertices of a diagram that incorporate the
variables a;. Then the solution to the Landau equations can
be characterized as a set of geometrical constraints on both
the momentum twistors and a set of twistors corresponding
to these new auxiliary coordinates.

We can briefly illustrate this approach with the example
of the one-loop box integral [see Eq. (33)]. Here in analogy
with the dual coordinates x, — xy =t A,4,, we have intro-
duced auxiliary coordinates y, such that a,A,1,=:
Yar1 — Ya- One can then think of the problem as a set
of geometric constraints linking the momentum twistors
and dual momentum twistors

Z = (A ikx), 7 = (=ix, 1), (42)
with similar objects introduced for the auxiliary variables,
Y; = (4,idy;) and ¥; = (=iy;4, 1). This approach appears
promising, and we will pursue more applications of it in
future work.

IV. EXEMPLI GRATIA: A PAIR OF OCTICS

In this section we analyze the singularity arising
from the Landau diagram in Fig. 2. We do not take
(AjB;A;1B;.1) =0 so this is a more general case of
the kinematics analyzed before, but it has the advantage of
being more symmetric. In this case, we can describe the
Landau locus in a particularly compact manner. We
analyze only the case where the three-point amplitude
in the center is MHYV, so the 4 spinors of the internal lines

A3 N By As N\ By

FIG. 2. Three-pentagon cubic-root singularity. We have
described the dual points of the diagram in terms of lines in
twistor space.

are proportional. This means we can set the corresponding
twistors equal; as a result, they are all labeled as C in the
diagram. The parity-conjugate case can be obtained by
projective duality. Projective duality exchanges points and
planes and sends lines to lines so the dual of three lines
intersecting in one point is a configuration of three lines
belonging to the same plane.

A. On-shell space

We begin by discussing the on-shell space, using some
notions from projective geometry. In order for all propa-
gators of the diagram in Fig. 2 to be on shell, we must have
that the lines in twistor space C A D, C A D,,and C A Dy
intersect with all of the lines defining their adjacent dual
points.

To begin, we focus on solving the on-shell conditions for
the propagators on the outside of the diagram. The skew
lines A; A By, A, A B, and A; A B; are contained in a
unique quadric surface Q. Similarly for A4 A By, As A Bs,
Ag N Bg which determine a unique quadric O, and for
A7 A By, Ag A Bg, A9 A By which determine a quadric Q5.
Through any point of Q; passes a line which intersects
A A B1,A; A By and A3 A B;. Conversely, any line which
intersects these three lines is completely contained in the
quadric Q;. Thus, in order for the propagators surrounding
this loop to be on shell, we must have that the line
parametrizing the loop momentum is contained in Q. In
order to parametrize this line, we may write a generic point
Py p, on the line Ay A B; with

PA]B] :Al +l/lBl. (43)

Then we can write the space of lines /; contained in the
quadric Q; as

Iy = (P4,p,A2B,) N (Py,5,A3B3)
= (Pa,p, N A2)(By, Py, A3, B3)
— (Pa,, N B2){(Az, Py 5, A3, B3). (44)

Following this same procedure for the quadrics Q, and Qs,
one obtains three lines I, I,, and /5 parametrizing the
three-loop momenta in terms of three parameters vy, 15, 3.
Finally, we must impose the on-shell conditions of the
internal lines. These are enforced by demanding that the
lines parametrizing the loop momenta intersect. We need
(I 1,) = (I,13) = (I,I;) = 0. We have evaluated these
equations for generic external kinematics using SageMath
[31]. Two of the variables can be eliminated rationally,
resulting in a degree-16 polynomial in the final v5. This
polynomial is reducible: it factors into two irreducible
degree-eight polynomials. Thus, the on-shell space for this
polynomial involves roots of irreducible octics.
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B. Landau equations

We now proceed to describe the Landau equations for
this integral. We introduce dual embedding space coor-
dinates

A: N B; CAD
X, =" W, = z, 45
" (IAB)) (IcD,) 43)

The components (ad@) of these embedding space dual
coordinates are the usual four-dimensional dual coordinates
(which we denote by lowercase letters).

In terms of these four-dimensional dual coordinates the
Landau loop equations read

x| + ar Xy + a3xz + ahwy — ayws

= (a1 + @ + a3 + a5 — a3)wy, (46)

QX4 + AsXs + AgXg + Ayws — AWy
= (ag + as + ag + a5 — ) )ws, (47)
|

a7 X7 + agxg + Agxg + Aywy — dyw,

= (a7 + ag + ag + a) — as)ws. (48)
When upgraded to twistor language we get

A| A B Ay A B,
ap +a2

(IA|B;) (IA;B,)

, CAD, C A Ds

% eD,) T B cD,)

n A3 A By
a3 D3
* (IA3B3)

C A Dy

:(a1+a2+a3+a'2—a'3)m.

(49)

In the following it will be convenient to redefine
a; = a;(IA;B;), ay = d(ICD,). (50)

The three-loop Landau equations are

a1A1 /\Bl +02A2 /\Bz“‘a}Ag; /\B3 +a'2C/\D2—a'3C/\D3

_ [e4] <IA1B1> + 02<IA2B2> + a3<IA3B3> + a’2<ICD2> - a%(ICD3>

(ICDy)

C A Dy, (51)

(Z4A4 A B4+C(5A5 AN Bj +a6A6 A B6+agC/\D3 —a’1C/\ Dl

_ a4<IA4B4> + Qs <IA5B5> + a6<IA6B6> + a’3 <ICD3> - a'] <ICD1>

(ICDy)

C A D,, (52)

(Z7A7 /\B7+(18A8 /\Bg‘“(lgAg ABg+a/1CAD1 —a/2C/\D2

_ a7{IA7B7) + ag(IA3Bs) + ag(IA9By) + , (ICD,) — a5 {ICD,)

(ICD3)

By wedging with C it follows that
Ay ABiACH+ayAy ABy AC+a3A3 AB3 AC=0, (54)
Ay AByACHasAs ABs ACH+agAg ABg AC=0, (55)
a7;A7 AB7; A C+agAg ABg AC+agAg ABg AC=0. (56)
From the first equation we obtain that
a1 (A1 B|CA3) + ay(A;,B,CA3) =0, (57)
a;{AB,CB3) + a,(A,B,CB3) = 0. (58)

If we impose the condition that these two equations are
compatible for nonvanishing «; and a,, we obtain that

CAh D3. (53)

|
(A1BCA3)(A,B,CB3) — (A B,CB3)(A;B,CA3) = 0.

(59)

This is just the condition that C belongs to the quadric
containing the lines A; A B, A, A B, and A3 A Bj.

There are three such quadrics. Recall that we have
denoted by (Q; the quadric generated by the lines
A; AN By, Ay A By and Az A Bj, etc. The three quadrics
0;, Q, and Q5 in P3 intersect in 2 x 2 x 2 = 8 points. We
will discuss the surprisingly rich geometry of these inter-
section points in Sec. IV C.

We can use the equations above to solve for a, and a3 in
terms of «;, etc. We obtain

(A1B,CA3)
(AyB,CA3)’

(A1B,CA,)

AsBsChy) O

A = —0o a3 = —aq
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We can also contract the first Landau loop equation (51)
with a line which is transversal to A B;, A,B,, A3B, and
CD,. Recall that four skew lines always have at least two
(possibly coinciding) transversals. One of the transversals
is CD,. To obtain the other, we use that the quadric which
contains the lines A;B;, A,B, and A;B; has equation

(A1B1A3X)(A2B,B3X) — (A3 <> B3) = 0. (61)

Even though this expression looks like it is not symmetric
under permutations of the lines A;B; for i = 1, 2, 3, it can
be shown (via Pliicker identities) that it is symmetric. The
|

(A1B1A3D,)(A,B,B5C) 4 (A B|A3C)(AyByB3D;) — (Ay <> Bs)

line CD, intersects this quadric in two points, which are
given by the solutions of the following quadratic equation
in p:

(A1B1A3(C+uD,))(A,B,B3(C+uD,)) — (A3 <> B3) = 0.
(62)

One of the solutions is u =0 since C belongs to the
quadric (see above). Then the other solution can be found
straightforwardly:

(A1B1A3D,)(A,B,B3D,) — (A3 <> By)

. (63)

If we denote this intersection point by P, = C + uD,, then the second transversal line can be taken to be
L, = (P12ABy) N (P,A,B,). Then, using the transversality property we have

(AB\Ly) = (A;,B,L1,) = (A3B3Ly5) = (CD,Ly,) =0, (64)

so upon contraction with the Landau loop Eq. (51) with L, we find

—a5(CD;Ly,) =

a;(IABy) + ay(IA,B,) + a3(IA3B3) + a4 (ICD,) — a3 {(ICD3)

(ICDy)

(CD{Lyy). (65)

We can similarly build a transversal L3 to A;B;, A,B,, A3B; and CD5 (which is different from CD;). Contracting the

Landau loop Eq. (51) with L3 we find

a;(IABy) + oy (IA,B,) + a3(IA3B3) + a5 (ICD,) — a3 (ICD5)

o, (CD,Ly3) =

Hence,

@ __(CD\Ly;3)(CDsLyy)

. 67
oy (CD,L13){CD, L) (67)
Similarly, we find
oy (CDyLy){CD;Ly)
a (CD3Ly)(CDyLo3)°
@ (CD3Ly)(CD,Ls) (68)
@ (CD|L3,)(CD3L3;)

Taking the product of these ratios we find

(CDL13){(CD3L15)(CD,Ly;){CD, Ly3)
X (CD3L3,){CDyL3;) + (CD,Ly13)(CD L)
X (CD3Ly1){CDyLy3)(CDL3y)(CD3L3;) = 0. (69)

(ICDy)

(CD\Ly3). (66)

|

This equation expresses a codimension-one constraint on
the external kinematics, written in terms of lines in twistor
space parametrizing the loop momenta in the on-shell space
and transversals to those lines. It is the leading Landau
singularity for this diagram, defining points at which the
integral can develop a branch cut.

C. Intersection of three quadrics

In practice, even when an algebraic root is needed to
describe the on-shell space for an initial choice of kinematic
variables, it is often possible to find other variables which
rationalize the root. One fruitful way to find such variables
is to consider the problem geometrically and find variables
that naturally parametrize the on-shell space. These varia-
bles will typically be complicated to express in terms of the
external kinematics, as they are in some sense derived
“outside in,” starting from the solution to the on-shell
conditions and deriving a parametrization of the external
kinematics from that. As such, one should not think of the
existence of these parametrizations as evidence that a
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diagram lacks a given root: rather, they move the complexity
of the root to the complexity of the external kinematics.

A familiar example of this kind is that of the four-mass
box integral (with massless internal lines). It is known that
this integral can be computed in terms of two quantities z
and 7 which are the roots of a quadratic equation in the
Mandelstam invariants of external lines (see Ref. [32] for a
discussion). Unlike the case of the two-loop six-point planar
MHYV amplitude in N = 4 super Yang-Mills (see Ref. [33]),
these square roots do not disappear even if we use
momentum twistors to parametrize the external kinematics.
However, we can choose to parametrize the kinematics in a
different way instead. It turns out (see Ref. [32]) that the
quantities z and Z have the following geometric interpre-
tation: in momentum twistor space the external kinematics
of a four-mass box is represented by four skew lines in P3.
Such four lines generically have two transversals (lines
which intersect all four of them). On each of these trans-
versals there are four intersection points. Taking the cross-
ratio of these four points on one of the transversals one
obtains z and on the other transversal z [34]. Using this
result, we can parametrize the on-shell space of the massive
box integral as follows. We first pick the two transversals;
then we pick four pairs of points, with the first member of
the pair on the first transversal and the second on the second
transversal. These four lines are the lines corresponding to
the dual external points in twistor space and therefore we
have specified the kinematics completely. However, in this
parametrization the variables z and Z arise naturally and do
not involve any square roots.

We will now attempt a similar exercise for the three-loop
diagram in Fig. 2. Consider three quadrics in P* which are
in general position. Then, by Bezout’s theorem they
intersect in eight points. However, the converse does not
hold. That is, given eight points in general position (that is
no four of them coplanar and therefore no three of them
collinear) it is not possible to find three quadrics containing
all of them. Indeed, suppose it was possible to find such
three quadrics Q;, Q,, Q3. Then we have a two-parameter
(parametrized by points in P?) quadric 1,0, + 1,0, +
4303 which also passes through all eight points. However,
given seven points in general position (meaning that they
impose independent conditions on the coefficients of a
quadric containing them) they determine seven of the nine
independent coefficients (up to scaling) of a generic
quadric. In other words, two coefficients remain undeter-
mined. But through eight points in generic position passes
only a one-parameter family of quadrics. The resolution of
this paradox is that specifying seven of the points uniquely
determines the eighth.

This is an instance of what is sometimes called Cramer’s
paradox. This paradox first arose in the study of the
intersection of cubic curves in the projective plane. The
polynomial defining a cubic curve in P? has ten terms.

Considered up to rescaling by a nonvanishing quantity,
such a cubic is parametrized by a point in P°. Imposing that
a point is contained in the curve imposes one constraint. If
we impose that the curve contains nine points (and if these
conditions are independent), then the cubic is completely
determined. Now consider the intersection of two such
cubic curves. According to Bezout’s theorem, they intersect
in 3 x 3 = 9 points. However, we have shown that through
nine points in generic position passes a single cubic. The
conclusion is that the nine intersection points are not
independent. Indeed, one can show that if two cubic curves
pass through eight points, then they pass through a ninth
point as well and this ninth point is uniquely determined by
the other eight.

If we denote the eight intersection points of three
quadrics by 1,...,8, we should be able to express the
constraints on the eighth point in terms of four-brackets.
Indeed, Turnbull (see Ref. [35]) has given such constraints.
A necessary condition is

(1256) (3476)
det( (1276) (3456)

(1258)(3478)

<1276><3458>> 0. (70)
If points 1,...,7 are kept fixed, this is the equation of a
quadric in the coordinates of the eighth point. It can be
easily checked that the determinant in Eq. (70) vanishes
when point 8 coincides with any of 1,...,7. See also
Ref. [36], p. 153.

Eight points which are the intersection of three quadrics
are sometimes called a Cayley octad. Their geometry has
been studied more recently by Dolgachev and Ortland (see
Ref. [37]). Interestingly, their description of the space of
Cayley octads is in terms of a concept called Gale duality.
The general form of this duality can be described very
concretely as follows (see Ref. [38] for an introduction).
Given m points in P”* (with m > n 4 2), we can represent
their configuration by a (n+ 1) x m matrix, with a left
action of PGL(n + 1). If this configuration is generic, then
we can, by this left action, make the left (n + 1) x (n + 1)
minor the identity. Then the configuration is parametrized
bya (n+ 1) x (m—n—1) matrix A. This matrix A fits in
(m—=n—1) x m matrix (1,,_,_;,AT). The matrix A7, in
turn, corresponds to a configuration of m points in P2,
It is advantageous to apply this duality when the dimension
of the embedding projective space decreases. This has also
been described, in a related geometric context, in Ref. [39],
p.- 299 (see also Refs. [33,40] for applications). The
constraints linking these eight points can be described as
follows: the configuration of the eight intersection points of
three quadrics in P? is Gale self-dual.

The eighth point can be parametrized rationally in terms
of the other seven, as described in Ref. [41], Proposition
7.1. Indeed, we can take the first seven points to have
homogeneous coordinates
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(1:0:0:0),

(1:1:1:1),

(0:1:0:0),

(a6 Po:76:06)s

(0:0:1:0), (0:0:0:1), (71)

(a7:B7:77:67). (72)

Then, the eighth point has coordinates (ag:fg:yg:8g) given by

—YeP7 + 667 + Pev7 — S6¥7 — P6O7 + Y667

ag = , 73

’ —P606P777 + Y606P777 + P6¥6P7167 — Y606P707 — PeY6¥707 + P66y 767 73)

B = —Y6Q7 + 067 + AsY7 — O6Y7 — X607 + Y607 (74)
—6060777 + V6060777 + QY6767 — V606707 — As¥6Y767 + A6B6Y707”

v = —Pea7 + 667 + a7 — O6f}7 — A667 + P6b7 (75)
—a686a717 + PeOer 7 + AcPear87 — Peb6r67 — acPePr07 + a6B6P707”

5y = —Pe7 + 167 + Q67 — Y7 — AsY7 + Por7 (76)

To check that these eight points belong to three inde-
pendent quadrics we proceed as follows. We start with
a quadric

3
q(x) = Z qijXiXj, (77)
i.j=0

with g;; = q;;. Imposing that the first five points belong to
this quadric implies that ggy = ¢11 = g2 = q33 = 0 and
qo1 + 900 + 903 + q12 + ¢13 + g3 = 0. The conditions
that the last four points belong to the quadric are linear
constraints on the (go1, 42, 903» 912, 413+ 423) Which can be
put in the form of a 4 x 6 matrix:

1 1 1 1 1 1

Afs  As¥s 606 Pe¥s PeOe Y66 (78)
a7 agy; @767 Prys P16 ¥edy
agfy agyg agdy  Pgyg  Pgds  vsds

Then we can check that with the values in Eq. (73) all
the 4 x 4 minors of this matrix vanish. This means that the
eighth point is automatically contained in any quadric that
contains the other seven.

Hence, it is possible to parametrize the on-shell kin-
ematics rationally, in a sense from the “inside out.” That is,
we first pick seven points as above and an eighth point
whose coordinates are given by Eq. (73). Then we find
three quadrics such that these eight points are their
intersection. Then, in each quadric we pick three lines,
member of the same ruling and not containing any of the
eight intersection points. Finally, we take these nine lines as
the external lines A;B; for i =1,...,n. The ability to
rationally parametrize the on-shell spaces is connected

—Y 617 + Per61P7 + AePedtzv7 — Perer77 — APePrrr + AcvePrr

with the possibility of computing the integral in terms of
polylogarithms (see Ref. [42]). It would be interesting to
understand better the relation between this parametrization
and those in terms of cluster variables (see Appendix B).

Finally, let us discuss possible degenerations of these
configurations of eight points (which are the on-shell space
of the diagram in Fig. 2). This has been studied in
Dolgachev and Ortland (see Ref. [37], p. 176). They found
three classes of possible degenerations:

(1) Two of the eight points become coincident.

(2) Four points become coplanar (when this happens the
other four points also become coplanar as follows
from Gale duality).

(3) The eight points lie on a twisted cubic. This is a
codimension-two condition.

The physical interpretation of the second and third pos-
sibilities is mysterious, with third in particular able to
correspond to a codimension-two Landau singularity. The
first, on the other hand, is exactly the Landau locus of
Eq. (69), as we confirm below.

When two points P; and Pg of a Cayley octad
become coincident, we have (m,n,7,8) = 0. Therefore
by Gale duality, the four-bracket of the complementary
points (i jkl) =0 where the points {P,, P,, P7,Pg} U
{P,-,Pj,Pk,P,} ={P,,...,Pg}. Since this is true for all
groups of four points in {Py, ..., Pg}, this means that the
points P, ..., Pg belong to the same plane. In fact, they also
belong to the same conic, since if they did not then they
would not belong to a quadric (since the intersection of a
quadric with a plane is a conic). Six points do not generically
belong to a conic, a conic being determined by five points
(in general position in the same plane).

Since the points P, ..., Pg belong to the same plane we
can pick them without loss of generality to have zero fourth
component. We take
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Py =1(1:0:0:0), P, =(0:1:0:0), (79)

P;=1(0:0:1:0), P,=(1:1:1:0), (80)

Psz((Jl: bl:C]:O), Pﬁz(az:bQ:CQ:O). (81)

If the equation of the conic is

Co0Xg + 2¢o1%0X1 + 2¢0aX0Xs + ¢y X7 + 2¢ 1% X,

—|— szx% = 0, (82)

then imposing that the points Py, ..., Pg belong to it implies
that Cop = C11 = Cpp = 0, aip = —dapp — agp- The condi-
tions for the last two points to belong to this conic are

@:_Cl(al_bl):_cz(az_bZ)' (83)

Co2 b1(01 - Cl) bz(az - Cz)

This first equality can be used to determine the coefficients
¢;j (up to a multiplicative factor) while the last equality can
be used to determine c,.

Without loss of generality we take the remaining
(coinciding) two points to be

P; =Pg=(0:0:0:1). (84)

Note that this parametrization cannot be obtained from the
one in Eq. (73) for finite values of a, f, y, . This not
unexpected when one considers that a configuration where
two points coincide lies on the boundary of the space of
those parameters.

A quadric Q C P? is defined by a general equation

Z qijXiX;. (85)

0<i<j<3

Imposing the conditions that the points Py, ..., P € Q we
obtain that g;; = ¢;; if i,j€{0,1,2}. If we impose the
condition that P;, Pg € Q, we obtain ¢33 = 0. The coef-
ficients ¢g3, g3 and ¢,3 remain undetermined.

We therefore obtain three natural quadrics which contain
all eight points:

0:(x) = z CijXiXj + qo3XoX3, (86)
0<i<j<2

Os(x) = Z CijXiXj + q13X1X3, (87)
0<i<j<2

05(x) = Z CijXiXj + ga3XaX3. (88)
0<i<j<2

It can be checked that these quadrics are generically
smooth, by computing the determinants of the associated

symmetric matrices. We can set the coefficients g3, g3 and
¢»3 to one without loss of generality.

Next, we need to choose three skew lines in each of
these quadrics. To find a line in a smooth quadric QO =
Z? =0 qijXix; we first pick a point on Q with coordinates
(Eo: £1:&,:&3). We can find this point by, for example,
picking &y, &;, & and solving for &;, which is a linear
equation.

The (projective) tangent plane to Q at & is given by the
equation »_; 7 4qijxi¢; = 0. The intersection of this tangent
plane with the quadric consists of two lines. Doing this
three times we obtain six lines and we can choose three
which are skew. Then we repeat this construction for Qy,
0, and Qs to obtain the lines A;B; fori =1,...,9.

In practice, we can build these lines using the Segre map.
For example, we have

01(x) = xo(co1x) + cooXa + x3) + cppx1x2. (89)

Then, the condition imposed by this quadric can be
solved by

Xo = APy, corXy + copXy +x3 = a1y, (90)

— Xy = apf. Xy = ayf. (91)
Then for every point C on the surface defined by O we can
find coordinates (&,: @;) and (y: /). The lines through C
are given by a being constant or § being constant. The
points where Q; vanishes can then be parametrized by

Xo = AP, X1 = —aOﬂl > (92)
C12
c
Xy = a1, x3 = aif +C—O;(10ﬁ1 —cpaifo- (93)
1

For O, we have
0>(x) = x1(co1xg + c1o%2 + X3) + copXoxa.  (94)

We can then solve this constraint by

Xo = AP, xXp = ap, (95)
afp afp

=—"tl xy=afy—coafo+en——r.  (96)
Co2 Co2

Finally, for O3 we have
03(x) = x5 (copxo + c12X1 +x3) + corxoxy,  (97)

which can be solved by
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a1 p
Xo = AP, Xy = — ) (98)
Co1
ap
Xy = qofy, X3 = a1fy — conpfp + c1n —Co1 . (99)

Next, we pick C to be one of the points Py, ..., Pg and
find the points D, D,, D5. The point C can be either one of
the two coinciding points P; = Pg or one of the six
conconic points Py, ..., Pc. We consider one example of
each kind.

If we pick C = P; = (0:0:0:1), then we can take

DE — (0:0:80: p1 — coabo)s (100)
! (0 —ay:0:cppoom +C()100),

DE — (0:0: =By :copo + b)), (101)
2 (aOZO:Oial —C01ao),

D — (0: = B1:0:co1By + ciap), (102)
3 (aOZO:OZal —Cozao).

We can in principle analyze all of these possibilities,
but to illustrate let us just pick DY, D3 and D73 . Then, we
can show that Eq. (69) holds as follows. We first notice
that (CD,L,;) = (CD|L,;) (up to a multiplicative factor)
since C, Dy, D, are collinear. Then, (CDL,;) = 0 since
L,, is a line transversal to CD; in Q,. Similarly, we have
(CD\Lyy) = (CD,Ly3) = 0.

We can instead pick C = P; = (1:0:0:0). Then we find

(ap: 0tay: — cppan),

+ _
D1 - (ﬂoz—%:o:%>, (103)
(0{020202(11 —C()lao),

Dy = 104
: { (Bo:P1:0: = cPo)s (104)
+ _ (aOZOZOSa] - Cozao), (105)
’ (Bo:0:p1: = conPo)-

As before, let us pick the case D], D and D to
analyze in detail. Here we have that D) = DJ. Then,
we haVC <CD2L13> = <CD3L13> = 0 and <CD3L12> =
(CD,L,) = 0. Plugging this in Eq. (69) we find that it
is satisfied.

Checking for the other cases, we find that, in general,
making two of the points P;...Pg coincident lands us on the
Landau locus, as expected.

V. EXEMPLI GRATIA: A SEXTIC IN TWO
DIMENSIONS

Let us now consider the following integral for
two-dimensional kinematics:

P2
T3 T
a3 q1 Ui
@
1 '
pl/ 92 \pg

)

(106)

This integral involves six propagators and three, two-
dimensional loop momenta; as such, its leading singular-
ities would correspond to residues around which all
propagators become on-shell. How many solutions to the
cut equations do we get?

Let us consider the case where all external momenta are
massive, with p?=:M?, and for the “all-mass” case of
internal propagators: where the g; propagators have poles at
g?=:m? and the #; propagators have poles at £? =: .

To determine the leading singularities of this Feynman
integral, it is useful to introduce dual coordinates
P1=:X3 — Xy, etc., and & =:y3 — y,, etc. [43]; in terms
of these, we have ¢; = y; — x;. Without loss of generality,
we may translate the x;’s and express them in light-cone
coordinates so that

x1:=(0,0),  xy=(M3/My,M3M,),  x3=:(x],M5/x3),
(107)
where
1 M3+ M3 — M?
x3++—+:=¥. (108)
X3 M2M3

Next, we may parametrize the solutions to the on-shell
conditions for ¢, £, and ¢3 by expressing

yp = (y?‘,m%/y?'), Yo =t (W;M%/W}L) +y1’

y3=(ys. 1 /ys) + i (109)
In terms of these variables, the on-shell condition for ¢4
(£3 = u2) now reads

2

£ — (s =y = (it —y) (P12 110
1= <y3 y2) = (’//3 Wz) ¥ g ( )
Y, ¥,
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which can be reexpressed as the condition that

pawy (/«l3l//3+>_l _ - (111)
//lzlllz+ le.lfz+ Haolt3
This leaves only the final two on-shell conditions
¢ =m;=(x;—yy)* and ¢5=m3;=(x3—y3)* (112)
to solve.
Let us define
a:=xj, b _/43l//3+’ and let x := 'u2+,
oy 2¥H
M +
m

We may think of a, b as being fixed by external kinematics
since

M3 MR-

-
M;M; ’

Moy
(114)

a+a” and b+ b7!

leaving us only with x and y to determine using the final
equations (112).

In terms of x, y, the final-cut conditions (112) are
given by

2 2 2 2 1 1
my =M3+ps+mi+myps| xy+— | —Mzpus | x+—
Xy X

1
it ()

3=M5+p5+mi+ VPN Mg (24
m3z = my+m —+—] - —+—
3 2T H, 1 1H2 b xy 2M2 w b
a
—m,M2<X+—>.
a 'y

To count the number of solutions to these cut equations,
we may proceed as follows. Notice that the equations (115)
take the following form in y:

(115)

0= A,(x) + B;(x)y + Cy (x)y™",

0 = Ay(x) + By (x)y 4+ Co(x)y™", (116)

where A;, B;, C; are some rational functions of x. Such a
system which is linear in y and y~! may be solved with the
compatibility condition

A G :

A, G

117
B, A, (117)

1B, G

which takes the general form (in terms of x) of

3>+ eox? Feox g+ e x N ext+ex =0,

(118)

where the coefficients c¢_s, ..., ¢3 are rational functions of
the external kinematic variables a, b, u;, m;, M;. It is clear
that there are generally six solutions in x to (118), and for
each of them we may uniquely specify the corresponding
point y. Therefore, there are six roots in (x, y) to the final-
cut conditions.

Explicit expressions for the coefficients c; in (118) can
be given but turn out to be rather cumbersome; for example,

M M 3a2m%,u2/4§ M3Ma*mipsus
C3 = — b + b2
n MyMiamipops  MyMiamipsps
b b? '

In all, the coefficients c_s, ..., c3 involve sums of 4, 29, 86,
124, 86, 29, and 4 monomials, respectively. We have
checked (using generic numerical values for the masses)
that the roots of the sextic (118) are not expressible in terms
of radicals.

The Landau equations imply that singularities of the
diagram occur when some of these six roots coincide, and
this happens when the discriminant of the degree-six
equation in Eq. (118) vanishes. The discriminant of a
polynomial of degree n is homogeneous in the coefficients
with degree 2n — 2, so for a degree-six polynomial we
obtain a discriminant of degree ten. For our case the
discriminant is a degree-ten polynomial in c_s, ..., c3 with
246 terms [44].

Let us now discuss the Landau loop equations. The
Landau equations read

0=amq, + 303 — 174,
0=a,q, + prtr — pst3,

0=a3q5 + 10 — P2t (119)

Okun and Rudik (see Ref. [46]) take the cross-products
[47] with ¢g;, which removes the terms dependent on a.
Doing this we obtain

B3lt3q2] = BilZ14a),
Balt2q1] = B3[¢3q1],

Bilt145] = Bal?2q5). (120)
Taking the product and simplifying we obtain
[0143][241][¢390] = [€100][€205]1¢3q:]. (121)
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This has the geometrical interpretation that the lines
through x; and y; intersect in a single point. Let us show
that this is indeed the case.

The lines through the points (x;, y;) intersect in a single
point if there exist #;, ¢, and 753 such that

i+t =y1) =y + h(x =) = y3 +13(x3 — y3).
(122)

Using the fact that ¢; = y; — x;, £} = y3 — Y2, 2 = y| —
vz and £3 = y, —y; we find

Yi—=Y2+ti(x = y1) = ta(x, —y,) =0,
V2= Y3+ 16X —yy) = t3(x3 —y3) =0,
y3 =y +t3(x3 = y3) = t1(x; —y;) =0, (123)
which implies
=3 —11q) + g, =0,
=) — gy + 133 =0,
_f2_t3CI3+th1 :0 (124)

Taking the cross-product with the [;, separating the
remaining terms in the left-hand side and right-hand side
and taking their product we obtain

[0105][a:01][a35] = [a:05]a5C1][q1 6] (125)

This equation and its derivation look similar to Eq. (69)
arising in the N' = 4 super Yang-Mills theory.

We have presented this example as two-dimensional
(massive) cousin of our four-dimensional (massless) exam-
ples; indeed, the pentagon loops in four dimensions are
similar to triangle loops in two dimensions. Due to the fact
that it arises already at three points, it is possible to analyze
this example in full detail, with fewer algebraic complex-
ities. The geometry of the problem is also much easier to
understand thanks to the two-dimensional nature of the
problem.

This example also serves to show that higher-order
polynomials arise quite generically once the equations
enforcing the on-shell condition are sufficiently coupled.
As such, we expect such examples to become more
common in the literature as the community investigates
more complicated diagrams.

VI. CONCLUSIONS AND DISCUSSION

As we have shown, leading singularities in Feynman
diagrams can indeed involve cubic or higher roots, con-
trary to the naive expectation one might have from
Landau’s analysis. However, Landau’s analysis is still
correct: as we have argued, these cubic or higher roots

do not lead to forbidden behavior on codimension-one
singularities, because any such singularity will only make
two roots coincide. To make more roots coincide requires a
singularity of higher codimension. We have illustrated this
behavior in three concrete examples, a cubic root in a
diagram in planar N' = 4 super Yang-Mills, roots of a pair
of octic polynomials for a more general diagram in the
same theory, and roots of a sextic polynomial for massive
scalars in two dimensions.

The existence of cubic-root and more unusual singular-
ities in higher codimension limits may have several impli-
cations. It would be interesting to see how their existence
interacts with approaches that attempt to derive, not just
leading, but iterative singularities of general Feynman
diagrams [17,48,49], in which one would expect to need
to take into account these singularities of higher codimen-
sion in some way. They should also be relevant for series
expansions of Feynman diagrams. In particular, there should
be special kinematic limits in which these codimension-two
limits are uncovered as leading behavior. It would be
interesting to see if there is a kinematic limit of physical
interest in which these singularities are especially relevant.
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APPENDIX A: EXTENDED DISCUSSION
OF THE LEADING SINGULARITY

Due to our choice of a blue vertex in the center of the
on-shell diagram in Eq. (15), we have £ = A A B, £, =
B A C and 73 = A A C. This solves the on-shell condi-
tions for the internal lines. We are left with the following
on-shell conditions:

(AB12) = (AB34) =0, (A1)
(BC45) = (BC67) = (BC89) = 0, (A2)
(ACI12) = (AC89) = (AC,10,11) =0.  (A3)
Consider the following two equalities: (BC89) =

(AC89) = 0. If C and zg and zg are not collinear, then
we have that A and B belong to the plane spanned by C and
zg and z9. Equivalently, we can say that zg and z¢ belong to
the plane spanned by A, B and C.
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Similarly, from (AC12) = (AB12) =0 if A and z; and
2, are not collinear, then we have that B and C belong to the
plane spanned by A and z; and z,. Equivalently, we have
that z;, z, belong to the plane spanned by A, B and C. This
means that the lines zg A zg and z; A z, belong to the same
plane A A B A C, which means that they must intersect.
But this is only possible if (1289) = 0.

So instead, let us take A on the line z; A z, and C on the
line zg A z9. This means that the two three-point vertices
neighboring the middle three-point vertex are white, which
implies that the lines AAB and AAC and z; A 2
intersect in a point and similarly, the lines A A C, B A C
and zg A zo intersect in a point.

We have the following constraints left to satisfy:

(BC45) = (BC67) = (AC.10,11) = (AB34) = 0. (A4)

Since A belongs to the line z; A z, we have A =z, +

azy = 2 for some complex «a. Next, the constraint
(AC,10,11) = 0 can be solved by taking C to belong to

the plane A A z;9 A z17- Since C also belongs to the line
25 A 29, we have C = (89) n (2,10,11) = -9.

The three remaining constraints involve the point B:
(BC45) = (BC67) = (AB34) = 0. Geometrically this
means that B belongs to the planes C A z4 A z5, C A zg A
z7 and A A z3 A 74, SO it must belong to their intersection

B = (C45) n (C67) N (A34) = (945) n (967) N (234).

If desired, the intersection (945) N (967) can be
expanded as

(945) N (967) = 25 A 24(5967) — 25 A 25(4967) = —z5 A z3,

where we have introduced zz = (54) N (679) = z5(4679) —
24(5679).

Each hatted variable is linear in @ so B is cubic in a. The
final on-shell condition we impose is (AB23) = 0 which is
a(123B) = 0. If we take a # 0, we obtain a cubic poly-
nomial in « from (123B) = 0.

APPENDIX B: EXPLICIT PARAMETRIZATION OF THE CUBIC ROOT

In this appendix we present a few expressions that were too long for the main text, regarding the cluster parametrization

in Sec. IIIC.

First, we give our parametrization for the momentum twistors in terms of our cluster chart, as these were too long for the

main text:

Zl = (266 + 1, e7(€2<68 + 1) + 5),0, O),

Z, =(1,0,0,0),

Z;=(0,0,0,1),

3
Z4 = <0, 0,58264610, (62(26766 + €6 + 1)64 + €y + 1)810 + 1) s

(B1)

(B2)

Zs = <0, —ejezeseseg(er(eg + 1) +5)eg,

3
56264((63(65 + 1)81 + (4] + 1)68(32 + () + 5)610,

er+ ((e2 +5)(e2(2e7e6 + e+ 1)ey + €4 + 1)
+ey(es(es +ex((ez +1)(eg + 1) +2(ez(es + 1) + 1)eges) + 1)e;

+e +ey+ eres(2eseq +eg+ 1)+ 1)eg)erg + 5),

(B5)

085021-20



LANDAU SINGULARITIES AND HIGHER-ORDER POLYNOMIAL ... PHYS. REV. D 108, 085021 (2023)

Ze = (—e2e3eﬁege§elo,

—erezeq(ea(es + 1) +5)((eg((e7 + Deges + €4 + 1) + L)ejgeg + €9 +5),
Jexeales + es((es + ey +3)
+ eg(eg(es(eg + 1)+ 1)es +es+eg+ 1)eyg) +5),

ey((e3 +ex((es + 1)(eg + 1) +2(es(es + 1) + 1)eges) + 1)(eg +5)
+ ezeq(ey(eg + egleg + e7(2(eg + 1)

T es(eslenles +2) +2) +2)) + 1)+ 1)+ Degg) + 5),

Z7 = <_62€3642168€%€10’
— ezezeq(exeg + 1) +5)((es((e7 + 1)egey +es + 1) + eggey + €9 +4),
3
56264(69 +e3((es + 1)(eg +4)

+ eg(eg(es(eg + 1) + 1)es +es + ez + 1)eyg) +4),
es((e3+ex((es+1)(eg+ 1) +2(e3(es + 1) + 1)egeq) + 1)(eq + 4)
+ ezeg(ex(eg + egles + e7(2(eg + 1)

Tesles(es(es +2) +2) +2) + 1) + 1)+ ey) +4),

Zy = <—(62 +4)eseq, —(ex(eg + 1) +5)((ex +4)es((e7 +1)eg + 1) +4),
Ses((er +4)eales + 1) +4) 46,

eg(er(es((ex +4)es(eg+2) +8) +8) +4) + 3),

Zy— (—<e2 T 3)eges—(ealeg + 1)+ 5)((es + Dealles + Deo + 1) +3).

(es((es +3)es(eg + 1)+ 3) + 3),

N W

egleales((es + 3)esles +2) +6) 1 6) +3) + 2),

1 1
ZlO = (-1, —5(367 + 2)(62<68 J’_ 1) + 5)’ 65,§€5€6E7> ’

le = (—4, —2(267 + 1)(62(68 + 1) +5),3€5,0).

(B7)

(B8)

(B9)

(B10)

(B11)

Second, we presented our cubic polynomial in the cluster coordinates in Eq. (27) in terms of coefficients c;. These were

also too long for the main text and are presented here:
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co = 646% + 6164686% + 616364686% + 64686% + 64696% + e4e7ege§ + 616468696%
+6163€4€869€% + 6468696% + €1€4e7€8€9€% + ele3e4e7egege% + 646768696%
+ele3e4e5e7e8ege% + 2eqe, + ejege, + e1egege, + e1eze ege) + eqegen + egen
+2e4e9ey + 2e4e7€9e5 + €1€4eg3€9€7 + €1e3e4ege9ey + egegeges + e1ese7ege9en

+eezeseqe3e9ey + egesege9es + €1e3esese7ege9es + ey + ey + egeg + egeseq + 1, (B12)

C] = eq€l +deqeqel + ejegezes + e\ezeqezes + eqeges +dejesegeges + dejese egege’
+degegegel + egeges + degegeges + degegereqel + ejesegeqel + ejeze egeqe’
+ eqegeqes + dejegegegeqe; + dejesesegegeqe’ + degegegeqes + dejegeceregeqes
+dejezesegeregeqel + degegeregeqes + dejesesesegeregeqes + 2ehe, + 10eye4e,
+ Sege, + e1egey + ejegeges + e1e3eqe5e + egeges + Sejegeger + Sejesegegen
+ Sejesegegeger + Segegeger + Segeger + eger + 2e4e9ey + 10e e6e9€5
+ 10egegere9e, + ejesegeqer + erezesegege, + egegeges + Seqjegegegeqen
+ Sejezeqegegeqges + Segegegege, + Sejejegeregeqer + Sejesesegeregeqen
+ Seqegesegeqe, + Sejezesesegeregege, + ey + ey + 6ege + 6eg + e4eq

+ 6@46669 + 664666769 + 1, (B13)

cH = 66(2646%65 + e4e% + 4e4e6e§ + 261646%6865 + 2e1e3e4e%ege% + Ze4eéege%
+ 6‘164686% + 616364686% + e4ege% + 461646‘6ege% + 4ele3e4eGege% + 4e4e6ege%
+ 2646%696% + 64696% + 464666965 + 2646%67696% + 3e4e6e7ege§ + 2€1€4€é€g€9€%
+ 2ele3e4e§egege% + 2646%68696% + €1€4€8€9€% + 61636468696% + 64686963
+dejesegegeqes + dejesesegegeqel + degegegeqes + 2€1€4€§€7€g€9€%
+ 2ejezeeerege9e3 + 2e ekerege9es + 2e eze eseke1e5e9€5 + e esegere509€3
+ 3ejeze egerege9e3 + 3esegeregeqes + 3ejeseqesegeregeqes + 8egete, + dete,
+ 3e4ey + ldejeger + Gegey + dejelege, + dejegelege, + 4ejeze eleges
+ deyelege, +4deleger + ejegey + ejesege, + e1ezesege, + eqeges + 6e egege;
+ 6ejegeceger + 6ejesesegege, + begegeger + 6egeger + egen + 8646%6962
+ 3egege, + 14esege9ey + 8646%676962 + 10e4ege7e9es + 461646%686962
+ 46183646%686962 + 4646%686962 + ejeqgegege, + ejezeqegege) + eqegege,
+ 6ejegecegeges + be esesegegeqes + begegegeqe, + 4ejegelesegeqes
+ 46163646%67686962 + 4646%67686962 + 461636’4656%67686962 +4deesegeregeqges
+ dejezesegeregeqes + degegesegeqer + dejeseseseqersegeqe, + ey + 8646% + 86%

+2e4 4 12e4e6 + 12¢6 + Begeleg + 2eqeq + 12e4ege9 + Beyeleseq + 8eqeserey + 2), (B14)
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c3 = 62(6463 + 2e4e665 + € e4eg€3 + el ezesegel + eqege’ + e eqeqe503

+2e1e3e4e6e365 + 2e4e5e503 + eqeqe3 + 2e4ege9es + 2e4ee7€9€3 + €1 eqegeqes

+ 61633468693% + 3488696% + 2ele4e6€8€9e% + 23163846638EQe% + 2846688693%

+2eje4ege7e3€9¢3 + 2e  e3e,e5e7e5€9€5 + 2ese5e7e5e9€3 + 2 ezeqesece7e3€9e3

+ 4deyge, + 8eygege, + deger + 2ejeger + 2e1e4e3e) + 21 e3¢4e5e0 + 2e eg56,

+4dejegege, +4dejegegeges + 4deesesegege, + degegeger + 4egegen + 2egen

+ 4degege, + 8egegeqer + 8egegeregey) + 2e e ege9e, + 2e 1 e3e4e5€9e) + 2e4ege9ey

+4dejegegegeqer + dejesesegegeqge, + 4egegegeqer + 4ejesegesegeqen

+ dejeszesegeregeqes + degegesegeqer + dejezesesegesegeqe, + 26, + 4ey + 8eyeq

+ 8eg + degeq + Begegeq + Begegereg +4).

(B15)
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