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1 Introduction

Over the past decade, the scattering equations have proven to be fundamental to the
study of scattering amplitudes. They find their origins in twistor string theory where novel
formulae for the complete tree-level S-matrix of NV = 4 supersymmetric Yang-Mills (SYM)
theory [1-3] and N = 8 supersymmetric gravity [4-6] were derived. These formulae consist
of integrals over the moduli space of curves from the n-punctured Riemann sphere to the
relevant kinematic space (either twistor space or momentum space) and were later subsumed
by the Cachazo-He-Yuan (CHY) formalism [7-9]. In this latter setting, further simplification
comes from the fact that amplitudes are expressed as integrals directly over the moduli
space of the n-punctured Riemann sphere. These moduli space integrals fully localize to
the solutions of a set of algebraic equations, called the scattering equations, which connect
points in the kinematic space to points in the moduli space. Moreover, the scattering
equations are relevant to the scattering of massless particles in arbitrary dimensions [8] and
their application extends to a broad range of quantum field theories [10, 11]. Theories which
share the same kinematic space have the same scattering equations, making them relatively
universal, and the resulting scattering amplitudes differ due to the different integrands in
the CHY formulae.

There is however an important caveat when studying the scattering equations: since
they are coupled algebraic equations, they are difficult to solve and the explicit form of their
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Figure 1. The scattering equations connect the CHY formalism to the framework of positive
geometries. The canonical form of the positive geometry in the kinematic space is given by the
pushforward through the scattering equations of the canonical form of the positive geometry in the
moduli space.

solutions are known only for very simple examples. This poses a non-trivial obstacle for
analytically evaluating CHY integral formulae, since such an evaluation amounts to summing
the CHY integrand multiplied by some Jacobian factor over all solutions to the scattering
equations. One approach is to solve the scattering equations numerically using high-
precision floating-point algebra and to rationally reconstruct the analytic expressions [12].
Nevertheless, it is possible to circumvent the problem of solving the scattering equations by
using the powerful machinery of computational algebraic geometry to evaluate amplitudes
without ever needing to explicitly solve the scattering equations. This relies on the theory
of Grobner bases which has already been successfully applied in the context of scattering
equations in [13-16]. In particular, two methods have been explored: one involving
companion matrices [13] and the other involving the global duality of residues [16].

In a parallel development, scattering amplitudes for a subset of theories in the CHY
family have also been described in the framework of positive geometries [17-21]. In this
positive geometry approach, amplitudes are encoded by a canonical rational differential
form associated to some positive region in the kinematic space. This positive region can
be understood as the image of a positive region in the real slice of the CHY moduli space
through the scattering equations [18, 20]; the latter positive region also defines a positive
geometry. Remarkably, the canonical form in the kinematic space can then be obtained as
the pushforward through the scattering equations of the canonical form in the CHY moduli
space [18, 20]. This connection between the CHY formalism and the framework of positive
geometries, mediated by the scattering equations, is depicted in figure 1.

It is therefore natural to ask if the commutative algebra methods mentioned above can
be used to compute the pushforward of rational differential forms since the pushforward
is also defined by summing over solutions to the scattering equations. In this paper we
answer the question in the affirmative and explore methods for calculating pushforwards
based on computational algebraic geometry. We derive expressions for the rational function
prefactors of pushforwards which are directly amenable to the two previously named
methods which have been developed for summing rational functions over solutions to the
scattering equations. For the method that exploits the global duality of residues, we show



that important simplifications occur when calculating the pushforward of top-dimensional
rational differential forms. Moreover, we give a new formula for computing pushforwards
as a sum over permutations which uses companion matrices and their derivatives with
respect to kinematic parameters, and we provide an efficient algorithm for computing these
derivatives numerically.

We note that the methods developed in this paper are not limited to the scattering
equations, but can be applied more generally to the computation of canonical forms via
morphisms between positive geometries [22]. For example, the amplituhedron is a positive
geometry which describes tree-level amplitudes in maximally supersymmetric Yang-Mills
theory expressed in terms of momentum-twistor variables [17]. It is defined as the image of
the positive Grassmannian via a linear map [17]. In this case, the amplituhedron canonical
form can be computed as a sum over pushforwards of the canonical forms of certain cells
(obtained by solving the BCFW recursion relation [23]) of the positive Grassmannian via
this linear map, and each pushforward can be computed using the aforementioned methods.

The paper is organised as follows. We begin by establishing notation and recalling
a few facts from commutative algebra which will be relevant for this paper in section 2.
Sections 3 and 4 focus on the method of companion matrices. More specifically, in section 3
we generalize the method used for summing functions over solutions to the scattering
equations to the case of differential forms. In section 4 we present a new formula for
calculating pushforwards using derivatives of companion matrices and we provide an
efficient algorithm for finding these derivatives numerically. Thereafter, in section 5 we
discuss how pushforwards can be calculated by leveraging the global duality of residues and
we extend the methods previously developed for functions. We discuss the computational
efficiency of our methods in section 6 and we consider some non-trivial applications of our
methods to tree-level amplitudes in section 7. We end the paper with Conclusions and
outlook (section 8) and we collect some important theorems in appendix A.

2 Mathematical preliminaries

Ideals and varieties. Throughout this paper we use the language of commutative algebra
to describe the scattering equations. We focus on the theory of ideals in polynomial rings
with rational function coefficients, and use the standard theory of Grobner basis and its
applications to elimination theory. In the following we will assume that the reader is familiar
with basic notions related to Grébner bases which can be found e.g. in [24].

To start with, let C(a)[z] .= C(ai,...,am)[z1,..., 2] be the ring of polynomials in
z = (z1,...,2,) whose coefficients are rational functions in @ = (aq, .. ., a,;,) with coefficients
in C, and suppose n < m. We will refer to z as z-variables and a as a-variables. Since any
polynomial f € C(a)[z] is a function of z-variables as well as a function of a-variables we
will sometimes write f(z;a) to emphasise this dual dependence while at other times we will
simply write f(z). Moreover, given a point @ € C™ at which all of the coefficients of f are
analytic, we will use the notation f(e;a) to denote the polynomial in C[z] := Clz1, ..., 2,]
defined by f(e;a): C" — C,z — f(z;a).



In the context of the scattering equations, the z-variables are interpreted as coordinates
in a chart in C" of some moduli space (i.e. the positions of punctures on the Riemann
sphere) and the a-variables as coordinates in a chart in C™ of some kinematic space (e.g.
the space of Mandelstam variables for n particles). The scattering equations are then a
system of equations which implicitly define a map from the moduli space to the kinematic
space. Importantly, the scattering equations can always be expressed in polynomial form as
a set of polynomials fi,..., f, € C(a)[z] and therefore they define an ideal

Ti={(fi,..., f) C Ca)[2]. (2.1)

In order to elucidate the properties of this ideal, let us distinguish a few special subsets of
a-variables. Firstly, let A C C™ denote the subset of a-variables for which all the coefficients
of fi,..., fn are analytic. For each a € A, we define the ideal

I(a) = (fi(%;a),..., fu(e;a)) € C[z]. (2.2)
We further define the following two subsets of A.

o We define A,ero to be the subset of A for which Z(a) is a zero-dimensional ideal, i.e.
the complex affine variety

V(Z(a) ={& = (&1, -,&n) € C" [Vyez : f(§) =0} € C", (2.3)
has finite cardinality.

o We define A,,q to be the subset of A for which Z(a) is a radical ideal by which we
mean that Z(a) = /Z(a) where

VZ(a) = {r e Clz||3nez-, : " € Z(a)} C C[z]. (2.4)

We will assume that Agen = Azero N Arad is non-empty; we will refer to points a € Agen
as being generic a-variables and we will refer to Z as being a generically zero-dimensional
radical ideal. Indeed, it is well-known that the original Cachazo-He-Yuan (CHY) scattering
equations have finitely many solutions [7, 9, 25], and hence define a zero-dimensional ideal.
Moreover, we will assume that the complex affine variety for Z

V() = {€ = (1, &) € C(@)" |Vser : (€) =0} € C(a)", (2.5)

is well-defined for generic a-variables and that it contains d distinct points. We will

enumerate these points by {£(®1¢_,. Here C(a) := C(ay,...,a,,) while C(a) denotes the
algebraic closure of C(a). Importantly, the common zeros of fi,..., f, given by V(Z) are
functions of a-variables.

Notation. To streamline our presentation in the next sections, we collect the following
definitions and notation (see [24] for a more detailed introduction to Grébner bases). We

a

denote monomials in z1, ..., 2z, as 2& = 2] 257 -

257 -+ 28 A monomial ordering < on C(a)[z]
is a total well-ordering on the monomials in z that is compatible with multiplication: if
2% = 2P then z®17 = 2817 for all v € 7% . For a given polynomial in Z, its leading term
is the monomial which is largest with resl_)ect to . We will give a brief introduction to

three useful monomial orders. Throughout, we define z; > zo0 > ... > z,.



o Lezicographic (lex) ordering: 2% =1o 2° if the leftmost non-zero entry of a — B is
positive.

o Graded lexicographic (grlex) ordering: 2% >gex 284 S o > S B, and if
Yoy = Yot Bi, then 2% =gex zP if the leftmost non-zero entry of a — A is
positive.

o Graded reverse lexicographic (grevlex) ordering: z® > greviex 28 if Yoo > > B,
and if Y71 4 o = D01 B, then 2% > greviex 2P if the rightmost non-zero entry of ac— 8
is negative.

In this paper, we will need to use several monomial orderings for different parts of the
discussions. In general, the reader may assume that the choice of monomial ordering is
irrelevant, unless we explicitly specify otherwise.

Given some monomial ordering < on C(a)[z], we denote by G<(Z) the unique reduced
Grobner basis of T with respect to <. A Grobner basis G4(Z) is defined as a collection of
polynomials G<(Z) = {g1,...,9:} C Z such that for every (non-zero) f € Z the leading
term of f is divisible by the leading term of some g; € G<(Z). Moreover G- (Z) generates
the ideal: Z = (g1, ..., g¢). For brevity, we will often write G instead of G<(Z). Since Z is a
zero-dimensional ideal, the quotient ring @Q = C(a)[z]/Z is a finite-dimensional vector space
over C(a) of dimension dim(Q) = |[V(Z)| = d. We denote by B-(Z), or simply B, the set of
all monomials z% = 2{" --- 22" € C(a)[z] for a = (a1, ..., ay) € Z%, which are indivisible
by any of the leading terms of polynomials in G. The set B forms a basis for Q@ because
every polynomial in C(a)[z] can be written as a C(a)-linear combination of monomials in B
modulo Z via the division algorithm with respect to G. We call B the standard (monomial)
basis for Q and we label its elements by B = {e,}2_;. Given a polynomial f € C(a)[z], we
denote the normal form of f, i.e. the remainder of f on division by G, by f~ = Zi:l fata
where the coefficients f, € C(a) are rational functions in a-variables with coefficients in C.

Throughout this paper, we will use [n] to denote the set {1,2,...,n} and ([Z]) to denote
the set of all p-element subsets of [n]. Importantly, if I = {i1,...,4,} € ([Z]) then we always
assume that iqp <io < ... < 1p.

Pullbacks. In this paper we are interested in the operation of pushing forward differential
forms. The pushforward is defined in terms of multiple pullback operations, so we will
introduce the latter operation first.

Suppose we have a map ¢ : C" — C";a — z = ¢(a) = (¢1(a),...,¢n(a)) from
a-variables to z-variables (i.e. from a chart of some kinematic space to a chart of some
moduli space). Without loss of generality, let

w=w(z) /\ dz; = w(z)dz, A--- Adz,, (2.6)
i€l
be a p-form in z-variables (with p < n) for some choice of indices I = {i,...,ip} € ([Z]).

Here w € C(z) and we refer to w as a rational p-form. Then the pullback of w through ¢,
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Figure 2. The map v : C" — C™ takes z to a = ¥(z).

denoted by ¢*w, is defined as the evaluation of w on z = ¢(a):

) 09|
By~ (@) \doi(a) = w(@la) X |52 Ade, @)
iel Je(m) Jjes
P
where 0¢p/0a is the Jacobian matrix of partial derivatives d¢;/0a; and |- - - ]5 denotes the

minor of (---) specified by the rows in I and the columns in J. The pullback operation
extends by linearity to arbitrary rational differential forms.

One can also define the pullback of w through an ideal that implicitly defines such a
map ¢. To this end, let Z C C(a)[z] be a generically zero-dimensional radical ideal and
suppose that the corresponding complex affine variety V(Z) generically contains a single
point. Then the Shape Lemma [26] ensures that on the support of generic a-variables, the
Grobner basis for Z with respect to lex ordering takes a particularly convenient form:

glex(I) = {Zl — 1 (a)’ R d’n(a)} ) (2'8)

where ¢1,...,¢, € C(a) are analytic on Age, and they are constant functions with respect
to z-variables. In this case

V(T) = {¢ = (1, -,6n) € C(a)"}, (2.9)
and the pullback of w through Z, denoted by Z*w, is given by
T'w=¢"w. (2.10)

Pushforwards. We can also push our rational p-form w given in (2.6) forward through
a map defined in the direction opposite to ¢. We define the pushforward as in [22], but
we do not restrict ourselves to top-forms. Let ¢ : C" — C™;z — a = 1¥(z) be a map
from z-variables to a-variables (i.e. from a chart of some moduli space to a chart of some
kinematic space) as depicted in figure 2. We assume that 1) is a meromorphic map of degree
d, by which we mean that (in general) a point @ € C™ has d preimages

d

v ({a}) = {=} (2.11)

a=1"
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Figure 3. Around the point a € C™, the map ¥ : C* — C™ has d local inverse maps
gl = ¢|;1 : Vo — U, which take a to z(®) = £(®)(a).

where z(® € C". For each a = 1,...,d, there exists an open neighbourhood U, C C"
containing z(®) and an open neighbourhood V,, C C™ containing a such that we can define
the local inverse map £(® = w‘&i: Vo — U, where 2(®) = ¢(®)(a). These local inverse
maps are depicted in figure 3. We then define the pushforward of w through 1, denoted by
,w as the sum over all pullbacks of w through £(@):

d
Yow =Y £V, (2.12)
a=1

As was the case for the pullback, the definition of the pushforward extends by linearity to
arbitrary rational differential forms.

In this paper, we are especially interested in computing the pushforward of rational
differential forms through the common zeroes of a set of polynomial equations, i.e. through
an ideal. Given a generically zero-dimensional radical ideal Z = (f1,..., f,) € C(a)[z], we
define the pushforward of w through Z, denoted by Z,w, via

Lw= Y ¢&w, (2.13)

£eV(7)

where the complex affine variety V(Z) = {£(®)}¢_, generically consists of d maps in W“
as shown in figure 4. Comparing formulae (2.13) and (2.10), we notice that a pullback
through an ideal can be thought of as a special case of a pushforward through an ideal,
where the relevant variety contains just one point. To evaluate (2.13) directly requires one
to explicitly determine all points & € V(Z) and, in general, this is impossible to do in closed
form. Thus, the question we want to consider is this: can we compute the pushforward of w
through the common zeroes of fi1,..., fn without explicitly determining these common zeros?

There is a closely related problem which concerns summing a rational function r € C(z),
as opposed to a rational differential form, over all points € € V(Z). Interpreting r as a
0-form, we see that this is equivalent to calculating the pushforward of r through Z as defined
in (2.13). This simpler problem has been studied in the scattering amplitude literature,
and there are two particular solutions known to the authors which (we will show) can be
applied to rational differential forms. The first approach uses the machinery of companion
matrices [13-15], and the second uses the global duality of residues [16].
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Figure 4. The variety V(Z) = {€(®}2_, generically consists of d maps in (C(a)n which take a
to £ (a).

To address the problem at hand, we derive a formula for the rational function coeffi-
cients of the pushforward which is amenable to the above methods. Using the chain-rule
d&; = 0¢;/0a; daj, one can rewrite (2.13) as

Tw= Y [Z W(E)'(%

Je(my Leeva

I] N\ da; (2.14)

where 9£/0a is the Jacobian matrix of partial derivatives 0¢;/0a; € C(a). The minor
in (2.14) can be rewritten in a more convenient manner using the following observation.
By definition, f¢(§(a);a) = 0 for each point £ € V(Z), each ¢ € [n], and each a € Agen.
Consequently, for each j € [m]

0— dfe _ Ofe n 0 fe 0 N 0fe 06 Ofe

= = = = —— 2.1
da]’ aaj 82’1' aaj 82’1' aaj aaj ’ ( 5)
where function of z-variables are evaluated on z = £(a). From (2.15) it follows that
o€ |’ of .1 "of ..|'
) A g 2.1
5l = ||5@] a9 (216)

where 0f/0z is the Jacobian matrix of partial derivatives 0fy/0z; € C(a)[z] and 0f/0a
is the Jacobian matrix of partial derivatives df;/0a; € C(a)[z]. Whenever a € Agen, the
Jacobian matrix 0f/0z (€(a); a) is invertible, and therefore for the remainder of this paper
we will restrict our attention to generic a-variables. Using (2.16) we can rewrite (2.14) as

Lw= Y Twh \ da, (2.17)
Je([ZL]) JjeJ

where

Twh= Y wjé), (2.18)
£eV(T)
and
Iiya) e of] " of '

wi(z;a) = (—1)pw(z)‘ [az} dal, € C(a)(z). (2.19)




Then, we have reduced the problem of calculating the pushforward of w through V(Z) to
the problem of summing the rational functions w), over all points & € V(Z). In the next
sections, we present three methods for computing (2.18) without needing to determine V(7).
However, before proceeding to these methods, let us consider the following example in order
to clarify some of the above discussions.

Example 1. Consider the zero-dimensional ideal
1= <f17 f2> = <CL121 + agzy, CL3Z% - 1> € C(a17a27a3)[’217 22] . (220)

In this case, the corresponding complex affine variety is easily calculated to be

. a2 _ 1 a2 1
S (A N R

Clearly Asero = {(a1,0a2,a3) € C3: a1 # 0 and ag # 0} which is precisely the set of a-
variables for which the points in V(Z) are well-defined and distinct. Suppose we wish to

compute the push-forward of

1
w=dlog 2z Adlogz = w(z)dz Adze, where w(z)=——. (2.22)
2122

Direct computation via (2.13) yields

B dai N das B das N das

Tow (2.23)
aijas as0a3
This result can be also be obtained via (2.17). The Jacobian matrices are
of a; a9 af z1 22 0
- = ) - = K (2.24)
0z 0 2@322 da 00 )
Notice that Of /0z is invertible only on A,ero. The coefficients Wi o} = ggfji}, calculated
according to (2.19), are given by
. . 1 . Z9
W2y = 0, Wi1,3y = 2aras’ Wia 3}y = Qarasz (2.25)
Then summing (2.25) over all points € € V(I) yields
1 1
I*@{l,Q} = 07 I*Q{LS} = ayaz s I*Q{Q,S} = _a2a3 ) (226)

in agreement with (2.23).
Example 1 highlights two interesting implications of (2.18):

o If laf/aa‘l = 0, then gﬂ = 0 and hence I*g{, = 0 for any rational differential form w.
In this case, the vanishing of gﬁ and I*gg is a consequence of the scattering equations
themselves, and is independent of the rational differential form being pushed forward.

o If wl is a constant with respect to z1, ..., 2, then Z,wh = dw!, where d = [V(T)|.



3 Pushforwards via companion matrices

In this section we introduce the machinery of companion matrices [26] and show how they
can be used to compute (2.18) without needing to determine V(Z). This method has
already appeared in the scattering amplitudes literature [13] (see also [14, 15]) where it was
used to compute scattering amplitudes from moduli space integrals on the support of the
scattering equations.

Recall that for generic a-variables, Z = (f1,..., fn) C C(a)[z] is a zero-dimensional
ideal and @ = C(a)[z]/Z is a d-dimensional vector space over C(a). For each i € [n],
multiplication by z; induces an endomorphism of @

Times,, : Q — @, f—=zf, (3.1)

which can be represented by a matrix T; € Maty(C(a)) in the standard basis B = {eq}2_;.
The components of (7;)qs are defined via

(T})ages = Zita® - (32)

We call T; the " companion matriz of Z. By definition, the companion matrices of 7
mutually commute and, hence, generate a commutative subalgebra of Maty(C(a)) isomorphic

to Q:

The utility of companion matrices is expressed through Stickelberger’s Theorem [26] which
asserts that the complex affine variety V(Z) is precisely the set of vectors A = (A1,...,\n)
of simultaneous eigenvalues of the companion matrices of Z:

V(I):{Ae@(a)"u :Ti-v:)\iv}. (3.4)

ve@"\(0) Vi€l
It is a known fact that the companion matrices of Z can be simultaneously diagonalized if
and only if Z is a radical ideal [26], and the latter is true precisely for generic a-variables as
per the definition of Agen.

To see how companion matrices can be used to evaluate (2.18), note the following.
Let r € C(a)[z] be any rational function. Since the companion matrices of Z mutually
commute, the evaluation of r on T' = (11, ...,T),,) is well-defined. Moreover, since they are
simultaneously diagonalizable, r(T') is similar to a diagonal matrix whose diagonal entries
are given by {r(&) : & € V(Z)}. Therefore

o= Y r(&="T[r(T). (3.5)

£eV(Z)

Then, provided we can determine the companion matrices, the evaluation of (2.18) is
reduced to a simple linear algebra calculation via (3.5). This result is demonstrated in the
following example.

~10 -



Example 2. Recall that in example 1 we showed that the coefficients defined in (2.19)
and (2.18) are given by

1 Z2
Wiy =0, “{18y = 2a1a3’ =231 = 2a1a371
and
I*g{lg} = 0, I*g{l,?)} - aias ’ I*g{273} o _a2a3 ’

respectively. Let us re-compute these pushforward coefficients using (3.5). Without loss of

generality, assume grevlex-order where z1 = zo. The Grobner basis for I is
a9 1
6= {a+2a3-_}. (3.6)
ai as

and the standard basis for Q is B = {z2,1}. The companion matrices of T are

__as 1
T = ( (lg a1a3> ) Ty = (0 a3> . (3.7)
—a 0 10

Applying (3.5) one obtains

I*Q{I,Q} = TT[Q{I,Q}(TMTZ)] = 07 (38)
1 1
Towq 3y = Triwg 53(Th, T2)] = Saras Tr{1,] = g (3.9)
1
_ _ —1 _
Luwiagy = Trlwpesy (T, T2)] = Saras IrTy - 1] = ~as (3.10)

in agreement with the result above.

4 Pushforwards via derivatives of companion matrices

In the previous section we explained how (2.18) can be computed by evaluating (2.19)
on companion matrices and taking the trace. One disadvantage of this method is that
even for a relatively simple rational function w(z), the corresponding rational functions
w’ given in (2.19) can be highly complicated as a consequence of the multiplying p x p
minor. Their complexity makes evaluating (2.19) on companion matrices a non-trivial and
time-consuming task.

In this section we present an alternative approach for computing the pushforward
of rational differential forms via companion matrices which avoids needing to evaluate
complicated minors on companion matrices. This method requires knowledge of the
derivatives of companion matrices, and we present a novel algorithm for efficiently computing
these partial derivatives for numerical data.

In (2.14), we used the chain-rule to write the pushforward Z,w as

T.w = Z [Z g(é)% ]/\daj.

£eV(T) J| jeJ

- 11 -



Remarkably, the rational function prefactors multiplying A;c;da; can be computed by
uplifting this expression to one involving companion matrices in the following natural manner:

¢ oL, OT,
> w(©) %] =t |um) Csan() S0 T ozt )
£eV(7) J c€Sp J1 Ip

This formula is non-trivial since the partial derivatives of companion matrices are not
guaranteed to simultaneously commute, and in general they do not. Before giving a proof
of this formula, let us see it applied to our running example.

Example 3. Recall that in example 1 we considered the pushforward of
w=dlogz; Adlog zy = w(z)dz; Adzs, where w(z)=——.

In example 2 we confirmed that the rational function prefactors of the pushforward as defined
in (2.18) were given by

1 1
Loy =0, Liwq 3y = ajag’ Liwgazy = agaz’
where we used the companion matrices
0 —-2 0oL
T = a1a3 Ty = as |
1 (‘iif 0 ) o (1 0)
The derivatives of these matrices are given by
a 1 a
on _ (9 Gt o _ (0 g on _ (05 (4.2)
8CL1 Z% 0 ’ 8@2 _a% 0 ’ 8@3 0O O ’
1
o o1y o (02
2 =0 —2 =90 - = 9 | . 4.3
8a1 2X 2 8@2 2X 2 aa3 (O 03 ( )
Using (4.1), one finds that
I 0Ty 0Ty 0T 011\ ]
T =T | ————-———]|=0, 4.4
W{172} ' _g( ) <6a1 6a2 8&1 8a2>_ 0 ( )
I 0Ty 0Ty,  0T» 0Th > [ 10T 8Tg] 1
L. =T | —————— | =Tr|(WTr)  —=—| = , 4
w{L3} f _g( ) (8@1 das Oay Oas ) | r| (M) Oay Oas aias (4.5)
I 0Ty 0Ty,  0T» 0Th ) [ 10Ty 8Tg] 1
7, =T | ————=—— | =Tr (W) ——=| =— 4.6
w123} ' _M (8@2 daz  Oay daz /| F|(TiT2) dag Oag azas )

as expected.
Proof of (4.1). Recall that

e The companion matrices of Z are assumed to be simultaneously diagonalizable, i.e.

there exists an invertible matrix P € GL4(C(a)) such that each companion matrix 7T;
can be written as T; = PD; P~ where D; is a diagonal matrix.
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« The set of vectors of their simultaneous eigenvalues {A(®)}¢_, is precisely V(Z) (as a
consequence of Stickelberger’s Theorem [26]) and, thus, the matrix components of D;
are (Di)aﬂ = )\Z(-a)(sag.

Consequently, it is sufficient to prove that

oT; oT; oD; 0D;
Tr w(T)Uépsgn(a) 8@2(11) e aaf;:’) =Tr w(D)gépsgn(a) 8@21) e 8a;;p)
(4.7)
The pairwise commutativity of companion matrices implies that
w(T) = Pw(D)P*. (4.8)
Differentiating 7; = PD;P~! with respect to a; yields
gaT; =P (‘ZZ? + [Q,D,-]) P! where =P 135;. (4.9)

Substituting (4.8) and (4.9) into the left-hand side (Lh.s.) of (4.7) produces

Lh.s.( Z Z Z sgn(o) Trl (K; o), (4.10)

r= OKG([Z;]) o€Sy

where

Tl (K;0) = Tr

P o_p, if k¢ K
daj, ok
(D) H { Djyr D] i k€ K H ' (4.11)

Ik Mg (k)

The contribution to (4.10) from r = 0, for which K = (), is clearly the right-hand side
of (4.7). Therefore, we need to show that the contributions for » > 0 vanish. To this end,
let r >0 and fix K = {k1,...,k,} € ([f]). In matrix components, (4.11) is given by

Trg(K; 0') = Z g()\(al))
1<aq,...,ar<d
r ks—1
x H H 9 )\Z(ask) (ijs)a . <)\§ask+1) . (ask ) -
puir il PR daj, ok s0st1 \" o (ks) lo(ks) Pt 80% v( >
(4.12)

where kg = 0 and a1 = a1, and we have written the sum over the matrix components
at, ..., o explicitly. We now distinguish two cases.

o If r <p, thenlet K' = [p]\ K = {kj,...,k,_,}. In this case we can always re-express
the sum over permutations in S, as

Y= > > > , (4.13)

o€Sp L/E(p[flr) wE€Sp—r c€Sp(K',L;m)
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where the first sum is over L' = {I},...,1, .} € (p[f]r) and the third sum is over
Sp(K', L5 7) i= {0 € Sy | Vaepery 1 o (k) = L}, (4.14)

i.e. the set of r! permutations in S, which map K’ to L’ in a fixed manner according
to m. For each L' = {I1,...,1, .} € (p[f]k) and 7w € S,_, it is easy to show that

T

> sen(o) [T (M) =A%) Y=o, (4.15)
oc€Sp(K',L;m) s=1
for any choice of 1 < aj,...,a, <d. Thus, combining (4.12) with (4.13), we obtain
> oes, Trl(K;0) = 0.

o If r = p, then there are no longer derivative terms in (4.12). Then since

p
> sen(o) JT (A2 =2 ) =, (4.16)

o€Sp s=1
for fixed 1 < ay,...,qa, <d, it again follows that Zaesp Trg(K; o) =0.

Altogether we have that (4.10) vanishes except when » = 0 and K = (). This concludes our
proof of (4.1). O

In many cases, evaluating (4.1) is more efficient than evaluating (2.18) using companion
matrices, provided one can determine the companion matrices for generic a-variables.
However, in some cases it is not tractable to compute companion matrices in full generality,
but only for numerical values of a-variables. How then can one determine the derivatives
of companion matrices with respect to a-variables for numerical values? It turns out that,
using lex ordering, we can solve this problem using the following algorithm.

To explain our algorithm, fix 1 < j <m and let a € Agen be a generic a-variable. Let

S =Clz1,..., 2], (4.17)
and
821 8Zn
= — ey —=— cesZnl 4.1
S] Claa]) ’8(1]'7217 )Z] ( 8)
be polynomial rings, where 0z1/0a;,...,0%,/0a; are regarded as formal variables. Recall

that Z(a) is an ideal in S. Define the ideals

%(a} - <dfl(.;a),... df"(.;a)> - <8f1 LN 0u O O azi> cs;,
J

dCLj ’ daj 87% &zi aaj B (97(1] aZi Oaj
(4.19)
where again 02z1/0aj, . ..,0z,/0a; are regarded as formal variables, and
dZl
Zi(a) =Z(a) + (@) € S;, (4.20)

da;
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which is generated by the generators of Z(a) and dZ/da; (a). Let G(a) and G;j(a) be the
Grobner bases for Z(a) and Z;(a), respectively, using lex ordering with dz1/0a; > --- >
O0zp/0aj = z1 > .-+ > z,. Furthermore, let B(a) and Bj(a) be the standard bases for
S/Z(a) and S;/Z;j(a), respectively. We will assume that Bj(a) = B(a). We do not know
what the necessary nor the sufficient conditions for this assumption are, but we note that it
is true for all the examples which we consider in this paper.

In this setting, and with the above assumption, the i*® companion matrix T;(a)
(evaluated at a) of Z(a) can be computed via
Gj(a)

Zi€q?

= Ti(a)apes , (4.21)

and its partial derivative gaT? (a) (evaluated at a) with respect to a; can be calculated using
J

0(zieq)
aaj

9e; 7 Ty (a)as
af 6aj - Oaj

Notice that in both (4.21) and (4.22), the objects on the left-hand side that are being
divided by G;(a) are polynomials in S; while the polynomials on the right-hand side are
polynomials in S.

To understand why (4.21) is true, notice that each generator df(e; a)/da; of dZ(a)/da;
defines a non-constant linear function in the formal variables 0z1/0aj, ...,0%,/0a;. Conse-
quently, the n elimination ideal of Z;(a) is

Zi(a)NS =1(a), (4.23)

and by the Elimination Theorem [24] we have that G;(a) NS = G(a). (We restricted our
attention to lex ordering in order to use this result.) Furthermore, given our assumption
that Bj(a) = B(a), it follows that z;e, is a monomial in S and, hence, division by G;(a) is
identical to division by G(a). Consequently, (4.21) does indeed compute the i companion
matrix of Z(a).

What about (4.22)7 From (4.21) we have that
zieq = Ti(a)apes , (4.24)

where ~ means equality modulo division by G;(a). Differentiating both sides with respect
to a; (and regarding z-variables as implicit functions of a;) produces

I(ziea)  Ti(a)ap
~ T;
8aj 6aj 65 + (a)

Oey
af 6aj )

(4.25)

from which (4.22) follows.
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To demonstrate the mechanics of this algorithm, let us return to our running example.

Example 4. Recall from example 3 that the derivatives of the companion matrices' in

example 2 are given by

oT 0 2% Ty 0 —-L ory [0 -9,
P 1 [ aias — ala3
8a1 a% 0 ’ 6@2 *i 0 ’ 8&3 0 0 ’

a1
o _ | o or, _ (03
8a1 = U2x2, 8&2 — U2x2, aa3 - 0 0 .
Let us recompute these using (4.22). Starting with derivatives with respect to ay, the relevant
ideal is
dfi d 0z1 0 0
<f17f2, ah d{f > = <a1zl + agzo,a3z5 — 1,21 + a1871 + azazj 2a322£> ,
(4.26)
and its Grobner basis with respect to lex ordering is
82’1 as 822 a9 2 1 }
= ) 4.27
gl {80,1 % 22y 34 8&1 ; 21 + 22,22 as ( )

Clearly the standard basis for Iy is By = {z2,1} which is precisely the standard basis B for
T. Let e = (29,1)T. It is easy to show that

d(z1€) Oe ( 021 Ozo O0z1 a2 0z )T < as a222>T
28 (8, O 0RO (92 4222 4.2
da; ! da; 2 Oay ta Oa1’ Oaq + a1 Oay ataz’ a? ’ (4.28)
J(z0€) de ( 0zo > T
—T5 - 2 ,0 0,0 4.29
Ja;j 2 8a] “29ay Oai’ ~ (0,07, ( )

from which we read off the formulae for the derivatives of the companion matrices with
respect to ap

0Ty 0 a%zzg 0T
L 2 4.30
day (gg R day % (4.30)

1

i agreement with what we found in erample 3. A similar calculation confirms the
other derivatives.

5 Pushforwards via the global duality of residues

In this section we consider a different method for calculating (2.18) which uses global
residues and a special basis for the quotient ring () = C(a)[z]|/Z which is dual to the
standard basis B. This method has also already appeared in the context of the scattering
equations [16]. It has some computational advantages over the previous method as it does
not necessitate the computation of companion matrices which grow very quickly in size.
For instance, for the n-particle CHY scattering equations, the companion matrices are of
size (n — 3)! x (n — 3).

LFor this example, the companion matrices for grevlex-order and lexicographic order are the same.
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Global residues. Suppose that we wish to sum a rational function r € C(a)(z) over

all points £ € V(Z). We will later specialise to the case where r = wE nj}n}

simplifications occur. Following [16], let us uplift this rational function to a rational

where some

differential form with poles on V(Z) as follows:

dzi A -+ ANdz,
fi(z) - falz)

For each & € V(Z), we define the local residue of Q(r) at € through the multi-dimensional
contour integral

Q(r) :==r(z) (5.1)

Rese ((1)) i= (2732,)” f 00, (5.2)

where I'¢ is some suitably defined contour around the pole &, a definition of which can be
found in [16]. We further define the global residue of r as

Res(r) = Y_ Res§ (5.3)
£eV(T

Using the multi-dimensional form of Cauchy’s theorem, we have that

of

Rese(€2(r)) = r(€)[ 52 (6)] - (54)

where |0f/0z| is the determinant of the Jacobian matrix f/dz. Hence, our quantity of
interest can be expressed as the global residue of |0 f/0z|

Lor = Z r(&) = Res( of

£eV(T) 0z

1") . (5.5)

Duality of global residues and the dual basis. Following [16], we can evaluate (5.5)
using the so-called global duality theorem which requires us to momentarily restrict our
attention to polynomials. We will later extend our analysis to include rational functions.

The following fact is a defining characteristic of Grobner bases: the remainder of a
polynomial p € C(a)[z] on division by G, denoted by pY, is unique. Moreover, when a
polynomial is evaluated on any point & € V(Z), only its remainder survives:

d
p(€ Z Pacal€ vEeV(T), (5.6)

where B = {e,}¢_; is the standard basis for Q and p, € C(a) are the components of p
modulo G in this basis. Consequently, it is natural to address the problem of computing
Tip = ZseV(I) p(&) directly in @. To this end, define the following symmetric inner product

on Q:

(0,0): Q x Q — C(a), (p1,p2)— (p1,p2) = Res(p1p2) . (5.7)
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The Global Duality Theorem [27] tells us that (e, e) is a non-degenerate inner-product on
@ which implies the existence of a dual basis BY = BY%(Z) := {A,}2_, for @ such that

(€a, Ag) = 0ap - (5.8)

Since 1 € @, it is always possible to express 1 in the dual basis as

d
1= pala, (5.9)
a=1
where p, € C(ay,...,an) are the components of 1 in this basis.

Finally, the global residue of |0 f/dz| p can be calculated by decomposing the remainder
of |8f/0z| p modulo G with respect to B

Q::azd:l(‘gic’p)aem (5.10)

and taking its inner product with 1
9 d d d
of of of of
_— = _— 1 = _— s A = _—
res(52p) = ((52) 1) = (S (52le) oo o) = 2 (15
Therefore, once the universal coefficients p, are determined, Z,p can be computed as

) -5 (1%

What about rational functions? Naively, it seems that this method for calculating

p) Ha -
(0%

(5.11)

Lp = Res(

p)aua. (5.12)

the global residue of polynomials cannot extend to rational functions due to the presence
of denominators. However, for most rational functions we can find a polynomial which
will yield the same result when summed over V(Z). This is achieved by replacing each
denominator by its polynomial inverse in (). Explicitly, let us take a rational function
r(z) = p(z)/q(z) where p and ¢ are polynomials, and suppose ¢ does not vanish for any
point in V(Z). Since fi, ..., fn,q have no common zeroes, 1 € (f,..., fn,q) by Hilbert’s
Weak Nullstellensatz [24] and so we can then find polynomials fi,- -y [, Giny such that

1:flfl+---+fnfn+qqu — Qinvqul- (513)

Once the polynomial inverse g,y is found, one can then compute Z,r as

(;ch’p Qinv> = azd:l (‘(;ch‘p Qinv> aﬂa- (5.14)

To summarise, we have reduced the problem of summing a rational function over the
points in V(Z) to finding a Grébner basis G, the standard basis B, the dual basis BY and
polynomial inverses for denominators. For the sake of completeness, we now briefly outline

Ter = Res(

how to calculate the dual basis and polynomial inverses, as detailed in [16].
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Calculating dual bases. First compute the Grobner basis G and the standard basis
B = {e.}%_, where < is either grlex or grevlex order. Then introduce some auxiliary
variables 1, ..., ¥y, and define the Bezoutian matriz B for Z with components

B‘ . fi(yl,.. . ,yj_l,Zj,. . .,Zn) — fi(yla-- . ,yj,Zj+1,...,Zn)
i,j = .
Zj —Yj

(5.15)

Let G := g|z%y. The remainder of det B on division by G U G can be decomposed in the
standard monomial basis as

d
det B9 = Z det B) ,€q , (5.16)

where (det B), € C(a)[y] and y = (y1,...,yn). We then find the dual basis BY = {A,}¢_,
with respect to the inner product (e, ) by the evaluating (det B), on y = z [27]

A, = (det B),(2) . (5.17)

Example 5. Recall from example 2 that G = {Zl"‘%ZQ, zg—%} and B = {e1,ea} = {22, 1}.
Introducing auziliary variables y1,ys the Bezoutian matriz B for T is calculated to be

_(m as
B= (0 . <Z2+y2>>' (519)

The remainder of det B on division by G UG expressed in terms of B is given by

det Bgug = alag(zz + y2) = (a1a3)61 + (a1a3y2)62 s (5.19)

from which we read off the dual basis BV = {A1, A2} == {ajas,a1a3z2}. Furthermore, since
A1 = ajag is z-independent, it is easy to decompose 1 with respect to the dual basis:

= A1 + Ao = (arazpz)er + (araspi)es, (5.20)

from which the dual basis coefficients are calculated to be puy =

and pa = 0.

a1a3

Calculating polynomial inverses. Suppose we have some polynomial ¢ € C(a)[z]
which shares no common zeroes with fi,..., f,. Introduce some auxiliary variable w and
define the ideal J = (f1,..., fn,wqg — 1) C C(a)[w, z1, ..., 2,]. Let < be the block order
that compares the degrees of w first and breaks ties using grlex or grevlex order on z with
21 = ... > zp. Then inside G<(J) there is a polynomial that is linear in w of the form
W — Ginv(2) € G<(T) where ¢,y is the polynomial inverse for ¢ in @. The following example
builds on example 1.

Example 6. Let I be as in example 1. Suppose we wish to compute the polynomial inverse
for q(z) = z129 in Q. Let J = (f1, fa,wq — 1) C C(ay,ag,as3)[w, z1,22] and let < be the

block order described above. Then the Grobner basis G2 (J) for J with respect to < contains

ajag

the element w + % from which we can read of the polynomial inverse qi,(z) = — Pt

~19 —



Push-forwards. Finally we return to the task of computing (2.18). In particular, there
are some simplifications which occur when using (5.5) to compute (2.18) for top-dimensional
rational differential forms. To this end, consider w; :ng""’n}, for J = {j1,...,Jn}
Using (5.5) together with (2.19) we find that

gic’wj) = (—1)”Res(w of

I*wJ—Res< “\%al,

), (5.21)

where w € C(z) is the rational function prefactor in (2.6) and |9 f/9a| , is the maximal minor
of the Jacobian matrix df/da specified by the columns (ji, ..., jn). Notice that |0f/0z]
drops out of the global residue. Let w(z) = p(z)/q(z) where p and ¢ are polynomials such
that ¢ does not vanish for any point in V(Z), and let gy, be the polynomial inverse for g.
Then combining (5.21) with (5.14) we obtain the compact formula

d

) =(-1)"> (p(hnv

J a=1

8l
da

of

Z*QJ = (_1)71 Res<pq1nv %

J)aua. (5.22)

This result is demonstrated in the following example.

Example 7. Recall that in example 1 we showed that the coefficients defined in (2.19)
and (2.18) are given by

1 Z2
Qo =0 eas T oo R8T g0
and
s = I - z -
*Q{l,Z} = 0, *Q{L?,} = a1a3 s *Q{Z,B} - _a2a3 s

respectively. Let us re-compute these pushforward coefficients using (5.22). Recall from

example 1 that the Jacobian matrices are

of _ (o a2 , of _ (21 2 02 , (5.23)
0z 0 2&322 da 00 z5
Without loss of generality, assume grevlex-order where z1 = z2. In example 5, we found

that p; = a11a3

q(z) = 2122 in Q is Qin(2z) = — 222 Using (5.22), we have that

az

and ps = 0, while in example 6 we found that the polynomial inverse for

0
I*Q{LQ} = (qmv 87{‘1, ) n1 =0, (524)
{172} 1

of ) 1 N 1
Tew = Ginv | =— = ——(2125);, = , 5.25
s = (m5g| ) == o (5.25)

of 1 1
Towio g = < i | =— ) =——(23);=— , 5.26
{23} = (4w | 5 23) 1#1 aQ( 5)1 p— (5.26)

in agreement with the result above.
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6 Computational considerations

Thus far we have presented three methods for computing the pushforward of a rational
differential form through some zero-dimensional ideal Z = (fi, ..., f,) C C(a)[z] without
needing to explicitly determine its common zeros V(Z). In this section we compare the
strengths and weaknesses of these methods from a computational point of view, and we
give suggestions on how some of the bottlenecks can be overcome. To this end, let us briefly
review the steps needed for each method to calculate the pushforward of a rational p-form
w = w(z)dz;; A--- Adz;, through 7 where w € C(2z). Recall that in (2.19) we defined the

rational functions

I
€ C(a)(z).
J

wh(z;a) = (—1)p“(z)‘ Bﬂ _lg£

The steps needed to calculate Z,w are as follows:
(i) Companion Matrices:

(a) Find the Grobner basis G4 (7).
(b) Find the standard basis B<(Z).

)

)
(c¢) Find the companion matrices 7;.
(d) Evaluate the rational functions w’ on the companion matrices.
)

(e) Take the trace.
(ii) Derivatives of Companion Matrices:

(a) Find the Grobner basis G4 (7).
(b) Find the standard basis B<(Z).
(c

(d) Calculate the partial derivatives of companion matrices with respect to a-

Find the companion matrices T;.

)
)
)
)

variables.

(e) Evaluate the rational function w on the companion matrices.
0 oT;

T.
‘o (1) ‘o (p)
(f) Evaluate Zaesp sgn(o) da;, aaj: :

(g) Multiply the results from (ii)e and (ii)f and take the trace.

(iii) Global Duality of Residues:

a) Find the Grobner basis G4 (7).

(
(b) Find the standard basis B<(Z).

d

Decompose unity in the dual basis.

I

)

)
(c) Find the dual basis BY(Z) using the Bezoutian matrix.
(d)
(e) Calculate the polynomial inverses den(w’), —of the denominators of w?.
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(f) Decompose

of

0z

G<(T)
den (gtl])inv num (Q.I]) ’

in the standard basis.

(g) Take the dot product between the coefficients from (iii)d and (iii)f.

The first thing to note is that all methods require the calculation of a Grébner basis
G = G<(Z) for Z with respect to some monomial order <. At this point it is worth noting
that the choice of monomial ordering < can have significant influence on how long this
takes. In practice, graded lexicographic and graded reverse lexicographic ordering are usually
the best choice. For polynomial ideals with rational function coefficients, as in our case, the
calculation of Grobner bases can be an extremely costly operation, since most Grobner basis
routines are optimised for implementations over finite fields. This becomes a significant
bottleneck for large ideals, for example for the CHY scattering equations it already becomes
near impossible to find an explicit Grobner basis for n > 6.

One possible way to significantly speed up the calculation of Gréobner bases is by using
numerical values for the a-variables. The corresponding ideal Z(a) is then simply an ideal in
C[z], and the computation of Grobner basis can now be done much faster, using Faugére’s
F4/F5 Algorithms [28, 29], for example. In this case, Grobner bases for the scattering
equations can easily be found up to n = 10.

If we follow the above steps using numerical values for a-variables (making use of the
methods described in section section 4 to calculate the derivatives of companion matrices),
then the resulting rational prefactors I*gg are numeric. There are a number of methods
which can be used to reconstruct the algebraic answer from such numerical sampling.
For example, if we set each a; to a distinct prime number, it is sometimes possible to
reconstruct the algebraic answer using Egyptian fractions from a single evaluation, see for
example section 4 of [13]. This does, however, only work if the rational prefactors are of
a specific form. When this is not known to be the case, we can perform our numerical
sampling over finite fields for which there exist multiple fast Grobner basis routines. In this
case, the algebraic answer can be obtained using rational reconstruction as implemented
in FiniteFlow [30] and FireFly [31]. However, depending on the degree of the rational
function and the number of variables, rational reconstruction may require many thousands
of evaluations, which can take a significant amount of time.

In addition to these difficulties in calculating Grobner bases, there are several other
points at which we can encounter computational bottlenecks. The three methods described
above all have their own pros and cons, and therefore this is the point where one has to
consider which of the methods is most appropriate for the task at hand.

The size of the companion matrices is d x d where d = |V(Z)| = |B| = dim(Q).
Depending on the size of the variety, the companion matrices can become very large. For
example, the companion matrices for the n-particle CHY scattering equations are of size
(n —3)! x (n — 3)!. There is a potential bottleneck in evaluating a rational function on
big companion matrices, depending on the complexity of the rational function. This is
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the place where the main difference between methods (i) and (ii) is revealed, since (ii)
only has a single rational function to evaluate whereas (i) will in general have a large list
of functions to evaluate. Furthermore, the rational functions one has to evaluate on the
companion matrices for methods (i) and (ii) differs by a factor of [[2]~ laf |- This can in
general be a very unwieldy expression, and can significantly impact the calculation time.
These considerations favour method (ii) over (i), but the method (ii) has some additional
drawbacks. Specifically, it requires us to find the derivatives of companion matrices, and to
evaluate complicated product expressions for them as in point (ii)f. When doing calculations
on numerical data, we have to use the method described in section 4 to find the derivatives
of companion matrices. This requires additional Grobner basis calculations in a larger ideal,
and, importantly, they have to be done using lexicographic monomial ordering, which takes
significantly longer.

These issues are sidestepped by method (iii), since it does not require us to evaluate a
rational function on large matrices. It does, however, have its own set of limitations. The
first difficulty we can encounter is in finding the dual basis BY. As explained in section 5,
to calculate the dual basis we first have to find the Bezoutian matrix B, which is of size
n x n (where n indicates the number of functions that generate our ideal). Finding B
and its determinant det B is not too difficult, however finding the remainder of det B with
respect to G UG can be a time intensive task. The second drawback of this method is in
calculating the polynomial inverse den(gﬁ)inv. This again requires an additional Grébner
basis calculation of a slightly larger ideal, which, as stressed before, can be quite time
intensive. One simplification occurs when calculating the pushforward of a top-form:

5] 5,

and the resulting rational function whose remainder we have to decompose in B is much

1y () |

= (1w

9, (6.1)

simpler. Now only the polynomial inverse of the denominator of w needs to be calculated.
Indeed, if w is a polynomial top-form, then no polynomial inverses have to be calculated
at all!

7 Examples

7.1 ABHY associahedron and Bi-adjoint ¢3 Amplitudes

In this section we will use the methods developed in this paper to derive formulae for the
ABHY associahedron canonical form from which we can subsequently find formulae for
bi-adjoint ¢3 amplitudes.

The starting point for our discussion are the original Cachazo-He-Yuan (CHY) scattering
equations [7]. They are a universal system of equations which connect the moduli space of
the n-punctured Riemann sphere to the kinematic space K,, which governs the scattering
of n massless particles. The moduli space is parametrized by the positions of n-punctures
Z1,...,2n, modulo an SL(2,C) symmetry. The kinematic space K,, is spanned by linearly
independent Mandelstam variables in d > n — 1 dimensions. Given any set of particle labels
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Ae ([’Z]), where £ = 1,...,n — 3, the Mandelstam variable s, is defined by

2
SA = (Zkz) :ZSZ']‘, Sij = (ki—i-kj)Q :2]%-]47]‘, (71)
i€A i<jeA
where k' are n massless momenta satisfying momentum conservation Y7, k' = 0. The
dimensionality of K, is [18§]

dimK, = (") =3 (7.2)

Of special interest to us are the planar Mandelstam variables which are defined by
Xij = Siit1,..j—1, (7.3)

where 1 < i < j < n and which vanish identically when j =i+ 1 or (i,5) = (1,n). Let
us denote the set of non-vanishing planar Mandelstam variables by &}, of which there are
precisely n(n —3)/2. Then X, furnishes a natural basis for K,, since each two-particle
Mandelstam variable can be expanded in terms of X, via

sij = Xijr1+Xip1; — Xij — Xig1541- (7.4)

We will sometimes use the notation a; to denote the 7* non-vanishing planar Mandelstam
variable where

Xij = GGty a—(74) (7.5)
and a = (a1,...,ax,|). In [32], Dolan and Goddard showed that the scattering equations

can be recast in polynomial form using the polynomials

he = Z SAZA (7.6)

Ae (4[111)

where z4 = [[;c4 2 for £ =1,...,n — 3. Throughout this section, we will use the SL(2, C)
symmetry of the scattering equations to fix z; — 0,2,-1 — 1,2, — 00, in which case
we obtain

fr= lim he . (7.7)

n 00 Zp 21—0,zp_1—1

In terms of these gauge-fixed polynomials, the scattering equations define the following ideal

Zn = {f1,-., fn—3) CQ(X,)[2], (7.8)

where z = (22,...,2,-2).
For the above choice of gauge fixing, the n-particle world-sheet Parke-Taylor form is
the (n — 3)-form
dzg A+ Adzp_g

wSs .
wy' = =) (s 1) (7.9)
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It was shown in [18] that the canonical form of the so-called ABHY associahedron can be
expressed as the pushforward of wxv S through the scattering equations:

WhABHY — 7 WS, (7.10)

n

It was further shown in [18] that the n-point bi-adjoint ¢ amplitude can be extracted from
WwABHY 1y pulling it back to an (n — 3)-dimensional subspace defined by the relations

Cij = Xij+ Xivrje1 — Xiprj — Xijin, (7.11)
for every non-adjacent pair of indices 1 <7 < j < n — 1 where ¢; ; are positive constants.
These relations can be used to solve for X1 ; in terms of Xy 3,..., X1 ,1:

Xis1; = X1 — X141 + Ci s (7.12)
where C; ; = - 11 S i +1 Crs is a positive constant. Let us use b; = X7 ; to enumerate

the coordinates Which parametrise the subspace onto which we pull back. The n-point
scattering amplitude m,, can then be calculated as [18]

n—1
Trwp B =, A\ dby,, (7.13)
k=3

where the ideal through which we pull back is given by

TIn = (Xij = 9ij(b) : Xij € Xn) € Q(b)[2], (7.14)
with b= (b3,...,by_1), g1,i(b) = b; and g;>1,;(b) = b; — b1 + Ci ;.

Using the notation of (2.17), we can express the pushforward in (7.10) as
WABHY — 7 WS — Z Toswy /\ daj, (7.15)
Je(1%n)) jeJ
where the coefficients w;(z) are calculated according to (2.19) as
(1) of |

22(2’2 - 23) ce (Zn,Q — 1) az
The pushforward can then be evaluated using the methods highlighted in sections 3 and 5
to sum w;(z) over V(Z,). We can also combine (7.13) with (7.10) to obtain the following

formula for m,:

wy(z) = (7.16)

n—1 n—1
ma N\ db = Trwh P = 7 (Lol = (F7T0), An [\ by, (7.17)
k=3 k=3
where
0
Azt = Y Tws)|%]
Je(I%n])
_ (=" NI F)| og 718
zo(zo — 2z3) -+ (2p—2 — 1) ’ 0z Je(%; ) dal; ‘ (7.18)
_ (-1)" ’8(J;ff) LSS
(e —23) (2 — 1) | Oz ob |’
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is a rational function in Q(b)(z),
Tnfe=Telx,,~g.,00) (7.19)
is the pullback of the polynomial f, through 7, and
InTn =Ty 1, T fn3) € Q(b)[2], (7.20)

is the ideal generated by the polynomials 7 fi,..., 7 fn—3. The last equality in (7.18)
follows from the simplification

T f)| |9g|” _ |9(Tif)
> ‘aa o _‘ ab ’ (7.21)
se{(e

The final expression in (7.18) essentially means that, at least in this case, the pullback and
pushforward are ‘associative’ in the sense that J*(Z, w) = (J*Z).w. From the polynomial
scattering equations one can show that

” n—3 n—1
‘a(jnf)’ =(=D" T I i =), (7.22)

9b i=1 j=i+2

with z; = 0 and z,_1 = 1, which is independent of b. To find the coefficient m,, of
dbs A -+ Adby—1 in (7.17) one has to sum A, over V(J,5Z,)

§eV(T5Tn)

which gives a rational function in b and C; ;. We can then re-express m, as a rational
function in Xi,j by re—substituting bl — Xl,i and Ci,j — X@j + X17i+1 — XlJ. The latter
result can also be achieved by replacing |0(J, f)/0z| with |0f/0z| in A, and instead
summing over V(Z,) to produce the following formula for m,,:

ma= S AL, (7.24)

Eev(ly)
where
of |7t I TS o (2 — 2))
Al(z)=—|2L i=1 1= : 7.25
n(2) 0z 29(29 — 23) -+ (z2p—2 — 1) ( )

is a rational function in Q(X,,)(z).

We conclude this part by noticing that the formula (7.24) looks remarkably similar to
the CHY formula for the n-point amplitude scattering amplitudes in bi-adjoint ¢* theory
from [33]. As we will show shortly, the two formulae are in fact identical, and their apparent
differences come from the different formulations of the scattering equations. Indeed, we can
find a new CHY-like formula for bi-adjoint ¢® amplitudes for each equivalent form of the
scattering equations. Specifically, if the functions hq, ..., hy—3 have the same common zeroes
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as the scattering equations, then using the associativity of the pullback and pushforward,

we can find the following CHY summand:
(_1)n 87’7/ —1
(21 —22)(22 — 23) -+~ (20, — 21) | 02

(Jnh)
ob

An(z) =

’ /SL(2)., (7.26)

where the SL(2), instructs us to fix the position of three of the z’s. The amplitude is then
found as

ma= Y AE), (7.27)

¢ev(Zy)

where 7Z,, is now the ideal generated by the polynomial scattering equations with the
appropriate gauge fixing. To make the connection to the standard CHY formula, let
us define

P Sab _
h“'_bzza—zb’ a=1,...,n, (7.28)
“a

to be the original CHY scattering equations [7]. Only n — 3 of these equations are

independent, and we can thus remove any 3 of these equations, say ﬁq, iLT, and hs. Explicit

calculation yields

[n]\{g,rs}

— (_1)n+q+r+s+1 (Zq - ZT)(ZT — ZS)(ZS — Zq) (729)
(1 — ) (22— 23) - (2 — 1)

O(Jrh)
ob

and equation (7.26) turns into the standard CHY summand. We thus see that from this
point of view, the fundamental quantity in the CHY summand is only a single Parke-Taylor
factor multiplied by Jacobians that depend on the specific form of the scattering equations,
which may or may not yield a second Parke-Taylor form. As noted before, for polynomials h,
we can apply the method of global residues (section 5) using these equations, in which case
the Jacobian |0h/0z|~! drops out of the calculation. It would be interesting to see if one can

use the results of this paper to derive similar formulae for other CHY-constructable theories.

ABHY

: and my,

To illustrate the results from this section, we will explicitly compute w
for n =4 and n = 5.

Four-points. The n = 4 scattering equations are expressed via a single polynomial f; =
X173_ (X1’3+X274)2'2 which defines the ideal I4 = <f1> g @(X4)[Z2] where X4 = {leg, X2’4}.
In this case, the associated variety is trivially found to be

V(Ty) = {X“’} . (7.30)

We are interested in calculating the pushforward of

dz
WS 2
w = - 7.31
4 ZQ(ZQ — 1) ’ ( )
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through Z; which can be expressed as

wiBY = TS = (Twpyy) dX1 s + (Taswyay) dXo4, (7.32)
where
(22) ! (22) ! (7.33)
wiy(z9) = , wro(29) = ) )
A 22(X13+ Xo4) {23172 (22 — 1)(X1 3+ Xa4)

Here the subscripts {1} and {2} refer to the labelling of the planar Mandelstam variables
(a1,a2) = (X1,3,X24). Using (7.30), we find by direct computation that
1 1

Tywiry = X1 Tywigy = “Xou (7.34)

and hence

JABay _ d4X1s  dXpy
4 X13 Xoa '

)

(7.35)

in agreement with the known result. To extract the four-point scattering amplitude my,
we pull wBHY back through the ideal Jy = (X135 — 91.3(b3), Xo4 — g2.4(b3)) C Q(b3)[X4]
where bg = X1’3, 9173(193) = b3 and 92,4(53) = 02,4 — bg, to obtain

Tiwp P = mydbs . (7.36)
Consequently
my = Jg (Law(1y) ‘81)3 o + Ji (Zaswioy) Dbs |2y ~ bs + Coa— by (7.37)

Re-substituting b3 — X;3 and Cs4 — Xi3 + Xo4 we then recognise the four-point
scattering amplitude

1 1

my = ——+ ——.
X13  Xoa

(7.38)
Five-points. The above example was trivial since the variety was one-dimensional and
easy to determine by inspection. The case when n = 5 is comparatively more involved and
we will calculate w5ABHY and ms using the method introduced in section 5 which leverages
the global duality of residues.

The n = 5 scattering equations are expressed via the polynomials

fi=—(Xi3+Xos—X35)20+ (X153 — X14— X35)23+ X114,

(7.39)
fo=—(X14— Xou+ Xos)zozs — (X3 — X14+ Xoa)zo + X323,

where we will sometimes label (a1, ag,a3,a4,a5) = (X13, X714, X204, Xo5,X35). These
polynomials generate the ideal Zs = (f1, f2) € Q(&X5)[z] where z = (29, z3). By pushing
WS dzo Adzg

“5 N _22(2’2 — 23)(23 — 1) ’ (7'40)
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forward through Zs we obtain
W?BHY — I5*UJ5 Z I5*W{J1 g2} dCLJl AN dah , (741)
J= {J17]2}€([2])

where w; are calculated according to (2.19) as

| of "' |of
= — —- 1 . 7.42
wy(z) zo(zo — 23)(23 — 1) |0z daly (742)
Explicitly,
1— 2 29 — 23 1— 23 29 23 ) of |~
= 1, -1 1,-1 - 7.43
w;(2) < 29 0 U za(l—23) 23 —20) 7 Tz3—zy '1—23/)]0z| (7.43)
where
‘6 ‘ (X14— Xo4)(Xia+ X35) — X13(2X14 — Xog + Xo5) (7.44)

+ (X1a— Xoa+ Xos) (22Xo5 + (22 + 23) (X133 — X35) — 23X1.4) .

We will sum w; functions over all points in V(Z5) using the methods introduced in section 5.
For the readers convenience, we will explicitly follow the steps outlined in section 6.

(iii)a Choosing grevlex ordering with zo > 23, we calculate the Grébner basis to be

g = ggrevlex(IS) = (745)
(23—1)X1,4+23(X3,5—X1,3)
Z2 + X1,3+X25—X35 ’
22 _9, + 23X2.5 _ 23X3,5  23X13X24—X1,4(X1,3—X1,4+X2.4)
3 3T X14—X24+Xo5 X13—X1,4—X35 (X1,4—X2,4+X25)(X1,3—X1,4—X3,5)

(iii)b The leading monomials of polynomials in the Grobner basis are {23, z2}, and hence the
standard basis of Q = Q(X5)[2]/Zs is given by B = Bgreviex(Z5) = {e1, ea} = {23,1}.

(iii)c The dual basis is given by BY = B 1. (Z5) = {A1, Ag} where
A= (X1a—Xoa+Xo5)(Xi3—X14—X35), (7.46a)
Ay = (2’3 — 1)A1 — X174(X173 — X1,4 + X274) — X275X375 , (746b)

are calculated using (5.17).

(iii)d Since A; is constant with respect to z, the coefficients of the decomposition of unity
in terms of the dual basis BY is given by 1 = u1 Ay + usAs where py = 1/A; and
M2 = 0.

(iii)e Having determined G, B, BY and A; 2, we now need to compute the polynomial
inverses of the denominators

o] _ 1

20(20 — 23)(23 — 1) | Da|;

(7.47)
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where the Jacobian ]g—ﬁ] cancels the inverse Jacobian present in w; as seen in (7.43).
There are only three distinct denominators: 23, 1 — 23 and 23 — z9. Their polynomial
inverses are evaluated using the procedure described in section 5 and are given by

(ZQ)inv :X1,3(2X1,4—X2,4+X2,5)+))((117,34)(()1(i75—X3,5)+X2,4X3,5—ZQA’ ’ (7.48&)
(1= 23)iny =212t XafontXosXos o2l (7.48D)
(25 — zz)invz(X1,4+X2,5)(Xl,s(X1,4+X§&i?;;zﬁ;g;;(z,4X2,s(X1,37X1,47X3,5) ‘ (7.48¢)

where
A= (X13+ Xo5 — X35)(X14 — Xoa+ Xo5). (7.49)

(iii)f Since pp = 0, we only need the coefficient of w;|0f/0z| (with denominator factors
replaced with their polynomial inverses) modulo G multiplying e; = z3. In particular,

we find that
¢ A1
1,2} (1 — 22)(22)iny == 5w 7.50a
{12} ((T=22) () ), ooy (7.50a)
{1a 5} : ((22 - 23)(22)inv(1 - ZS)invg) =+ L s (750b)
1 X13X35
g Al
2,3 1- — 22)inv == 0, 7.50
{2,3} <( 23)(25 = 22) >1 X1,4X94 (7.50c)
— ¢ A1
4} - inv - T < < .50d
{3,4} <Z2(23 22) )1 XoaXon (7.50d)
——G A1
4 : 1 - inv - — X .
{4,5} (ZB( z3) )1 X5 Xan (7.50e)

while the relevant coefficients for non-cyclic subsets J € ([g]) vanish since (Eg)1 =0.

(iii)g Combining everything together, multiplying the expressions in (7.50) by u; = A%, we
finally obtain

WABHY (7.51)
B dX1,3/\dX1,4 Xm’g/\ng’g) B dX174/\dX2,4 B dX274 /\dX275 B dX275 /\dX3’5
X13X14 X13X35 X1,4X04 X204 X0 5 Xo5X35

which agrees with the known result.

ABHY
5

Having computed w , we can now extract five-point amplitude ms by pulling (7.51)

back to the appropriate subspace. Alternatively, we can use (7.24):

ms= 3 A48, (7.52)

geV(Is)

where
-1

/( )_ (1_22)23 g

B 2o(z2 — 2z3)(23 — 1) | 0z (7.53)
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We will again calculate Z5, A% using the duality of global residues which means that we
can reuse the dual basis in (7.46) and the polynomial inverses in (7.48). To evaluate (7.52)
using (5.14) we first compute

g
((1 — 22)23(22)inv(22 — 23)inv(23 — D)iny )1 = (7.54)
A 1 n 1 n 1 n 1 n 1
1 .
X13X14  XiaXos XouXos Xi13X35 Xo5X35

which when multiplied by pu; = 1/A; gives the correct five-point amplitude

1 1 1 1 1
ms = A5(§) = + + + + :
° 5e§(215) 5(8) X13X14  Xi4Xos XouXos  Xi3X35 XosX3s

(7.55)

7.2 Momentum amplituhedron meets ABHY associahedron

As the second application of our methods, in this section we consider examples of pushfor-
wards of rational differential forms which are not top-dimensional. Our examples are taken
from [34]; this paper explores a remarkable connection between the canonical forms of the
ABHY associahedron and the momentum amplituhedron. In these examples, there are a
number of different spaces and maps involved which we will define below.

The momentum amplituhedron M,, ;, which is defined for 2 <k <n -2 2> 2, is a
positive geometry whose canonical form €2, , == Q(M,, ;) encodes the n-particle Nk —2MHV
superamplitude for so-called N/ = 4 supersymmetric Yang-Mills (SYM) theory, expressed
in terms of spinor-helicity variables [19]. The momentum amplituhedron form €, j is a
top-form on M,, j, where the latter is a particular (2n —4)-dimensional region inside on-shell
space Q. On-shell space is the space of spinor-helicity variables. It is parametrized by two
real 2 x n matrices (A, A), each of which is understood modulo SL(2;R), and together they
satisfy momentum conservation A - AL = 0yy9. Therefore dim(Q,,) = 4n — 10.

There is a well-known scaling of spinor-helicity variables induced by the following torus
action of the little group

)\i — ti)\i s 5\1 — tz._lj\i R (7.56)

where t = (t1,...,t,) € RZ,. On-shell space O, modulo this torus action defines a (3n—10)-
dimensional space called the little group (LG) invariant space L,,. One of the simplest ways
to parametrize LL,, is to first focus on A (a real 2 X n matrix), to use the SL(2) symmetry to
fix 3 of its degrees of freedom, and to use the torus action to rescale each of its columns
independently so that each column contains a 1. Consequently \ is parametrized by n — 3
variables and gives a chart for the real-slice of the moduli space of the n-punctured Riemann
sphere. One explicit realization of this parametrization was eluded to in the previous section,
but in this section we will instead use the realization given by Fock-Goncharov (FG) [35]:

A:<011 1 1 . 1 )) (7.57)

—10114+2z11421+2z120 - 1+2z214+...4+ 212023

where A € Maty ,(Q[21, - . -, 2n—3]). We can then fix A (another real 2xn matrix) by using the
SL(2) symmetry to fix 3 degrees of freedom and to remove another 4 degrees of freedom by
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imposing momentum conservation. Consequently )\ is parametrized by 2n — 7 variables, call
them z,_9, ..., 23,10 (in addition to the n —3 FG variables). Moreover, it is always possible
to choose the SL(2) transformation such that A € Matg ,(Q[z1, . . . , 23n—10]). We will refer to
this type of parametrization for L,, as the extended Fock-Goncharov (eFG) parametrization.

In [34], the authors defined the reduced momentum amplituhedron form wy, . It is
obtained from the momentum amplituhedron form €, ; via the pullback given by the
torus action:

Qn,k’(7_56) =Q (an> A wnk + (@) (dn_Qt) s (758)

where

n
QRP") = > (-1)""'dlogty A ... Adlogti1 Adlogtipr A... Adlogty, (7.59)
i=1
is the canonical form on real projective space RP" and O(d" 2t) denotes terms with
sub-leading degree in dt. By definition, wy, ;, is defined on L, and is an (n — 3)-form.
There is a natural set of equations, defined in [34], which relates L,, to a particular
subvariety of the kinematic space of n-particle Mandelstam invariants called the Gram-
determinant subvariety G,,. Its definition is not important to our discussion, but can be found
in [34]. Importantly, any chart for G,, can be expressed in terms of any (3n — 10)-element
subset of n-particle planar Mandelstam variables. Let

Zoi={Xij: (,5) € G}, (7.60)

for some choice of indexing set G, containing 3n — 10 non-adjacent pairs (7,7) where
1 <i<j<n. We use tildes to distinguish the variables parametrizing G,, from those
parametrizing K,, for convenience. Then the ideal

L% = (K= Y @O 6,5) € Ga) SRz 280-10], (T.61)
i<i/ <5<
where the spinor-helicity brackets are evaluated on the eFG parametrization of IL,,, defines
a map from a chart of IL,, to a chart of G,,. This ideal is generically zero-dimensional as we
will see in examples.

Coming from the other side, there is also a natural set of equations which relates
the kinematic space of n-particle Mandelstam invariants K,, to this Gram-determinant
subvariety G,. They are given by the so-called Gram-determinant conditions. Again,
the details are not important to our discussion, but can be found in [34]. These Gram-
determinant conditions define another generically zero-dimensional ideal which we denote
by TEE C Q(,)[X,].

In [34], the authors showed that

1 L Gn_2 1 K—G, , ABHY
LoE] L nk = fpEse e W (7.62)
n n

k=2

VE;—MG

where and VX=C denote the complex affine varieties associated with Z-~C and

Iff_’G, respectively. We will now proceed to verify this result in examples using some of the

methods developed in this paper.
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Four-points. Our first and simplest example occurs when n = 4. Since the dimen-
sions of Ly and Gy4 are the same, Xy = {X13, X24} and X, = {X173, XQA}. Consequently
IZ]F_)G = <X173 — Xl,g, X2,4 — X274> [34] and its variety is trivially VZ]F_)G = {(X173,X274)}.
Using the following eFG parametrization for L4

011 1 ~ — 0
A= A= B T2 (7.63)
—1011+ 2~ z1+1 -1 01
we have that IL_”G <X 1,3 — 2122, X5 4 — z2) and its associated variety is easily shown to

be V§—€ = {(22,5(2,4)}.
For n = 4, the only valid value for k is k = 2, and the reduced momentum amplituhedron

form written in terms of the above eFG-variables is given by [34]

(12)(34)

7(14> 23) =dlog z, (7.64)

W4,2 =d log

while the ABHY canonical form for n = 4 is given by (7.35)

X
WPV~ dlog 213
24

Since the varieties of interest both contain a single point, it is easy to evaluate the relevant
pushforwards via direct substitution to confirm (7.62):

LG, ABHY _ 7K—G, ABHY
TiCy s = wh ’xﬁx — K6 ABHY (7.65)
Five-points. For n = 5 we have the following two reduced momentum amplituhe-
dron forms
(12)(34) (13){45) [12][34] [13][45]
=dlog ——F——+ Adl =dl Adl 7.66
wsz = dlog yogy Adlog fipvgyy s was = dlog ppg Adlog gy (7.66)

defined on Ls and the following ABHY associahedron form (7.51)

w5ABHY _ dX173/\dX1’4 n dX1,4/\dX274 n dX274/\dX275 n dX2’5/\dX375 B dX1’3/\dX3,5
X13X14 X1,4X2.4 X24Xo5 Xo5X35 X13X35

defined on Ks. In order to push forward the latter onto Gs, we first note that X5 and X5

have the same size since 3 x5 —10=5 = @:
Xy ={X13,X14,X04,X05, X35}, Xs = {X13, X14, Xo4, Xo5, X35} = {ai}i_; .
(7.67)
In this case, the ideal of maps from K5 to G5 is given by [34]
50 = <X13 — X13, X14 — X14, X204 — Xo4, Xo5 — Xo5, X35 — X35> (7.68)
and its variety is simply
VEZS = {( X3, X4, Ko, Xo5, X)) (7.69)
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Consequently
TK—=G ABHY _ ABHY ‘ 770
5« Ws Ws ’ P ( )
On the other hand, if we parametrize Ly with the following eFG variables
. 011 1 1 X_ Z3+(1+21)2’4 —23—24 23 24 0
C\101 142 14+2(042))" " 14211 +20)+25 —1—25 25 01)°
(7.71)

then the ideal of maps from LLj to G5 is given by

7570 = {Xig — 21((20 + 1)z + (22 — 25)2),
_ _ ~ _ (7.72)
Xi4— 212024, Xo g — 23+ 2425, Xo5 — 23 — (21 + 1) 24, X35 + 2124Z5} .

Its corresponding set of common zeros contains the following two algebraic solutions involving
square roots:

VEC = (7.73)
o +V/A-X; 3(X2 1—Xo 5) 5(1,4(5(2,5—5(3,5)—X2,4)~(3,5
1= . 2X2,4~(X1,4*~)~(2,4J~r)~(2,5)~ o ’
 EVAX 3(Xpu—Xo 5)+X1 1(Xo54+X35)—X24X35
2= 2X25X )
B 2,5X3,5 o
VALK 3(Xoat+Xo5)— X 4(X25 X3,5)—X2,4X35
3= 2X1,3 ’ ’
oy — (X1,4—X24) (FVA+X, 3(X2 1+X25)—X1 4(5(2 5—X3,5)—X2,4X3,5)+2X1,3X24X25
4= i ) 2X3 3(X13 X1 4+X24) ’
o — FVA-X 5( 24—X2,0) X1,4(Xo,54X3,5)+X2,4X35
5 — 2X1.4X25
where
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ 2
A= (X1,3X2,4 — X13Xo5 +X14Xo5 — X14X35 + X2,4X3,5) (7.74)

+4X13X54 X35 (X1,4 — Xo4+ X2,5> .

The presence of the square roots in V5]L_>G makes it extremely difficult to directly compute
the pushforwards of w52 and ws3 via I%‘—’G. Instead of performing these pushforwards
directly, we will use the methods introduced in section 4. For the reader’s convenience, we
will explicitly follow the steps outlined in section 6 under method (ii).

(ii)a Choosing lex ordering with z; > ... > 25, the Grobner basis is calculated to be

G = Giox (ngG) - (7.75)

(1+25)X1,4X2,5+X1,3(X2,4—X2,5)
} Xo 4(X1,4*X2,4+X2,5) ’
29 + 25X154’
25 X1,4X0 5+ X1,3X0 4+ X1,4X35—X0,4X3, 5
X13
25X1,4X25(X14—Xo 4)+X3 5(X14—Xo 4) +X1,3X2,4(X1,4—X2,44+X2,5)
. B } X1 3(X13 X1 4+X24) } } } K
25(X1,3(X2,4—Xo5)— X0 4X35+X1 4(X2 5+X35))—(X1,3—X1,4+X2,4) X35
X1.4X25

z1 +

z3 —

zZ4 —

z?,—l—
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(ii)b By inspecting the leading monomials of polynomials in the Grébner basis, we immedi-
ately write down the standard basis of Q == Q(X5)[z1, ..., z5]/Z-~C which is given
by B = BIeX(I}{HG) = {25, 1}.

(ii)c Next, we determine the companion matrices of Z-~C to be

) (Xo,4—X1 4)X35 (X13 X14+X24)X35

X (X14 X2 4+X2 5) X2 4(X14 X2 4+X2 5)
T = 24 . .76a
1 X1,4Xo5 Xy, 3Xoa4—X13Xo5+X14X25 | ° (7 76 )

X24(X14 Xo,4+X2,5) Xo.4(X1,0—X2,4+X25)

X1,3(X2,4—X2,5)—):(2,4):(3,5+X1,4(X2,5+X3,5) . X1,3—)§1,4+X2,4
T, = Hasds )8275 : (7.76b)
X35

X1,4 % )N(1,3—X1,4+)~(2,4 X3,5

(1- 224 Xp5 : )

T3 = X13 Xis (7.76¢)
X14Xo5 X24 + (X14—X24)X35 |’

X1,3 ’ X1,3

X14X25 (X1.4—X2,4) X35
T, = X1 o e % Kig o , (7.76d)

X1,4(X1,0—Xo 4)X2 5 X3,5(X1,4—X~2,4)2:|—X1,32(2,4(){1,4—X2,4+X2,5)
X1,3(X1,3—X1,4+X2,4) X1,3(X1,3—X1,4+X24)

X1.3(Xo,5=X2.4)+X0.4X55-X1.4(Xo54Xs5) (X13=X1a4+X2.4) X555
Ts = X1,41X2,5 X1,40X2,5 s (7.766)

from which one can easily calculate their derivatives with respect Xs, as explained
in (ii)d.
For the remainder of the steps in method (ii), we will specialize to ws2; the computation

for ws 3 yields the same result [34]. In terms of the eFG variables introduced above, ws > is
expressed as

1
ws o = dlog z1 A dlog zp = w(z)dz A dzo, where w(z)=——. (7.77)

(ii)e Evaluating w on companion matrices yields

):(2,5 (X1,4—X24)X35
X1,3 X1 3X1 4
w(T) = S - 5 5 - 5 . 7
7( ) (X1,4— X2 4)Xa5 X3,5(X1,4—~X2,§) +)~(1 3X2~4(X1,§*X2,4+X2,5) (7 8)
X1,3(X1,3—X1,4+X24) X1,3X1,4(X1,3—X1,4+X2,4)

(ii)f For each 2-element subset J = {j, jg} € ([5}) we compute

o 8%1 Oap
For example, for J = {1,2} we have
1
Z W) To2) [ Foa(Xpa—Xza+Xas) 0 (7.79)
- Xo4—Xo5 ’ ’
30,1 8a2 = = = o 5
0ESs Xo,4(X1,4—X2,4+X2,5) X35

The matrix expressions for other values of J are easily computed.
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il)g Finally, we compute the coefficients of the pushforward, denoted b ILHGw via
( )g Y, p p ) y “

o(1) 5 (2)

daj,

Z@a

o€Ss Jt

For example, for J = {1,2} we find that the coefficient of da; A day = dXLg A d)~(1,4
is given by

1

-t 7.80
“12) X13X14 (7.:80)

I%—)G
*
as expected. Similarly the other coefficients of the pushforward can be computed.

Consequently, we are able to confirm that

BHY‘ = 7K~ ABHY (7.81)

1
T (ws 0 + ws3) = w
2 5* ( El 7) 5 X—)X

8 Conclusions and outlook

In this paper we have explored ways to calculate pushforwards of rational differential forms
through the common zeroes of a set of equations. In particular, when these equations are
polynomials we have shown that we can leverage the tools from computational algebraic
geometry to calculate the pushforward without explicitly finding the set of common zeroes of
these polynomials. To this end, we discussed three specific methods to do these calculations.
We expect that these methods will provide us with both conceptual and practical tools for
the calculations of pushforwards that had been previously not possible.

As we pointed out in the main text, a natural place where the methods developed in
this paper can be applied is to the study of positive geometries. As conjectured in [18, 20],
the canonical form of the ABHY associahedron, the momentum amplituhedron, and the
orthogonal momentum amplituhedron can all be found as pushforwards of (a suitable
extensions of) the world-sheet Parke-Taylor form through the solutions of the scattering
equations. Using the methods we developed in this paper, it should be feasible to extend
the range of canonical forms for which direct calculations are possible using this process.
This could further be applied to find the canonical forms of new positive geometries, such
as the conjectural ‘momentum amplituhedron in six dimensions’ [20].

Furthermore, it was observed in [34] and reviewed in section 7.2 that the canonical
forms of the momentum amplituhedron and the ABHY associahedron are closely related.
A natural next step would be to provide further links of these positive geometries to the
orthogonal momentum amplituhedron and the 6D momentum amplituhedron. A conjectural
web of connections, that builds on the diagram in the conclusions of [20], is shown in
figure 5. By calculating the pushforwards indicated in this web, these statements can be
verified and the precise nature of the connections between these positive geometries can be
better understood.

Although the applications to positive geometries were our main motivation, the tech-
niques developed in this paper can be easily applied to calculations of pushforwards that
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Figure 5. A web indicating the (conjectural) relations between different canonical forms. Solid lines
indicate differential forms related by a pushforward. We indicated with black lines the connections

that have already been investigated in the literature. Green lines depend on the hypothetical 6D

WS,4D
n

are extensions of w'> to include the little group in 4 and 6 dimensions, respectively.

momentum amplituhedron. The differential forms that appear in this web are as follows: w

and wyS:6P

QpP, Qi and Q5P indicate the canonical forms of the relevant momentum amplituhedron in 3, 4,
and 6 dimensions, respectively. wflfjk and w8 are the reduced momentum amplituhedron forms in
4D and 6D, where the little group dependence has been stripped off. v4P is the ABHY associahedron
canonical form when restricted to g-dimensional kinematics. The ideals that define the pushforwards
are as follows: Z3P ,Zﬁ%, and Z8P are the ideals generated by the n-particle scattering equations in
3, 4, and 6 dimensions, and ZA—B
spaces A and B. K, is the space of Mandelstam variables of n-particle scattering in arbitrary
dimensions, ¢ is the little group invariant space for n particles in d dimensions, and G¢ is the

Gram-determinant subvariety of K,, for d-dimensional scattering.

is the ideal generated by the equations relating the kinematic

can be found in other corners of mathematics and physics, far beyond the scope of scatter-
ing amplitudes.

Lastly, we note that the three methods studied in this paper all require the calculation
of Grobner bases, which forms the main bottleneck in applying our methods to more
involved examples. One possible direction would be to improve the efficiency of Grobner
basis calculations in this context. Alternatively, it would be very interesting to find
alternative ways to calculate the pushforward (or, equivalently, summing rational functions)
through the zeroes of a set of polynomials that altogether sidestep the need to calculate
any Grobner bases.
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A Results from computational algebraic geometry

In this section we list the results from algebraic geometry which are referenced in this paper
to make the paper more self-contained.

Theorem 1 (Stickelberger’s Theorem [26]). The d complex zeros of a zero-dimensional

ideal T C Clz1, ..., 2] are the vectors of simultaneous eigenvalues X = (A1,...,\,) of the
companion matrices Ty, ..., Ty, of I:
V(T) = {A € C" | yecn (o) View : Th - v = i) . (A1)

Theorem 2 (Global Duality Theorem [27]). Let Z = (f1,...,fn) € Clz1,...,2,] be a
zero-dimensional ideal and let Q = Clz1,. .., 2z,]/Z be the corresponding quotient ring. Then
the symmetric inner-product

<‘> .> : Q X Q — (Cv (plap2) = Res(pl p2) ’ (A2)
where Res computes the global residue with respect to the fi,..., fn, is non-degenerate.

Theorem 3 (Hilbert’s Weak Nullstellensatz [24]). Let Z C Clzy, ..., z,] be an ideal satisfy-
ing V(Z) =0. Then Z = Clz1,...,2n].

Theorem 4 (Shape Lemma [26]). Let Z be a zero-dimensional radical ideal in Clz1, . .., 2]
such that all d complex roots of I have distinct z, coordinates. Then the unique reduced
Grobner basis G of T with respect to the lexicographic order where z1 > ... > z, has the shape

g= {Zl - Q1(Zn)7 <y Rn—1 " Qn—l(zn)a T(Zn)} ) (A3)
where r € Q[zy,] has degree d and each q; € Q[zy] has degree strictly less than d.

Theorem 5 (Elimination Theorem [24]). Let Z be an ideal in Clz1,...,z,] and let G be
a Grobner basis of T with respect to the lexicographic order where z1 = ... = z,. Then
for every 0 < £ < n, GNClzoy1,...,2n] is a Grobner basis of the £ elimination ideal
INClzpt1y---52n]
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