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Introduction

The intersection number between differential n-forms [1-13] is an elementary quantity that

rules the vector space properties of regulated (twisted period) integrals. The respective

integrands are defined through the product of the twist, a regulating multivalued function

that vanishes at the boundary of the integration domain, and a differential n-form. Acting as

an inner product, the intersection number yields the decomposition of the differential forms

into a basis of forms that generate the twisted de Rham cohomology group, a vector space

defined as the quotient space of the closed forms modulo the exact forms [14-17]. Linear

and quadratic relations among the elements of the vector space, as well as differential and



difference equations for them, can be derived using intersection numbers. The translation of
these identities to their respective integral formulations is then straightforward.

The algebraic properties of Feynman integrals, central objects of study in perturbative
classical and quantum field theory, motivated us to develop the intersection theory framework.
In that framework the linear relations derived by intersection numbers are equivalent to
the well-known integration-by-parts identities (IBPs) [18, 19], used to derive the integrals
decomposition in terms of an independent set of master integrals (MIs), as well as for the
differential and difference equations obeyed by them. The same formalism can be applied
to a wider class of functions, such as Aomoto-Gelfand and Euler-Mellin integrals, as well
as Gelfand-Kapranov-Zelevinsky hypergeometric systems [20—22] which embed Feynman
integrals as special restrictions [23] (see also [24, 25]). Beyond IBP reductions, twisted
co-homology finds applications in many other relevant areas of Physics and Mathematics:
the formalism has been applied in the construction of the canonical bases for Feynman
integrals [26-29] (in presence of generalised polylogarithms as well as of elliptic functions),
correlator functions in quantum field theory and lattice gauge theory [30-34] (in perturbative
and non-perturbative approaches), orthogonal polynomials, quantum mechanical matrix
elements, Witten-Kontsevich tau-functions [32], cosmological correlators [35], representation
of Feynman integrals as single-valued hypergeometric functions [36], to name a few.!

There exist several methods for the calculation of intersection numbers using the twisted
version of Stokes’ theorem [43]. In the special case of logarithmic n-forms they can be
computed via the algorithms proposed in [2, 8, 13, 44]. In the more general situation of
meromorphic n-forms, the calculation of the intersection number can proceed according to the
so-called recursive approach, as proposed in [16, 17, 45], elaborating on [10], which, exploiting
the concept of fibration, maps the (evaluation of) intersection numbers for n-forms, into an
ordered sequence of (evaluations of) intersection numbers for 1-forms, that are computed by
considering one (integration) variable at a time. This method can be simplified by exploiting
the invariance of the representative of the cohomology classes and by avoiding the use of
algebraic extensions [46], and its application range can be extended [47, 48] also to the
case of the relative twisted cohomology [49], that deals with singularities of the integrand
not regulated by the twist. An interesting improvement of the evaluation procedure, that
makes use of the idea of avoiding polynomial factorisation and algebraic extensions, has been
recently proposed in [50], by introducing the polynomial series expansion technique, and
an efficient treatment of the analytic regulators, combined with the advantages of modular
arithmetic over the finite fields [51, 52].

Also, we have recently proposed a new algorithm for computing the intersection number
of twisted n-forms, based on a multivariate version of Stokes’ theorem, which requires the
solution of a higher-order partial differential equation and the evaluation of multivariate
residues [53], which is a natural generalization of the original algorithm [2, 43] that avoids
the fibration procedure.

Let us finally mention that an alternative method for evaluation of intersection numbers,
which is based on the solution of the secondary equation built from the Pfaffian system of

"More examples can be found in the recent theses [37-39], in the lecture notes [25] and the in the
reviews [40, 41]. For related works, see also the recent [42].



differential equations for the generators of the cohomology group [9, 54], in combination with
an efficient algorithm for construction of such systems by means of the Macaulay matrix
has recently been proposed in [22].

The previous activities show that the development of the optimal algorithms for evaluating
intersection numbers for meromorphic twisted n-forms is an open problem of common interest
for mathematicians and physicists.

The classification of dimensionally regulated Feynman integrals as twisted period integrals
becomes manifest when, instead of the canonical momentum-space representation, parametric
representations of the integrals are adopted [14, 55]. Additional analytic regularisation [56, 57]
is often required to regulate the behaviour of inverse powers of the integration variables that
arise upon the change of variables, from the loop momenta to the new set of n integration
variables. Accordingly, auxiliary non-integer regulating exponents, hereby dubbed regulators,
are introduced in the definition of the twist [58], which are later set to zero at the end of
the calculation of the coefficients of the MIs decomposition. Therefore, intersection numbers
acquire a dependence on the evanescent regulators, beside the expected dependence on
external kinematic invariants, masses, and the continuous space-time dimensions d. For
that reason the regulators affect the load of the evaluation algorithm, which would be much
lighter if they were absent.

In the case of Euler-Mellin integrals and GKZ hypergeometric functions, non-integer
exponents are considered ab-initio in the integral representation, and, in these cases, the
intersection numbers depend on them, as well as on the multiplicative factors of the monomials
(product of integration variables) that appear in the twist — which can be considered as
external variables.

In this work, we investigate the analytic behaviour of the intersection numbers of 1-
forms on one evanescent regulator, and show that the coefficients of the MIs decomposition
can be computed just using the leading term (LT) of the Laurent series expansion of the
intersection numbers, as it was remarkably observed, by other means, in [50]. Moreover,
we show that the expression of the LT of the expansion is equivalent to the result of the
intersection number computed within the relative twisted cohomology theory [49], obtained
by means of the delta-forms introduced in [47, 48]. Although derived in the case of 1-form,
the result of our analysis allows us to present an simplification of the recursive algorithm for
the evaluation of intersection numbers of twisted n-forms, and to apply it to the complete
decomposition of a few non-trivial representative types of Feynman integrals at one and
two loops, with planar and non-planar configurations, in terms of bases of MIs. On the one
hand, we adapt the polynomial expansion technique introduced in [50], by proposing a novel
choice of the polynomial-ideal generator in the intermediate layers of the recursive approach.
On the other hand, we eliminate the need for the analytic regulators, by applying the
relative twisted cohomology theory [47-49], and present a systematic algorithm for choosing
multivariate delta-forms as elements of the dual cohomology bases, to significantly simplify
the computation of the intersection numbers.

The chosen examples of Feynman integrals involve differential n-forms with n up to
nine. The intersection-theory based decomposition is performed on cuts, along the lines
of [15, 17], so that the determination of the coefficients of the integral decomposition require



intersection numbers of n-forms, with n up to six, only. In particular, we describe in detail
the decomposition via intersection numbers of integrals related to the one-loop box diagram
contributing to Bhabha scattering, as well as the planar and non-planar massless double-box
diagrams. Computational details for the latter two cases can be found in the ancillary files
Dbox_massless.m and Dbox_massless_nonplanar.m, respectively. For the decomposition
of the integrals related to the planar and non-planar double-box diagrams with one massive
external leg, in the text we provide just the bases of n-forms and give the computational details,
respectively, in the ancillary files Dbox_1m.m, and Dbox_1m_nonplanar.m. The decomposition
formulas are found to be equivalent to the results of an IBP decomposition. These results
demonstrate that, using intersection numbers it is possible to obtain the direct and complete
decomposition of non-trivial integrals in terms of MlIs, just like any generic element of a
vector space can be projected onto a set of generators.

This work is organized as follows: In section 2 a review of the twisted de Rham cohomology
and intersection numbers is given. Section 3 contains a discussion of the application of
polynomial division and global residues for the efficient computation of intersection numbers.
Section 4 describes the computation of intersection numbers within the relative twisted
cohomology theory using delta-forms, as well as their derivation as limits of cases with
analytic regulators within the regular twisted cohomology theory. Applications to the
decomposition of one- and two-loop Feynman integrals are presented in section 5 to showcase
the novel techniques introduced in this work. We provide concluding remarks in section 6.

The manuscript contains two appendices: Appendix A contains a description of the
extended euclidean algorithm and appendix C contains an example of our algorithm for
building the bases for the (relative) twisted cohomology groups.

For our research, the following software has been used: LITERED [59, 60], FIRE [61],
FINITEFLOW [52], FERMAT [62], FERMATICA [63], MATHEMATICA, HOMOTOPYCONTINU-
ATION [64], SINGULAR [65] and its MATHEMATICA interface SINGULAR.M [66], and JAX-
ODRAW [67, 68].

2 Integrals and twisted cohomology groups

In this section we review some basic properties of twisted cohomology and intersection theory,
focusing on the evaluation of intersection numbers for 1- and n-forms.

The frameworks of twisted homology and cohomology are concerned with twisted period
integrals of the form

1= [ wpr=teucal, 21)

where ¢; is a rational/meromorphic n-form: ¢; = ¢r(2)dz = ¢r(z)dz1 A ... Adz,, and
u is a multivalued function

u=[][B}", (2.2)

called the twist, with generic (polynomial) factors B; = B;(z) and generic exponents -y; . The
generiticity condition on the ; is required to ensure that all poles of ¢; are regulated by w.



Moreover, the integration domain C is chosen such that B;(0C) = 0. The latter condition
ensures that twisted period integrals obey integration-by-part identities (IBPs)

/ d(udr) =0, (2.3)
Cr
corresponding to the vanishing integrals
/C uVy, ¢ = (Vwor|Cr] =0, (2.4)
R

where we introduced the covariant derivative V,, , defined as,
n
Ve =d+w, with w:=dlog(u)= Z@l dz;, and @;:= 0 log(u). (2.5)
i=1

Within twisted de Rham theory, any n-form ¢; is a member (equivalence class rep-
resentative) of the vector space of closed modulo exact n-forms, called the n'® twisted
cohomology group H, . The equivalence relation reads (¢, | ~ (¢; + VL], where ¢, is a
generic (n—1)-form. H identifies integrands that give the same I, upon integration over
Cr . The number v := dim (H}) of independent equivalence classes is the dimensionality
of the cohomology group.

We may also introduce the dual integrals:

1= [t on = (Culon) (26)
L

whose integrands contains the multivalued function u~! and the dual n-form ¢ R - Similarly
to the previous case, |pp) ~ |[¢r + V_u¢r) with ¢ being an (n—1)-form. Thus ¢ is a
member of another vector space of closed modulo exact n-forms, called the n'" dual twisted
cohomology group H” , . Elements of this group identify integrands that give the same
IV, upon integration over Cy, .

Stokes’ theorem motivates the examination of the equivalence classes of integration
domains Cr, r (called the n' twisted chains), which form the other two vector spaces Hf“
referred to as the (dual) twisted n'" homology groups.? In turn, de Rham’s theorem ensures
that the four vector spaces H%, and H“ are isomorphic, which implies that dim (H?) =
dim (H",) = dim (H¥) = dim (H,“).

In the case of Feynman integrals, the dimension of the twisted cohomology group
corresponds to the number of master integrals:

v = dim (HY,,) = dim (H:%)
= number of zeros of w, (2.7)
which is determined by the number of critical points of the Morse height function log(|u|) [55].

Let us consider the bases {(e;|}i=1,... , belonging to H, and the dual bases {|h;)}i=1.... »
belonging to H” ;. Then any arbitrary cocycle ((¢;|) can be decomposed in terms of these

*We do not elaborate further on the homology groups, and refer the interested reader to [69] for details.



bases following the master decomposition formula [14, 15]. This relation expresses a given
cocycle (¢;| in terms of a given basis (e;|:

v

(or] = cieil with ci = (pr [ hi)(C )i, (2.8)

i=1

where the square matrix of all possible intersection numbers between the left- and right-bases
Cij = (ei | hy) (2.9)

is called the metric or simply the C-matrix.
Following the master decomposition formula [14, 15|, any Feynman integral I can be
decomposed in terms of the master integrals J; as

v

I=(p|C] =) cilelC) =D i di, (2.10)
i=1

i=1

where the coefficients of the decomposition ¢; are given by eq. (2.8) and J; = (¢;|C]. Let us
observe that ¢; is independent of the choice of the dual bases |h;) [15], and that, this degree of
freedom can be exploited to simplify the computing algorithm — as it soon will be made clear.

2.1 Intersection numbers for 1-forms

The intersection number is an integral of the product between the left and right forms. To
define it consistently, one of the forms has to be regulated by expressing it as a specific
representative of its cohomology class:

1 1
. - 2.11
(oL leR) 57 /XL(sOL)MOR 5 /XSOL/\L(SOR)a (2.11)

where the t-operator denotes the regularization procedure defined in the univariate case as:

Wer) = — Vu(hyyr), Upr) == ¢r — Vow(hbpg) (2.12)

with the Heaviside functions
hei= > (1-6.,), 0.;:=0(z—z| —e), P, := {poles of w} . (2.13)
1€Pw
The domain of integration in eq. (2.11) is defined as X := CP\ P,,, and the set of singularities

P,, includes also z = oo. The functions ¢; and 1 are the solutions to the differential
equations:

Vb = ¢r, Vowtbp = ¢p - (2~14>

To compute intersection numbers eq. (2.14) must be solved around each pole p € P,, .
Considering the pole at z = p, the solution around this pole formally reads [2, 49],

1
VY p(2) = o~z /cp(z)u(t) or(t),

)= ﬂ Pr(t)
Vrp(2) = (- —1) /Cp(z) u(t)

(2.15)




Figure 1. The integration contour Cp(2) used in eq. (2.15).

Here C)(z) is the contour given in figure 1 and 4y = ety with o, being the non-integer
exponent of u at z = p (and thus —a, the exponent of u™1).
Following [14, 15] we may then derive the expression for the univariate intersection

number as

(oL lvr) Z Res.— pWLp ©r) Z Res.— p(pr o) - (2.16)
pEPL pEPL

2.2 Intersection numbers for n-forms

The intersection number for n-forms can be computed by adopting more than one computa-
tional strategy. In this work, we will use the fibration-based approach discussed in [16, 17],
which can be applied to generic meromorphic forms. This method treats the integration
variables one at a time, so, without loss of generality, we may order them as z,, ..., z1, listed
from the outer to the innermost integration. Each layer of the fibration has its own (internal)
basis of master forms, whose size can be counted using eq. (2.7), and can be efficiently chosen
following the algorithm explained in section 4.4 and appendix C. We denote such bases of forms
and their duals on the m'™ layer by egm) and hl(m) respectively, and their dimension by v,,.

This approach allows us to compute multivariate intersection numbers recursively: As-
suming all the (m — 1)-variate building blocks are known, the m-variable intersection numbers
can be evaluated using

<902m) “Ogn)) = Z Reszm:p (Qb(ﬁ) ‘m Y (m) Z Reszm p(w(m)< i ‘(p(m)>) >

peP(m) peP(m)
(2.17)

where the C-matrix and the projections are given by

Cij ={(e "|h; ), (2.18)
Vm—1

AT = S (e R (Ch )i (2.19)
j=1
VUm—1

‘Pg%nfz‘) = > (Ciup)ii (e ™V 1oy (2.20)
j=1

The key formula (2.17) relies on the solution to the system of differential equations:

0ij0u + Q| 0T = o, where QU = (02, +wn)et™ VBTV (COL ),
(2.21)



The Q0™ matrix also known as the connection matrix defines the set of singularities P (™)
appearing in eq. (2.17) as

Pm) .= {poles of QM1 (2.22)

which also includes z = oo. In complete analogy to the univariate case of section 2.1, we
may write the dual representation of eq. (2.17) as

o) = = 3 Resaop (@7 CHV0GY) = = 30 Resmy (8 0™V 07))
peP(m) peP(m)
(2.23)

which makes use of the solution 15 to the dual differential equation and the dual connection
QV(m) given by

m m m — m—1 m—1
010 + 2 W) = G where @)™ = (C{L) (el | (D —wm)BTY)
(2.24)

3 Intersection numbers and polynomial division

In general, the evaluation of intersection numbers in eqs. (2.11), (2.17) requires the solution
of the differential equations (2.14), (2.21), and a residue operation. In the univariate case,
these operations are performed locally around each pole of the function w defined in eq. (2.5),
and likewise with the poles of 2 in the multivariate case. Individual contributions to the
intersection number from each pole may contain irrational terms, which only cancel upon
considering their sum. In this section we recall the idea proposed in [50] to show how
intersection numbers can be computed bypassing the precise identification of singularities of
w, thus avoiding algebraic extensions: polynomial division and global residues can be used to
derive the solution of the differential equation, and to extract the sum over local residues
directly from the remainders of iterated polynomial divisions. In the application of these
techniques, within the recursive algorithm for the evaluation of intersection numbers, we
propose the use of a novel polynomial, built as the least common multiple of the denominators
appearing in the connection matrix.

3.1 Polynomial decomposition and global residue

Univariate polynomials. The decomposition of a univariate polynomial p(z) in terms of
another degree x polynomial B(z) may be written as

max K—1
p(z) = Zpi(z) B(z)", where pi(z)= Zpij 27 and &k := deg(B). (3.1)
i=0 j=0

We observe that p;(z) correspond to the remainders of a sequential polynomial divisions
of p(z) and of the successive quotients w.r.t. B(z) [50]. By following the latter reference,
this operation can be efficiently obtained in one step by introducing a shift parameter g
and a new divisor B = B(z, ), defined as

B:=B(z)—p. (32)



The remainder of a single division of p(z) modulo B belongs to the quotient space C[z]/(B)
(where CJ[z] is the space of polynomials in the variable z, with complex coefficients, and (5)
is the ideal generated by B(z,f)), is given by

max k—1

()]s =>_> pi 7 B (3.3)

i=0 j=0
We thus recover eq. (3.1) upon identifying § = B(z).

Univariate rational functions. Let us now consider a rational function f(z), defined as
the ratio of two polynomials n(z) and d(z):

3

1) =5 (34

whose Laurent series expansion around B(z) = 0 takes the form

~—

S
~—

max rk—1
f(z) = Z fi(z) B(2)" + (’)(B(z)max+1) . with  fi(2) = Z fij 2. (3.5)
i=min 7=0
Also in this case the polynomials f;(z) can be built as remainder of the polynomial divisions
of f(z) modulo B, namely

max kK—1

f)s= Y Y fij & B +0(p>, (3.6)
i=min j=0
and by identifying 8 = B(z). The rational function f(z) is equivalent to the product of
two polynomials n(z) and d(z):

n(z)

f(2)]s = {d()JB — |n(=)d(2)]s. (3.7)

Here, d(z) is the multiplicative inverse of the denominator d(z) modulo B, defined as

d(z)d(z) =1 mod B, (3.8)
which can be determined?® either by ansatz, or, equivalently, by using the Extended Fuclidean
Algorithm (see appendix A for details).

Global residue. Let us consider again the function f(z) as in eq. (3.4). To compute the
global residue of f(z) over some polynomial B(z), which is the sum of the local residues
evaluated at the zeroes of B(z), we may expand the function f(z) around B as in eq. (3.6),
and then use the global residue theorem (see [70] for review) to obtain:

3 Res.y(f(2)) = Resqy (/(2)) = 22 (39
r€EPB ¢

where Pp, (., and k are the set of zeroes, the leading coefficient, and the degree of B(z)
respectively.

3The fB-shift in definition (3.2) ensures that eq. (3.8) always has a solution in C[z]/(B).



3.2 Intersection numbers for 1-forms and polynomial division

The polynomial decomposition technique introduced in the previous section can be applied to
the computation of intersection numbers. We consider first the univariate case. To compute
the global residue we choose the degree x polynomial ideal generator

B(z) := LCM(P,, fin) (3.10)

constructed via the least common multiple LCM of the finite poles of w introduced in eq. (2.13).
The sum over the contributions to the intersection number (2.16) stemming from the finite
poles can be obtained as the global residue over the zeroes of B, namely

(prler) = —Respy(9) — Res:=ao(9) (3.11)

where 1 satisfies (2.14), and ¢ is defined as:

g=1vYRr @y . (3.12)
The global residue can be computed via the polynomial division in the following way:

1. Compute the series expansions of ¢; , ¢p , and w around B(z) = 0, given by |¢; |5,
l¢rlB, and |w|p respectively, each having the form shown in eq. (3.6).

2. Build the ansatz

max K—1

br= Y Y YRy B, (3.13)
i=min j=0
with unknown coefficients ¥r ;; , and compute |g|z to extract g ,—1 which depends

on wR,ij .

3. Build the system of equations formed by the differential equation (2.14) (using the
composite derivative rule) together with the global residue (3.9):

{82¢R(275) + 83¢R(Za B) aZB(Z) - W¢R(276) — PR JB =0 ; (314)
o 9—1,k—1

b 7

Res(p)(9) (3.15)

and solve it for Res p)(g) only, obtaining the global residue directly from the linear
System.

Let us finally remark, that at all stages of the calculations 8 can be treated as a parameter
(the actual substitutions § — B(z) is never needed), which reduces the computational load
of the problem.

3.3 Intersection numbers for n-forms and polynomial division

The same technique can be applied in the multivariate case, following the fibration approach
described in section 2.2. Let us first rewrite eq. (2.23) as:

(™) = = 37 Ress,—p(9™) — Ress,—oo(9™) (3.16)
pePi)

,10,



where Pfg:'f) are the finite poles of QY™ (cf. eq. (2.22)). The function g(™ is defined as:
m m—1 m
g = o™i (3.17)

and wg,? satisfies eq. (2.24). Similarly to the univariate case (3.10), to apply the polynomial
division algorithm at the m'™ level of iteration we use the polynomial ideal generator

B™(z,,) := LOM(P{™) (3.18)

built out of the least common multiple of the finite poles of V(™) (namely out of the product
of the denominators of its entries, accounting for their highest multiplicity). The regularised
polynomial (3.2) is then defined as B™ := B(™)(z,,) — 3, which allows us to rewrite the
sum appearing in eq. (3.16) as a global residue:

(il ) = —Res pomy (9™)) = Resz,—o(9™) (3.19)

The computation of the global residue can be carried out using polynomial division modulo
the ideal (B(™)), in full analogy with the univariate case, where, according to eq. (3.9), the
global residue is given by:

Res<B(m)>(g(m)) = R (3.20)

with

max k—1

9™ g = 30 3 015" 2l B+ O(B™H) (3:21)
i=min j=0
where x and £, are the degree and the leading coefficient of B(™ respectively.

Hence, intersection numbers for n-forms can be computed within the recursive algorithm,
using polynomial division and global residue at each step of the sequence, by avoiding the
calculation of the residue (and the solution of a differential equation) around each pole,
and keeping all the intermediate calculations strictly rational, therefore allowing the use
of finite fields methods [50-52].

4 Relative twisted cohomology

In this section, we extend our framework to relative twisted cohomology [49]. We recall
the definition of delta-forms introduced in [47, 48] and show how, at least in the case of
1-forms, they emerge naturally when considering the series expansion of intersection numbers
in limit of evanescent regulator parameter.

4.1 Relative twisted cohomology and univariate delta-forms

We might consider what happens if we relax the criterion of eq. (2.1), requiring that all poles
of ¢; and ¢p are regulated by u. In such a case, if the point z = p is non regulated, a
local holomorphic solution v, 1, of the differential equation (2.14) may not exist, therefore
invalidating the algorithm of sections 2 and 3 for computing the intersection numbers. Relative
twisted cohomology [49] offers the proper mathematical framework to address such cases,
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where the contribution of the non-regulated poles to the intersection numbers is efficiently
evaluated through the use of n-forms built with Dirac delta functions [47-49]. These forms
play an essential role when used in the evaluation of the decomposition coefficients eq. (2.8)
where they are chosen as elements of the dual bases. We will refer to them as delta-forms
in the rest of this work.

Let us first discuss the univariate case. If z is unregulated at point z = 0 (which we pick
without loss of generality), the corresponding delta-form is defined as

u(2)
0, = ——=db,o, 4.1
u(0) " (1)
where 6 is defined in eq. (2.13). That this is a valid right-form can be shown by the
fact that it is closed:

du U du wu

V_w, = ——db ——d*0,0— — ——~df,o = 0. 4.2

For delta-forms, the (-regulation of eq. (2.11) is not needed and the intersection pairing can
be defined directly. In the univariate, case we may derive

—1 u(z)
<30L ’ 5z> = i /XSDL N6, = Res,—o (U(O) SOL) ) (43)
in agreement with [47-49]. We will discuss the multivariate analogue in section 4.3.

4.2 From cohomology to relative cohomology

By focusing our analysis to the case of 1-forms, we show that the formula of the intersection
number in ordinary twisted cohomology, when expressed as Laurent series with respect to a
small regulation parameter, contains the intersection numbers for relative twisted cohomology.
This relation allow us to establish, an explicit, direct link between the results of [15, 16]
and [47-49] on the one hand, and [50] on the other.

1 in the vanishing regulator limit Let us consider the intersection number between two
forms (¢; | @) with a twist u, where u does not have a branch point at z = 0. If there
exists the possibility that ¢, or ¢ have a pole at z = 0 then, following [15, 16], a generic
analytic regulator p must be introduced, modifying the twist to u,(z) = 2” u(z), such that u,
is regulated around z = 0. Using eq. (2.15) the solution for ¢ at z = 0 formally reads

2P u(z
Yolz) = (ezmp(_) s L fﬁg) | (4.4)

Let us now consider this solution in the limit p — 0. By series expanding around p = 0

we obtain

((3_'2:7:;,)(’2;)1) = _2jm' <; +log(z) + im + (’)(p))u(z)

_, er(t) (t)
t=° gpufzt) = (1 —log(t)p+0(p2)) (pupzt) :

(4.5)
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Figure 2. The integration contour Cp(z) used in eq. (4.4) on the left and its leading contribution in
the p — 0 limit appearing in eq. (4.6) on the right.

Combining these two expansions gives

__u@) Pr(t) |
i) =g [ PO
),

__u(z) [ eg(t
N 27rz',0}{ u(t) +0(").

where in the second line we used the fact that the leading order term of the integrand is

(4.6)

single valued, so the integration contour Cy(z) reduces to a small circle of radius € encircling
the origin, see figure 2. The function ¢ diverges in the limit p — 0 for generic ¢r,/r and
has at most a simple pole in p.

Intersection numbers in the vanishing regulator limit For a regulated twist of the
form u, = 2” u(z) we have concluded that at most ¢g ~ 1/p for small p. By using an analogue
of eq. (4.6) for any p # 0 € P, , it is not difficult to show that ¢, cannot have a term of
the form ~ 1/p. Using eq. (2.16) we conclude that

(ol om) = g Reseca (w20 (2) f 2200 )+ 0G0

1 (4.7)
= ;Resz=0(U(Z) ¢1.(2)) X Res.—o(pg(2)/u(2)) + O(p°) .

The term O(p%) includes both higher term contributions in p coming from vy and all terms
from the potentials v, with p # 0. It is important to note that if ¢; or ¢ do not have
any pole at z = 0, then the intersection number is finite in the p — 0 limit (because at
least one of the two residues vanishes).

Given any two forms ¢; and ¢p, such that ¢, behaves as ¢, ~ 27 around z = 0, we
define the leading term (LT) of the intersection number as

(or 1 erpmo » for >0,

(4.8)
Res.—o(u(z) ¢ (2)) X Res;—o(pgr(2)/u(z)), for 7<O0.

(r | oRiLT i= {

In the above formula, (¢ |¢p)|,—o can be computed directly without regulators, namely by
evaluating the intersection number (¢; |¢p) using the twist u (instead of u,), and considering
the contributions coming from the points P, U {0}.

,13,



Equivalence to delta-forms. For the cases 7 < 0, the definition of the leading term
in eq. (4.8) can be related to the action of the delta-forms introduced in section 4.1. In
particular, for a generic ¢; , and ¢ = 1/z, we observe that the LT of intersection number
in (ordinary) twisted cohomology reads as,

(o

where, on the rightmost side, we consider the result of eq. (4.3), computed within relative

z

1>LT = ReSzo(%; <PL(Z)> = (pr10:), (4.9)

twisted cohomology. For cases where ¢p has a pole of order £ this formula generalises to

(o) 56). = Gy Reseoo (u<z>soL<z> (000 ) Z_O>. (4.10)

In the language of delta-forms this is would be equivalent to considering dual basis elements as

50 ~ u(z) (ag’”) u(lz))

Integral decompositions in the vanishing regulator limit According to the master

d9. (4.11)
z=0

decomposition formula (2.8), in presence of a regulator, the coefficients ¢; can be computed
from intersection numbers, as:

v

Y Vol
Ci = }Jll}%) Z(SDL | h]> C]z ) (412)

Jj=1

with C;; := (e; | h;). We can exploit the independence of ¢; on the dual bases |h;) to simplify
the above result. While computing the intersection numbers (n | h;), with n € {¢;,€;}, if
an element of the dual basis |h;) behaves as h; ~ 27 with 7 < 0, around z = 0, then it
can be replaced by |h}) := |ph;) = p|h;), without altering the final result of ¢;. Upon this
substitution, according to egs. (4.7), (4.8), the singular behaviour in p is eliminated:

(1) = ST Ly 106 g = 067, (4.13)

Then, only the leading terms of the intersection numbers become relevant, so that ¢; reduces to

14

ci = (o1 | hjr (Crnii (4.14)
j=1

where (Cpr)ij := (e; | hj)pr . This formula necessarily requires that Cp be invertible: this
condition is satisfied for bases chosen according to the algorithm described in section 4.4 below.
Two observations are in order: for the evaluation of (1| hY), we use egs. (4.9), (4.10),
without needing to solve the differential equation (2.14) around the pole z = 0; moreover,
the idea of substituting |h;) — p|h;), borrowed from [50], is used here just formally in the
derivation of eq. (4.14), and it plays no explicit role in the actual evaluation algorithm.
Alternatively, as originally prescribed in [50], the simplified formula (4.14), can be effi-
ciently evaluated by extracting the leading term of the intersection numbers while solving the
(rightmost) differential equation (2.14) around the non regulated pole, with the prescription
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ler) = pleg) - Then, the solution v of the differential equation, to be used in (2.16), is
computed by ansatz, in the p — 0 limit, holding the leading coefficients in p only.

We consider our derivation of eq. (4.14) within ordinary twisted cohomology one of the
main results of this work, since it establishes a simple, clean link to relative cohomology [47, 48],
and it provides a sound theoretical framework to the prescription of the choice of the dual
bases suggested in [50].

4.3 Intersection numbers for n-forms in relative twisted cohomology

To avoid the use of regulators in the case of n-forms, we extend the outcome of the discussion
on the 1-forms, and make use of multivariate delta-forms [47, 48]. If the variables {z1,..., zm}
(out of a total of n) are non-regulated at the point z; = 0, the corresponding delta-form
is defined as

m
U
) = — do.. 4.15
Z1,eeyZm U(O) 2/:\1 2i,0 ( )
where we use the shorthand notation u(0) := u|, 0,... 2,0 -

In this work, we consider the intersection numbers (¢ | ¢r) of the differential forms
belonging to the relative cohomology groups, defined according to the notation of [47-49], as:

o € H! := H"(T,D;V,), ¢reH", =H"(TY,DY;V_,), (4.16)
where
T=C"\V(B(z))\DY, TV=C"\V(B(2)\D. (4.17)

Here, V(-) denotes the vanishing locus of its argument polynomial. For Feynman integrals
in Baikov representation, we take B(z) to be the Baikov polynomial (or the product of
individual factors appearing in the loop-by-loop Baikov representation), and the relative
boundary corresponding to the vanishing locus of physical denominators:

D=2, DY=V(z-22-...), (4.18)

where the set of z; are understood to be just the denominators (and not irreducible scalar
products). In particular, owing to the definition of 7" and TV, differential forms in H”, may
contain relative singularities, i.e. poles of the type z; "¢, with 7; > 0; whereas, differential
forms in H” |

Given a holomorphic (n — m)-form ¢, the delta-form (4.15) defines an element of the

are free of relative singularities.

relative dual cohomology group (4.16) (see appendix B for further details), and the intersection
pairing for it becomes

_1\n
(eloan®) = i [ 00 A1) (119)
where the t-operator only regulates the integrations over the variables which are regulated by
U, 1.€. Zmily---,2n, and ¢ = ¢ dzme1 A ... Adz, . From this we may derive
(-1
(Prl6e1vin ) = (i /X mﬂﬁfszl:o,...,zm:o(ﬁ%) e (4.20)
= Reszlzo,.‘.,zm:0<ﬁ@L) |4, (4.21)
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where the (n—m)-variate intersection number on the r.h.s. should be computed as in the
ordinary (non-relative) cohomology, by using eq. (2.17). Let us remark that the ratio u/u(0)
in (4.21) (resp. in eq. (4.3), for the univariate case) is understood to be evaluated as a series

expansion around z; = 0 for ¢ = 1,...,m (resp. around z = 0, for the univariate Case).4

4.4 Choice of basis elements

In this section, we discuss an algorithm for the determination of the elements of the basis
and dual basis. First, we address the problem of providing a valid basis of MIs for a given
integral family. In other words, we are interested in determining a basis, denoted by e, for
the twisted cohomology group.

Let us consider for concreteness a problem depending on z = {z1,...,2,} variables
(within Baikov representation, the number of integration variables amounts to the number
of denominators and ISPs).

We identify a sector, denoted by S, as a subset of the integration variables, say for
concreteness S = {z1,...,2s} C z. A subsector is identified, in a natural way, as a subset of S.

Given S, we can consider the corresponding regulated twist, say us and the associated
ws , defined as

us = H 2P ws =dlogus . (4.22)
z; €S

The number of zeros of ws , denoted by vs (cf. eq. (2.7)), corresponds to the number of
MIs in the sector S, including all its possible subsectors. Equivalently, it amounts to the
number of elements in the basis admitting at most {z1,...,2s} in the denominator (but
not other z; , with z; ¢ S).

Then, a possible strategy for the determination of the basis elements can be outlined as
follows:
We order all the possible sectors, according to the number of their elements, from the smallest
to the largest and we create a list containing all the elements in the basis. Clearly, in the
input stage the list is empty; it is updated according to the following steps

o Consider a certain sector S and count the number of zeros of the corresponding wgs (cf.
eq. (2.7)).

o Update the list of basis elements, without over-counting the elements already considered
in all the possible subsectors (if any).

e Iterate to the next sector in the list.

“When ¢, contains a simple, unregulated pole at z = 0, the u/u(0)-factor plays no role on the evaluation
of the residue, namely Res.—o ((u/u(O)) LpL) = Res.=o(¢). In presence of a higher order pole, additional
terms of the Laurent series expansion of u/u(0) may be needed, up to the required order in z. Alternatively,
the repeated use of by-parts integration brings to the construction of an equivalent differential form, ¢}, ~ ¢,
with a simple pole only, belonging to the same cohomology group, so that the case discussed earlier applies
(see, for instance, eq. (5.20)).
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Figure 3. The one-loop box integral family contributing to Bhabha scattering.

Once the list of all possible sectors is processed, the updated list will contain all the basis
elements. In the context of relative cohomology, a dual basis—denoted by h-may be obtained
by replacing inverse power of the variables by the corresponding delta-form, i.e.:

232j¢

An important comment is in order. While analyzing a certain sector, we may encounter
the situation in which more than one basis element has to be added to the list. If this is
the case, we are free to choose the new elements in different ways (e.g. introducing ISPs
or denominators raised to higher powers) but we cannot guarantee that the new elements
are independent. We may verify the validity of our choice a posteriori, by checking that
the corresponding C-matrix is invertible, i.e. det C # 0.

The strategy described above can also be applied in order to obtain a list of basis elements
for each layer in the fibration procedure. At any given layer, the full set of variables is just
a subset of the full set z, and the notion of sector has to be considered as a mathematical
definition with no clear physical analogue.

For an example of the use of this algorithm, see appendix C.

5 Applications

In this section the usage of the polynomial division algorithm (section 3), and the relative
twisted cohomology framework (section 4), are applied to efficiently decompose some specific
Feynman integrals. All examples are done using the bottom-up decomposition [17] in which
the reduction is performed on a spanning set of cuts, defined as the minimal set of cuts
(each corresponding to a maximal cut of a sector) for which each master integral appears at
least once. On a given cut, integrals depend on fewer integration variables and each cut is
associated to a different twist. Using this procedure, the reduction of the full integral (out
of cuts) may be obtained by combining the results from the individual cuts.

We anticipate, that all the decomposition formulas obtained within the intersection-theory
based approach, are verified to be equivalent to those obtained by means of IBPs.

5.1 One-loop box for Bhabha scattering

As a warm-up example exhibiting the computational technology introduced above, let us
consider the one-loop box integral family contributing to Bhabha scattering shown in figure 3.
The denominators are chosen as

n=0-m? zm=0-p)} m=U-p—p)?-m? 2= {—p—p2—p3)? (51)
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Figure 4. The 7 master integrals for the one-loop box integral family contributing to Bhabha
scattering, before imposing symmetry relations.

while the kinematics is specified by

2

pi=m’,  s=(p+p)’, t=(p2+p3)°’, s+t+u=4m’. (5.2)

There are 16 possible sectors, and 7 Mls depicted in figure 4 For illustration purposes we
consider here the Cut 24, associated to zo = z4 = 0. On this cut just four Mls contribute

and we focus for concreteness on the decomposition of the target integral:

1

I:/ dz1dzs u(zl,z;g)ﬁ (5.3)
3

in terms of master integrals

4
=1

depicted as

+ T =a Q +02A+C3Y+04“ -+ (5.5)
The twist is given by
d—>5
u=B7, where T= (5.6)
with:
B = —4m? (st + (21 — 23)2) + 5%t — 25(t(21 4 23) + 22123) + t(21 — 23)% (5.7)
We may compute the connection as w = @1 dz; + W3 dzg with
~ (d—5) (s(t + 223) + (4m? — t) (21 — 23))
w1 = 2 5 (58)
Am? (st + (21 — 23)2) — 8%t + 2st(21 + 23) + 4sz123 — t(21 — 23)°
t+2 4m? —t)(z1 —
. (d=5) (s(t + 221) — (4m? — 1)(z1 — 29)) 59)

Am? (st + (z1 — 23)2) — s%t + 2st(z1 + 23) + 4sz123 — t(z1 — 23)°
Choosing the variable order {z1, 23} and then following the procedure of appendix C, we
get as the dimension of the inner and outer bases

v =2 18—y, (5.10)

6(3) :{17 1}7 6_6(13) - {]-7 iu ia 1} ) (511)

z3 21 23 %123

The bases are

while the dual bases are chosen as
3 ={1,05},  h=h"={1,6,,03,613}. (5.12)
The target left form associated to the integral on the Lh.s. of eq. (5.5) is ¢; =

zlzg :
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Computation

Inner layer z3. We first have to compute the C-matrix for the inner layer.

In order to do so we first find the B = B®) — § function for the internal layer, which is
needed to compute the sum over finite poles using the polynomial residue algorithm explained
in section 3. B®) is the denominator of QV(®) = —ws3 , which in this case corresponds to the
same Baikov polynomial (5.7) with the opposite sign

B®) = 4m? (st +(z1 — 23)2) — 5%t 4 2s(t(21 + 23) + 22123) — t(21 — 23)% . (5.13)

We notice that z3 = 0 is not a zero of B, since it is an unregulated pole. The intersection
numbers between cocycles which do not contain any delta-forms are evaluated as in eq. (2.16)

(e 1) = —Res o (e 37 ) — Resz—oo(eV0) (5.14)
while intersections with delta-forms read
(e 1h5”) = (e7105) = Res.,—o(e}”) . (5.15)
Performing the computations one gets the internal C-matrix, which is then given by:
74(d75)s(4m2737t)(m2t+z1(t+zl)) 0

(3) _ d—6)(d—4)(4m2—t)?
e T . (510

(d—6)(dm=2—1)

Outer layer z;. The QV() matrix for the outer layer is given as in eq. (2.24):

((d2—6)(t—£-2z1))) 0
2(mAt+z1(t+2
Q\/(l) — t(2m2713+z13 (d 5)(4m z1+st— tZ1) . (517)

2(m2t+z1 (t+21)) 4m2(st+z) t(s—21)2

In order to use the polynomial division algorithm in the outer layer, one has to find
the corresponding ideal generator Bél) = BM — 8 needed to compute the sum over finite
poles. According to eq. (3.18), it is given in terms of

BW = LCM(P&)) =2 (m2t +z1(t+ 21)) (4m2 (st + z%) —t(s — 21)2) . (5.18)

The C-matrix for the outer layer reads:

st? (4777,2 —s—t)

74(01 T (d—3) 0 0 0
st2((8d 44)m*—(d— )t)(4m —s— t) 4(d75)m25t(4m2737t) 0 0
c — 2(d—7)(d—6)(d—4)(4m2—t)* T (d—6)(d—4)(4m2—t)?
stQ((Sd 44Ym?—(d— )t)(4m —s— t) 0 4(d—5)m? st(4m —s5— t) 0
2(d—7)(d— 6( 4)(dm2—t)? T (d—6)(d—4)(4m2—t)?
I 6)(4m2—t) CEATCL ) CESICEEn] 1
(5.19)

When computing the intersection numbers of ¢ in the outer basis, we remove the higher
order pole as:
1 Oz (u) 1 ws

=5~ = : (5.20)
Z1%3 u Z123 Z123
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where the ~ means that the forms belong to the same cohomology class. Then we get:

(13) d—5)st d— (d—5)(4m?—2s—t d—
<‘p|h > ((d 7)((d 6))(4m2 —t) 675’ (d—g)(4m2—t) )7 4m2is> ’ (5.21)

Combining this result with the metric C™") via the master decomposition formula eq. (2.8)
we get the coeflicients of the reduction:

(IC] = c1{e1|C] + ca{e2|C] + c3(es|C] + caleaC], (5.22)
which are given by:
d—3 (d—4) (4m?* —t)
Cl = —— ) 2 = ’
m?2t (4m? — s) st (4m? — s)
_ 2 _ 2 _ _
o — _(d—4)(2m® —s) (4m® — 1) oy — d—5 7 (5.23)

2m2st (4m? — s) ’ 4m? — s

and are in agreement with FIRE.
More generally, the full decomposition can be achieved by combining the decompositions
on different cuts, and in the following we will see it in some two-loop examples.

5.2 Planar double-box

The integral family of the planar double-box is given in terms of

n=kl, z=(-m)? z=(F-p-p2)? 2= (ko—p1—p2)?, 25 = (katps)?
z6=k3, zr=(k1—ko)? 25 = (k1+ps)?, zg = (k2—p1)?, (5.24)

where zg and zg are irreducible scalar products, hence they may only appear in the numerator.
The kinematics is such that:

pi=0, s=(p+p)’, t=(m+p)’, s+t+u=0. (5.25)

This integral family has (before application of the symmetry relations) 12 master integrals,
which we may pick as depicted in figure 5. We are interested in decomposing the target integral:

I —/ dz u(z) ZS (5.26)
212223242526 27

in terms of master integrals via a complete set of spanning cuts, as:

12
1= ¢ Ji. (5.27)
=1

The explicit expressions for the twist u(z) as well as the master integrals J; can be found
in the ancillary file Dbox_massless.m.

The set of spanning cuts is given by the maximal cuts of the first six master integrals
{J1,...,Js}, and we will now go through them one by one.
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1 Je
Num = zg
1 6 1 6 1 6
2 71 5 2|7 5 2 7 5 2 7 5
3 4 3 4 3 4
Jg J1o J11 J12

Figure 5. The 12 master integrals for the planar double box integral family, before imposing symmetry
relations. The index 7, next to the propagators, indicates the corresponding z; variable; Num stands
for the numerator factor; s,t, and u channels are indicated, to distinguish among graphs with identical
shape, but corresponding to different integrals.

Cut 147, maximal cut of Jy. Setting z1 = z4 = zr = 0, and choosing as order of variables,
from outer to inner:

{23, 28, 22, 26, 25, 29} (5.28)
we get as dimensions for the various layers:

V(Q) — 1 , l/(59) — 2 , I/(659) — 2 , I/(2659) — 4, I/(82659) — 5 , V(382659) — 4 . (529)

We pick as bases:

e® = {11, 59 = {17%} . e(659) — {1’ Z5126} :
e(2659):{1 11 1 }7 6(82659):{1 1 1 1 28 }

? 227 2526 222526 ) 25 2225 2225267 222526 °

o — (382659) _ {1 1 1 zs } ' (5.30)

? 22257 222325267 22232526
and as corresponding dual ones:

RO = {1}, WO ={1,65} , h®) = {1 85}
WP = {1, 85,656, 8256}, h3%) = {1, 65, das, 6256, 280256}

h = hU382659) = {1625, 8356, 2802356} - (5.31)
2
We can then decompose the target left form: ¢ = z22:25Z6 in terms of the outer basis, where

we omit the superscripts for simplicity, obtaining:
<Q0|C] =C (61‘C] + C7<€2’C] + 611<63’C] + 612<64’C] . (532)

Cut 367, maximal cut of Js. Setting z3 = zg = zr = 0, and choosing as order of variables,
from outer to inner:

{z1, 28, 22, 25, 24, 29} (5.33)
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we get as dimensions for the various layers:
O =1,y —o 619 _o 2519 _y  (82509) _ 5 (182549) _ 4 (5.34)

We pick as bases:

9 — {1y, o(49) _ {1’i} : o(549) _ {17 24125} :
6(2549):{1 11 1 }7 e(82549):{1 11 1 28 }’

’ 5’ 24257 222425 ? %’ 29257 2924257 222425

o — o(182549) _ {1 1 1 28 } . (5.35)

) 2925 212224257 21222425

and as corresponding dual ones:

RO = {1}, h9 = (1,64}, ) = {1,855} ,
W) = {1, 69, 645, 0245}, W3 = {1, 65, 625, 0245, 286245} ,

h = hUIB2549) = {1 625, 51045, 2801245} - (5.36)
2
We can then decompose the target left form: ¢ = zwiim in terms of the outer basis, where

we omit the superscripts for simplicity, obtaining:
(IC] = caler|C] + es(e2|C] + cru(es|C] + cr2(es|C] . (5.37)

Cut 257, maximal cut of J3. Setting zo = 25 = zv = 0, and choosing as order of variables,
from outer to inner:

{z1, 28, 23, 26, 24, 29} (5.38)
we get as dimensions for the various layers:

]j(g) — 1 , I/(49) — 2 , I/(649) — 2 , V(3649) — 6 , Z/(83649) — 10 , I/(183649) — 7 . (539)

We pick as bases:

e® = {1}, 9= {175} . e(649) {17 241%} ’

(3649) __ 1 1 1 1 z9 1
e - 7 237 247 zaz6 ' 2426’ 232426 ’
6(83649) _ 1 1 2z 1 1 1 28 1 28
- 7237 247 247 26 23267 24267 2426’ 232426’ 2324%26 )
_ (183649) __ 1 1 1 1 1 28
e=¢ =5 21247 2326° 21237 2426’ 212324267 21232426 | ° (5'4())

and as corresponding dual ones:
R ={1}, B ={1,6,} , h4 = {1,646} ,
R0 — {1 85,64, 646, 20046, 0346}

h(83649) — (153,84, 2804, 06, 036, 046, 28046, 0346, 280346}

h = hU83649) = (1§14, 636, 013, 46, 01346, 2801346} - (5.41)
2
We can then decompose the target left form: ¢ = z12§i4z6 in terms of the outer basis, where

we omit the superscripts for simplicity, obtaining;:

<(,0‘C] = 63<61’C] + C7<62‘C] + Cg(@g’C] + 09<e4]C] + c10<e5]C] + 611<66’C] + c12<e7]C] . (5.42)
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Cut 1346, maximal cut of Jy. Setting z; = z3 = 24 = 2¢ = 0, and choosing as order
of variables, from outer to inner:

{zs, 22, 25, 27, 29} (5.43)
we get as dimensions for the various layers:
O =1 ) =9 LSBT _o 0579 _y  ,(82579) _ 3 (5.44)

We pick as bases:

e — {1}, o(79) — {1’%} 579 = {1’ 251Z7} :
e(2579):{1 11 1 },

' 227 2527 222527

(5.45)
_(82579) _ 1
€ _6( )= {1’ 222527 22§§Z7} )
and as corresponding dual ones:
MO =1}, r™ ={1,6;} , hO™ = {1,657},
hE5) = {1, 65, 857, 0257} ,
82579 (5.46)
h =h®79) = {1 6357, 280257} -
We can then decompose the target left form: ¢ = 222527 in terms of the outer basis, where
we omit the superscripts for simplicity, obtaining:
<g0]C] = C4<61‘C] + 011<62‘C] + 012<63‘C] . (5.47)

Cut 1357, maximal cut of Js. Setting z; = z3 = 25 = 27 = 0, and choosing as order
of variables, from outer to inner:

{28, 22, 24, 26, 29} (5.48)
we get as dimensions for the various layers:
v =1, V=g YU =9 R =g EA69) —y (5.49)

We pick as bases:

(82469) 1 1 (5.50)
— . 4
€=¢€ =1 22 222476 ZQZ:ZG } ’
and as corresponding dual ones:
MO =1}, h ={1,66} , AU = {1,446} ,
W) = {1, 85, 616, 6246}
82469 (5.51)
h =h1% = {1, 65, 6246, 250246} -

We can then decompose the target left form: ¢ = Z;fi% in terms of the outer basis, where
we omit the superscripts for simplicity, obtaining:

<L,0|C] = (25(61‘6] + Cg<62’C] + C11<63’C] + C12<e4’C] . (5.52)
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Cut 2467, maximal cut of Jg. Setting 20 = z4 = 26 = 27 = 0, and choosing as order
of variables, from outer to inner:

{29, 21, 23, 25, 28} (5.53)
we get as dimensions for the various layers:

v® =1, OV =9 OB —y U8 — gy O1858) — g (5.54)

We pick as bases:

72,’5

6(1358):{1 11 1 }’

’ 257 21230 212325

6(8):{1}’ 6(58):{1L}’ 6(358):{1LL 1 }7

(5.55)
_ (91358) _ 1 1
e =¢! )= {1’ 257 212325 212225 } ’
and as corresponding dual ones:
W = {1}, WY = (1,6}, hO = {1,858, 63}
h3%8) = (1,65, 013, 0135} ,
91358 (5.56)
h =hO'358) = (1,65, 6135, 280135} -
We can then decompose the target left form: ¢ = ZIZ§Z5 in terms of the outer basis, where
we omit the superscripts for simplicity, obtaining;:
<(p|C] = CG<€1’C] + 010<€2’C] + 011<€3’C] + 012<€4’C] . (5.57)

Cut merging and symmetries. From the analysis on the complete spanning cuts, one
is able to get the coeflicients of the decomposition, obtaining;:

e (Bd-10)3d - 8)(s+20)  _ 9(3d —10)(3d — 8)
TR T d—42d=-3)s 7 (d—42st
2(2ds + 2dt — s — 8t) 9(3d — 10) (3d — 10)(2s — t)
= = = 5.58
“ (d— 4)s? ST A —4)s d—4)s2 (5:58)
- _ (d=4)(7Ts+97) e =4 e _ (d—4)st . _ 3ds—12s =2t

Symmetries of the problem induce the following additional symmetry relations between
the master integrals:

Ji = Ja, Js = Jg , Jr=Jg, Jg = Jio . (5.59)

This reduce to 8 the number of genuinely independent master integrals, meaning that the

final decomposition may be written as
I =2¢1J1 4 c3ds + cqJy + C5J5 + Crd7 4 Cgdy + c11J11 + c12d12, (5.60)
where

¢i=c1+co, ¢s = c5+ cg, ¢y =c7+cs, Cg =cC9 + C1gp - (5.61)
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Figure 6. The 16 master integrals for the non-planar double-box integral family, before imposing
symmetry relations. The index i, next to the propagators, indicates the corresponding z; variable;
Num stands for the numerator factor; s,t, and u channels are indicated, to distinguish among graphs
with identical shape, but corresponding to different integrals.

5.3 Non-planar double-box
The integral family of the non-planar double box is given in terms of

2 =ki, 2o = (k1—p1)?, z3 = (k1—p1—p2)?, 2y = (ka—p1—pa—p3)?, z5=k3,
zo=(k1—k2)?, 27=(ki—ko+p3)?, zs=(k1—p1—p2—p3)?, 29=(ka—p1)?, (5.62)

where zg and zg are irreducible scalar products. The kinematics is such that:
pi=0, s=(p+p)*, t=(m+p)’, s+t+u=0. (5.63)
This integral family has (before the application of symmetry relations) 16 master integrals,

which we may pick as depicted in figure 6. We are interested in decomposing the target integral:

I=|[ dz u(z)z—g (5.64)

Z1 222324252627

in terms of master integrals via a complete set of spanning cuts, as:
16
I=Y ¢ Ji. (5.65)
i=1

The explicit expressions for the twist u(z) as well as the master integrals J; can be found
in the ancillary file Dbox_massless_nonplanar.m.

The set of spanning cuts is given by the maximal cuts of the first six master integrals
{J1,...,Js}, and we will now go through them one by one.
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Cut 147, maximal cut of Jy. Setting 21 = z4 = zv = 0, and choosing as order of variables,
from outer to inner:

{28, 23, 22, 25, %6, 29} (5.66)

we get as dimensions for the various layers:

V(Q) — 1 , l/(69) — 2 , I/(569) — 2 , I/(2569) — 4 , I/(32569) — 77 V(832569) — 6 . (567)
We pick as bases:
9) _ 69) __ 1 569) __ 1
e® = {1}, el )—{1,%}, el )—{1,Z5Z6},
(2569) __ {1 1 1 1 } (32569) __ { 1 1 1 1 1 1 }
€ - ) 2o ) ) e - S 2o ) 26 ) ) ) ) ’
297 25267 222526 297 267 2226 222526 ° 232526 0 22232526
_ (832569) __ 1 1 1 1 28

e=¢ - 1’ 20267 22257 2325267 222325267 22232526 ) ’ (568)

and as corresponding dual ones:
h(g) = {1}7 h(69) = {17 66}7 h(569) = {17 656}a
h(2569) = {1,685, 656, 0236} » h(B2569) — {165, 86, d26, 0256, 0356, 02356}

h = h(®32569) = (1 §aq, 825, 3356, 02336+ 2802356} - (5.69)
2
We can then decompose the target left form: ¢ = 22;25% in terms of the outer basis, where

we omit the superscripts for simplicity, obtaining:
{IC] = c1{e1|C] + er{e2|C] + co(es|C] + c1a{ea|C] + c15{es5|C] + c16(es|C] - (5.70)
Cut 356, maximal cut of Js. Setting z3 = z5 = zg = 0, and choosing as order of variables,
from outer to inner:
{28, 21, 22, 27, 21, 20} (5.71)
we get as dimensions for the various layers:

I/(Q) — 1 , I/(49) — 2 ) V(749) — 2 , V(2749) — 4’ V(12749) — 77 V(812749) — 6 . (572>

We pick as bases:

o9 — {1}, e(19) _ {17 i}’ o(749) _ {17 z41z7}7
o(2749) _ {1 1 1 1 }7 o(12749) _ {1 1 1 1 1 1 1 }’

’ 5’ 24277 222427 ) 5’ Z’ 29247 2224277 21242770 21222427

o — ((812749) _ {1 11 1 1 28 }’ (5.73)

) 29247 2927 2124277 212224270 21222427

and as corresponding dual ones:
MO ={1}, AU ={1,61},  h™) ={1,6s},
W™ = (1,685,647, 0207}, AT = {1, 62,64, 824, G247, G147, S1247}

h= R = {1624, 8o7, 0147, 61247, 2801247} - (5.74)
2
We can then decompose the target left form: ¢ = le§i4z7 in terms of the outer basis, where

we omit the superscripts for simplicity, obtaining:

<(,0‘C} = 02<€1’C] + Cg<62|C] + 010<63|C] + 014<64|C] + 015<65|C] + 016<66|C] . (5.75)
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Cut 246, maximal cut of J3. Setting 2o = z4 = zg = 0, and choosing as order of variables,

from outer to inner:

{237 28, Z1, 27, 25, Z9} (576)
we get as dimensions for the various layers:

l/(g) -1 , I/(59) —9 7 V(759) —9 V(1759) =6 ’ l/(81759) =10 7 V(381759) =7. (577)

)

We pick as bases:

e® = {1}, e(59) — {1 L}’ (759)

725

6(1759):{1LLLZ—9 ! }7

{17 25127} )

(81759) __ 1 1 1 28 1 1 1 28 1 28
€ - Y217 250 250 270 21270 25270 2527 2125270 212527 J )
_ (381759) __ 1 1 1 1 1 28
e=e¢ - 1’ 21277 23257 25277 21237 212325277 21232527 ) (578)

and as corresponding dual ones:

O ={1}, AV ={16}, AT ={165},
RUT59) — {1, 61,65, 057, 20057, 0157}

W) = (1,61, 85, 2305, 7, 017, 07, 28057, 0157, 280157} |
h = R8T = (1§17, 835, 057, 013, 1357, 2801357} - (5.79)
2
We can then decompose the target left form: ¢ = —=— in terms of the outer basis, where

21232527
we omit the superscripts for simplicity, obtaining:

(p|C] = e3{e1|C] + cr(e2|C] + cs(es|C] + c11{ea|C] + c12(es|C] + c15(es|C] + cr6(e7|C] . (5.80)

Cut 257, maximal cut of J4. Setting zo = z5 = z7 = 0, and choosing as order of variables,
from outer to inner:

{21, 28, 23, 26, 24, 29} (5.81)
we get as dimensions for the various layers:

l/(g) — 1 , V(49) — 2 , 1/(649) — 2 , V(3649) — 7’ I/(83649) — 10 , l/(183649) — 7 . (582)

We pick as bases:

o) _ (1, o(49) — {17 %}7 o(649) _ {17 241z6}7

3649 1 1 1 1
el ):{1’,23’777273 },

e(83649) —J1 L 1 2z 1 1 1 28 1 28
7237 247 247 267 23267 2426 2426’ 2324267 232426 | 7
_ (183649) _ 11 1 1 1 s
e=e =L 2124 23267 2426’ 21237 21232426 ° 21232426 | (5'83>
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and as corresponding dual ones:
A =1y, AW =(1.6,), K09 = {164},

RBO49) — €1 2o 86, 83, dag, 23046, 0346}

hB3649) — (153, 84, 2304, 06, 036, 06, 28046, 0346, 280346 } »

h = hUIS3649) = {1614, 636, dag, 13, 01346, 2801346} - (5.84)
2
We can then decompose the target left form: ¢ = le§i426 in terms of the outer basis, where

we omit the superscripts for simplicity, obtaining:
(IC] = caler|C] + co{e2|C] + c10{es|C] + cr1(ea|C] + cr3(es|C] + c15(es|C] + c16(e7|C] . (5.85)

Cut 1346, maximal cut of Js. Setting z1 = 23 = 24 = 26 = 0, and choosing as order
of variables, from outer to inner:

{28, 22, 25, 27, 29} (5.86)
we get as dimensions for the various layers:

V(9) -1 , V(79) —9 7 V(579) _ 27 V(2579) — 4’ ]/(82579) =5. (587)

We pick as bases:

(O — (1), o™ = {1, i}, e(579) = {1, Z,1Z7},
6(2579):{1 11 L }’ °

) 297 25277 222527

o — ((82579) _ {1 11 1 28 } : (5.88)

? 297 z527° 2225277 222527

and as corresponding dual ones:

h(g) = {1}7 h(79) - {1767}7 h(579) = {17557}7
R = (1,65, 657, G257},
h = h®%T) = {165, 857, 657, 280257} - (5.89)

2

We can then decompose the target left form: ¢ = z;gz7 in terms of the outer basis, where

we omit the superscripts for simplicity, obtaining:

<<,0|C] = C5<€1|C] + 612<€2|C] + 614<63|C] + Cl5<€4|C] + Cl6<€5|C] . (5.90)

Cut 1357, maximal cut of Jg. Setting z; = z3 = 25 = 27 = 0, and choosing as order
of variables, from outer to inner:

{ZSa 22, %4, 26, 29} (591)
we get as dimensions for the various layers:

v =1, =2 YU —g R =y B2 — 5 (5.92)

)
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We pick as bases:

9) — 69) _ 1 469) _ 1
6()_{1}, el )_{1,;6}a el )_{173426},
2469) __ 1 1 1
2109 = {1’ 227 24267 222426} ) (5.93)
82469 11 1
6:6( ) — {1,57%7 222426722248126}’ (594)

and as corresponding dual ones:

WO = {1}, A = {1,66}, R = {1,646},

49 = (1,85, 646, 6246} (5.95)
h = h(82469) = {1, (52, 5467 52467 285246} . (596)
We can then decompose the target left form: ¢ = 222526 in terms of the outer basis, where

we omit the superscripts for simplicity, obtaining;:
(lC] = cs(e1|C] + cis(e2|C] + c1a{es|C] + c15{ea|C] + c16(e5[C] - (5.97)
Cut merging and symmetries. From the analysis on the complete spanning cuts, one
is able to get the coeflicients of the decomposition, obtaining:
(d—3)(3d —10)(3d — 8)((7d — 30)s + 8(2d — 9)t)

4(d —4)3(2d — 9)s%(s + t) ’
~ 3(d —3)(3d — 10)(3d — 8)(4(2d — 9)s + (5d — 22)t)

Cl =C = —

= 2(d — 4)3(2d — 9)st(s + t) ’
oy — (d—3)(3d — 10)(3d — 8)(13ds + 9dt — 60s — 42t)
2(d — 4)3(2d — 9)s(s + t)2 ’
¢ = cg = _3(d —3)(3d — 10)
2(d—4)%s
 —11ds — 15dt + 48s + 66t
“ 365 — Sds ’
—11ds — 15dt + 48s + 66t
= 365 — 8ds ’ (5.98)
3(14 — 3d)t?
W= AT 2d—9)s(s + 1)
_ 5ds —4dt —24s + 18t
M= TT2d— 9 (s+t)
2(d - 3)
€12 =013 = —— — =
s
Cl4 = 417
st
C15 = 7
1
cl6 = 1(215 —3s).
By applying symmetry relations one gets the following relations:
Ji=Js R Js = Jg s Jr = Jg s Jo = J1o s (5.99)
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Figure 7. The 19 master integrals of the planar double-box with one external mass, before imposing

Jir J1s J1o

symmetry relations. The index i, next to the propagators, indicates the corresponding z; variable;
Num stands for the numerator factor; s,t, and u channels are indicated, to distinguish among graphs
with identical shape, but corresponding to different integrals.

that reduce to 12 the number of genuinely independent master integrals. A reduction unto
this basis is obtained by adding the corresponding coefficients as given by eq. (5.98).
5.4 Planar double-box with one external mass

The integral family of the planar double box with one external mass is given in terms of:

2 =k}, zo = (k1+p1)?, 23 = (ki+pi+pe)?, 20 = (katpitpe)?, 25 = (k1—k2)?,
26 = (ka—p3)?, 27 = k3, zg = (katp1)?, 29 = (k1—p3)?, (5.100)

where zg and z9 are ISPs. The kinematics is such that:

pi=m?, pl=pi=pi=0, s=(p+p)?, t=@+p)?, stttu=m

(5.101)
This integral family has (before the application of symmetry relations) 19 master integrals,

2

belonging to 17 sectors, which are depicted in figure 7. We are interested in decomposing
the target integral:

I _/ dz u(z) s (5.102)
Z1R9QR324252627

in terms of master integrals via a complete set of spanning cuts, as:

19
1= e, (5.103)
=1

The set of spanning cuts is given by the maximal cuts of {.Jy, ..., Jy, J7, Jo, Jip}. The explicit
expressions for the twist u(z) as well as the master integrals J; can be found in the ancillary
file Dbox_1m_planar.m
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Figure 8. The 24 master integrals of one of the non-planar double-box with one external mass, before
imposing symmetry relations. The index i, next to the propagators, indicates the corresponding z;
variable; Num stands for the numerator factor; s, ¢, and w channels are indicated, to distinguish among
graphs with identical shape, but corresponding to different integrals.

Jas

5.5 Non-planar double-box with one external mass

This non-planar double-box with one external mass integral family is given in terms of:

n=ki, 2= (kitm)? 23 = (kotpi+p2)?, 2z = (ka—k1t+p2)?, 25 = (ka—k1)?

2=k, 2r=(ka—p3)®, 2s=(katp1)? zg = (k1—p3)?, (5.104)
where zg, zg are ISPs. The kinematics is such that:

pg = m2 3 p% = p% = pgl =0 ) s = (p1+p2)2 ) t= (p1+p3)2 ) st+ttu =m

(5.105)

This integral family has (before the application of symmetry relations) 24 master integrals,

2

belonging to 20 sectors, which are depicted in figure 8. We are interested in decomposing
the target integral:

I _/ dz u(z) B S (5.106)
212973242526 27

in terms of master integrals via a complete set of spanning cuts, as:

24
I=) ¢ Ji. (5.107)
i=1
The set of spanning cuts is given by the maximal cuts of {Ji,...,J7}. The explicit

expressions for the twist u(z) as well as the master integrals J; can be found in the ancillary
file Dbox_1m_nonplanar.m.
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These applications represent significant milestones in the context of the complete de-
composition of Feynman (two-loop) integrals in terms of master integrals by projection
via intersection numbers, and, as such, they constitute another substantial part resulting
from our work.

6 Conclusions

Intersection numbers are pivotal for investigation of the vector space formed by twisted period
integrals, influencing a broad spectrum of mathematical and physical studies. In this work, we
have explored some new avenues of the twisted cohomology theory that extend this framework
and its range of applications, which enabled us to propose an simplified version of the recursive
algorithm for evaluation of the intersection numbers for differential n-forms [16, 45].

We have investigated the role of the evanescent regulators in the computation of the
intersection numbers within the framework of (ordinary) twisted cohomology. These regulators,
while being essential for the correct evaluation of the intersection numbers in the traditional
approach, may increase the complexity of the calculations. Our careful analysis offered, on
the one side, an independent, explicit proof that the coefficients of the integral decomposition
depend just on the leading term of the Laurent series expansion in the regulator of the
intersection numbers, and, on the other side, that such a leading term can be computed
directly within the relative twisted cohomology theory, when using delta-forms as bases
elements [48].

Because of such established equivalence, we made use of the twisted relative cohomology
to eliminate the need for analytic regulators, and introduced a systematic algorithm for
selecting multivariate delta-forms as elements of the dual basis. This choice induces a block-
triangular structure in the metric and in the connection matrices, therefore it simplifies the
evaluation of the intersection numbers appearing in the master decomposition formula.

Additionally, we leveraged the polynomial division algorithm and the global residue
techniques [50], to bypass the need for algebraic extensions and for polynomial factorization.
In particular, we introduced a novel polynomial ideal generator to simplify the recursive
algorithm at each stage of the sequence.

The simplified algorithm for the evaluation of intersection numbers between n-forms,
presented in this work, was successfully applied to the direct, complete decomposition of
two-loop, planar and non-planar, Feynman integrals, that appear in the scattering amplitudes
of either four massless particles or three massless and one-massive particles.

Our theoretical investigation and the novel computing algorithm related to it, constitute
a significant progress in studying the algebraic properties of cohomology groups, and their
impact on the evaluation of Feynman integrals as well as on Euler-Mellin integrals and
Aomoto/Gelfand-Kapranov-Zelevinsky hypergeometric systems. These contributions stand
to enrich both the fields of physics and mathematics, expanding our understanding of these
intricate domains, and of their (still hidden) connections.

We expect that the generalisation of the concepts discussed here, within the context of the
recursive approach to the evaluation of the intersection number, such as polynomial divisions,
global residues and delta-forms, to the recently proposed algorithm based on Stokes’ theorem
in n dimensions, and that makes use of a single, higher-order partial differential equation [53],
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therefore bypassing the need of fibrations, and, with it, of the sequential iterations, can lead
to the optimal computational strategy for computing intersection numbers for n-forms. We
defer such an important evolution to be the subject of further studies.
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A Extended Euclidean algorithm

The multiplicative inverse d(z), of a polynomial d(z), modulo B, defined in eq. (3.8), can be
obtained via the Extended Euclidean Algorithm (EEA). Given any two polynomials, say a(z)
and b(z), the EEA yields two polynomials, say s(z) and ¢(z) such that:

a(2) 5(2) + b(2) (=) = GCD(a(2),b(2)) . (A1)
where GCD(a(z),b(z)) is the greatest common divisor of a(z) and b(z).
In our case, we can identify a(z) = d(z), and b(z) = B, which, being coprime, satisfy
GCD(d(z),B) = 1. Therefore, the EEA gives:
d(z)s(z) + Bt(z) = 1. (A.2)
Reading the above equation modulo B implies:

d(z)s(z) =1 mod B, (A.3)

hence, the function s(z) is precisely the polynomial inverse® of d(z), i.e. s(z) = d(z).

5The MATHEMATICA function PolynomialExtendedGCD can be used to find the polynomial inverse.
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B Closedness of delta-forms

In this appendix we show how the delta-forms (4.15) give rise to closed forms belonging

to the dual relative cohomology group H"  shown in eq. (4.16). Namely, we would like

w
to show that the n-form

Oy NG =B(2) 02y oy ANdzmi1 A Adzy, (B.1)

is closed for holomorphic gg(z) Indeed, consider the following action of the covariant derivative:

V_wdszm NO= ud(u(O)_lquﬁ(z) /\ df., o Ndzmi1 A ./\dzn> (B.2)
i=1

=ud(w(0)7'6(0, 0,2t 1, 20) J\ A 0AdZmit A Adz)  (B.3)
=1

=0,

where the second equality comes from the localization property of the df., o distributions.
The exterior derivative d in eq. (B.3) will only act on the non-relative variables z,41, ..., zn,
so that the result will cancel against the corresponding exterior part dzp,,+1 A ... A dz, thus
proving that the form (B.1) is closed.

A similar analysis can also carried out for relative forms with fewer indices (i.e. subsectors)
bearing the same conclusion about their closedness.

C Choice of basis elements: an explicit example

In this appendix we illustrate with an explicit example the procedure outlined in section 4.4
for choosing basis elements.
Let us consider the three-mass elliptic sunrise integral. The propagators are given by

21 = (ky —p1)? —mi, zo = (k1 — k2)? —m3, 23 = k3 —m3,

24 = k7, 25 = (ko —p1)?. (C.1)

The variables z1, zo, z3 are actual denominators, while z4 and z5 are irreducible numerator
factors (ISPs). The kinematics is given by p? = s.
The twist is given by

u=B7, with v = % and B=By+ B;+ B>, (C.2)
where
By = (z2+m3—z1—mi—z3—m3+s) ((Zl+m%)(23+m§) — s5(z24m3) + 2425) ; (C.3)
By =2 ((zl—ZQ—I—m%—m%)(z;;—l—m%—s) + 2(zl+m%)z5> T (C4)
By = By| (C.5)

21723 ,M1—M3 ,24—25 :
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To generate a list of MIs we perform the following 4 steps:
1. First, we list all the possible sectors
{S1,...,8s} = {9, {z1}, {2}, {23}, {21, 22}, {21, 23}, {20, 23}, {21, 22, 23} ), (C.6)

and initialize an empty list of MIs
e=9d. (C.7)

The counting of the number of zeros of ws, for i =1,...,4 reads
vs, =0, i=1,...,4. (C.8)

This corresponds to the well-known fact that integrals of polynomials in loop momenta
vanish in dimensional regularization, so no Mls are present.

2. Next we consider S; and observe
vs, =1, (C.9)

hence we update the list of MIs with one element

e—{%lz?} . (C.10)

3. Moving to Sg and Sy, we find
Vs, = Vs, = 1. (C.11)

The list of MIs at this stage receives two new elements and reads

e:{ ! ! ! } (C.12)

2122’ 212’3’ 2223

4. Finally, we analyze Sg having
Usy =1T. (C.13)

To avoid overcounting we need to subtract from eq. (C.13) contributions from all the
subsectors. In particular, since S; C Sg, for ¢ = 5,6,7, the corresponding 3 MlIs are
already taken into account, so we only need to specify

7
Vsy — Y Vs, =T—3=4 (C.14)
=5

new basis elements.

Thus the full list of basis elements we constructed is

2
e:{l 11 1 24 s 25} (C.15)

2129 2123 2023 212223 212223 212273 212273

and the corresponding dual basis reads
h = {512,513,(523,5123,2‘45123,255123,27%5123} - (C.16)

The procedure to choose the bases at the intermediate layers of the iterative algorithm is
similar, the only difference is the choice of active z-variables. For reader’s convenience we
collect the dimensions of the cohomoloy groups Vg) at each layer (m) and in each sector

S; of eq. (C.6) in table 1.

,35,



S\ (m) | (5) (35) (235) (1235) (41235)
o] 0
{1}
{22}
{zs}
{71, 22}
{71, 23}
{72, 23}

{71, 22, 23}

e el
NN =N ==
W W = =R e O

S W NN == O O

0
0
0
1
1
1
7

Table 1. The cohomology dimensions Vé:n) defined in eq. (2.7) for each sector (C.6) labeling the rows,
and on each fibration layer (m) labeling the columns. The last column contains the counting numbers
of egs. (C.9), (C.11), (C.13). Columns in the middle collect the countings for the intermediate layers.
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