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1 Introduction

1.1 Background

Within the perturbative approach to quantum as well as classical field theory, the evaluation
of multi-loop Feynman integrals is necessary for the determination of scattering amplitudes
and related quantities (see [1] for a recent review). The by-now standard evaluation tech-
niques of Feynman integrals (in momentum-space representation) exploit loop-momentum
shift invariance to establish integration-by-parts (IBP) relations [2, 3] among integrals whose
integrands are built from products of the same set of denominators (and scalar products),
but raised to different powers. IBP identities play a crucial role in the calculation of
multi-loop integrals because they can be used to identify a minimal set of elements, dubbed
master integrals (Mls), that can be used as a basis for the decomposition of multi-loop
amplitudes. At the same time, IBP relations can be exploited to build systems of equations
solved by the MlIs: differential equations [4-13], dimensional recurrence relations [14, 15],
and finite difference equations [3, 16] are linear relations emerging from the IBP reduction
of integrals which spring from the action of special (polynomial and differential) operators
on the integrands of the MIs. Solving such equations amounts to the actual determination
of the MIs themselves, as an alternative to direct integration.

The derivation of IBP-decomposition formulas requires the solution of a system of
linear relations, generated by imposing that integrals of a total differential (w.r.t. integration
variables) vanish on the integration boundary [3, 17]. For multi-loop, multi-scale scattering
amplitudes, solving the system of IBP relations may, however, represent a formidable
task. This problem has motivated the development of important techniques based on
reconstruction of rational functions using finite fields [18-21].

Already during the early developments of S-matrix theory, it was recognized that
topology and cohomological methods offer a connection between analytic properties of
Feynman integrals and the geometry of their singularity structure, which emerge from the
varieties associated to their graph polynomials. In more recent studies, intersection numbers
for twisted de Rham cohomology groups [22-33] have been exploited to uncover the vector
space structure of Feynman integrals and to derive novel algorithms for the direct projection
of multi-loop integral onto MIs [34-38] (see also [39-42]). Important developments have
been carried out in [43-49] and example of applications to non-linear relations can be found
in [50, 51]. See [1, 42, 52, 53], for recent reviews.

Within this approach, the number of MIs corresponds naturally to the dimension of the
vector space of Feynman integrals, and can be related to topological quantities such as the
dimension of the cohomology groups, the number of certain critical points [34, 54], Euler
characteristics [37, 55-58], as well as to the dimension of quotient rings of polynomials for
zero dimensional ideals (Shape lemma) [38]. Linear relations (for integrals with shifted
indices), Pfaffian systems of differential equations, finite difference equations, as well as
quadratic relations, such as Riemann twisted period relations, can be derived by means of
intersection numbers for differential (twisted) forms.

The pivotal role that twisted de Rham theory seems to have in controlling the algebra
of Feynman integrals, and more generally of Euler integrals, has been stimulating us to



elaborate on the isomorphism between cohomology groups, whose elements are differential
forms, and D-modules, whose elements are partial differential operators in a Weyl algebra.

Within momentum-space representation, differential operators acting on multi-loop
integrands and integrals are used to establish IBP relations, system of partial differential
equations (SPDE) for MIs, and Lorentz invariance identities [9]. In the former type of
relations, differentiation is carried out w.r.t. the integration momenta, while for the latter
two ones, w.r.t. the momenta of external particles and masses. Also, within parametric
representations of Feynman integrals, it is possible to study the action of differential
operators acting on multi-fold integrands and integrals, distinguishing between the cases
for which the differentiation is carried out w.r.t. integration or external variables.

In [57, 58], it was shown that linear relations between Feynman integrals having
shifted indices, similar to IBPs, can arise from the action of parametric annihilators of the
integrand, within the Lee-Pomeransky (LP) representation. The algebraic properties of these
special partial differential operators, w.r.t. the integration variables, are derived by studying
the ideals of parametric annihilators within the language of D-modules. Remarkably,
the number of master integrals, known to be finite [59], was found to be identical to
the Euler characteristic of the complement of the hypersurface determined by the LP
polynomial [57, 58].

While the previous study focused on D-module theory for differential operators in the
internal variables, in this work, we investigate the properties of differential operators in the
external variables. In particular, we exploit the properties of GKZ-hypergeometric systems,
introduced by Gel’fand, Kapranov, Zelevinsky [60], also known as A-hypergeometric systems,
to derive Pfaffian equations for the generators of the corresponding D-module. As established
in [61], GKZ systems provide a dictionary between Euler integrals and differential operators,
which was later made fully algorithmic in [62]. Feynman integrals can be considered as
special cases of Euler integrals, therefore the Pfaffian matrices derived in the context of
D-module theory correspond to the matrices of the SPDE satisfied by the MIs [63].

The connection between Feynman integrals and the generalized hypergeometric functions
was first proposed by Regge [64] and it was better understood with the knowledge of the
Feynman integrals satisfying a holonomic differential equation [65], where the singularities
of the differential equation were governed by the Landau singularities. The relation between
Feynman integrals and hypergeometric system were studied in [66-72] (and reference therein).
The isomorphism between the GKZ system and the Feynman integral was established in [63]
and later realized within the LP representation in [73, 74].

Within the proposed approach, many problems, including the derivation of differential
equations, are translated into a ring theoretic computation where we may utilize various
notions of computational ring theory such as Grébner bases. As Grébner basis calculations
may be computationally expensive, we propose a different approach based on the Macaulay
matriz, which is of central interest in this work. Usually, relations among integrals are
employed to derive systems of partial differential equations. Instead, in the current work,
we reverse the perspective, and show how Pfaffian matrices, built from Maculay matrices,
can be used to derive linear relations for integrals. Moreover, through the secondary
equation introduced in [33], we exploit the role of Pfaffian matrices for building cohomology



intersection matrices to be used in the master decomposition formula presented in [34—
37, 39, 43], for the direct integral decomposition.
1.2 Macaulay matrix for GKZ system

GKZ systems can be rewritten into systems of differential equations dubbed Pfaffian systems.
By extension, the same holds true for Feynman integrals. A Pfaffian system for a holonomic

function f in variables z = (z1,..., 2n) is of the form
OF =P;-F, F=(sif,...,s:f), i=1,...,N, (1.1)
where 0; := 0/0z;, s; are differential operators acting on f, and P; are r X r matrices

with entries being rational functions of z. The P; are called Pfaffian matrices (or simply
Pfaffians) in this paper. They satisfy the integrability condition

0;Fi + Py P; = 9;P; + F; - P (12)

Note that a Grébner basis for the annihilating ideal Z of the function f gives a Pfaffian
system. Conversely, a Pfaffian system, for instance obtained by Macaulay matrices, gives a
Grobner basis for the annihilating ideal: we have d;e — Pie = 0 mod Z, e := (s1,...,5;).
Thus, computing the Macaulay matrix naturally leads to a Grobner basis, as alternative to
the Buchberger algorithm.

The Macaulay matrix is a generalization of the Sylvester matrix. The method was
regarded as less efficient than the Buchberger algorithm in the ring of polynomials until
J.C.Faugére proposed the algorithm F4 in 1999 [75]. F4 constructs Grobner bases in the
ring of polynomials by a variation of Macaulay matrix together with symbolic preprocessing
of S-pairs. This algorithm is extremely efficient when combined with linear algebra opti-
mization methods, for which reason the Macaulay matrix method is currently attracting
more attention.!

There are several advantages of utilizing Macaulay matrix in the ring of differential
operators. One is that once we construct a relevant Macaulay matrix, we do not need
expensive computation in a non-commutative ring. Moreover, in applications to GKZ-
hypergeometric systems, standard monomials can be obtained without computing Groébner
bases in the ring of differential operators [77]. Hence, we may assume that a set of standard
monomials is given before constructing a Macaulay matrix. These advantages were utilized
in [78], where they used a Macaulay matrix to evaluate normalizing constants for a statistical
distribution by the holonomic gradient method. This calculation was not possible with the
original holonomic gradient method which utilizes Grébner bases in the ring of differential
operators (see e.g. [79]).

In this article, we propose a method for constructing smaller Macaulay matrices in the
ring of differential operators compared to [78]. Using smaller Macaulay matrices, one can
construct larger Grobner bases or Pfaffian systems. By means of smaller Macaulay matrices,
we provide new methods for computing recurrence relations, which may be called IBP

'Note that there is no unique definition of a Macaulay matrix: by a Macaulay matrix, we usually mean
variations of the matrix used by Macaulay in [76].



identities for GKZ-hypergeometric systems. In this setting, Feynman integrals are viewed
as Mellin transforms of a certain (graph) polynomial G in Schwinger parameters, where the
coefficients in front of the monomials of G are lifted to independent, indeterminate variables
z=(z1,...,2n) [1, 63, 70, 74, 80-83].

The main results of our investigation can be summarised in three points:

o We obtain Pfaffian systems of partial differential equations for GKZ-hypergeometric
functions, proposing a novel and more efficient algorithm to obtain it from Macaulay
matrices, therefore improving the algorithm of [78].

o We use the Pfaffians generated with the Macaulay matrices to obtain linear (contiguity)
relations for the GKZ systems, using the matrix factorial, within the holonomic
gradient method [84];

e We exploit the rational solution of the secondary equation for intersection matrices,
controlled by the Pfaffians [33], to derive a novel version of the integral decomposition
formula [34-37] based on intersection theory.

Our results apply to Feynman integrals, and, more generally to GKZ-hypergeometric
functions.

Our presentation is organized as follows. In section 2, we review basic notions of the
GKZ hypergeometric systems and their Euler integral representation. In section 3, we
discuss Pfaffian systems of differential equations, which are intimately related to GKZ
systems. We present the Macaulay matrix algorithm, based only on linear algebra, to
compute Pfaffian matrices in section 4. We show its application to examples of differential
equations for Feynman integrals in section 5. In section 6, we show how Pfaffians can be used
to derive linear relations for GKZ systems, similar to IBP identities for Feynman integrals.
Finally, in section 7, we present the integral decomposition via intersection numbers, using
Pfaffians to compute the required intersection matrices.

All algorithms in this paper are implemented in the computer algebra system
Risa/ASIr [85], MAPLE [86] and MATHEMATICA [87] with FINITEFLOW [88], while the
calculations involving Feynman integrals are checked with LITERED [89, 90]. Programs
used in this paper and machine readable data can be obtainable from [91].

2 GKZ hypergeometric systems

In this section, we briefly review some basic properties of the GKZ-hypergeometric systems
to fix our notation. Section 2.1 introduces a particular integral representation related to the
GKZ systems we work with, and section 2.2 covers its relation to the algebraic de Rham
cohomology groups. In section 2.3, we describe how to represent a cohomology class by an
element of Weyl algebra. Finally, in section 2.4, we discuss the homogeneity property of
GKZ systems, which allows us to reduce the number of independent variables.



2.1 Integral representation of GKZ-hypergeometric system

In this work, we consider Euler integrals of the form

— .\Bo =B *5n% dj.:%/\.../\% 2.1
fr(z) /Fg(z,a:) x o il . (2.1)
Here I is a twisted cycle,> B = (Bo,. .., Bn) € C"! are complex parameters, and g(z; ) is

a Laurent polynomial in x

N
g(z;x) = Zzi x. (2.2)
=1

The monomials above are written in multivariate exponent notation: given an integer vector
o; € 7™ we set

=t (2.3)

where «; ; stands for the j-th component of the vector ;. Crucially, in (2.2) we regard
each coefficient z; as an independent variable of fp(z).
Let us construct the (n + 1) x N matrix

A= (a1 aN) , (2.4)
whose columns a; are built from the monomial exponents «; as a; := (1, «;), with the
assumption that Span{as,...,ax} = Z"*!. Moreover, we introduce the (left) kernel of A,
defined as,

N
Ker(A) = {u= (u1,...,uny) € Z" | uja; = 0}. (2.5)
j=1

Then, by using A and 5 as input, we build the following set of differential operators:

N
0 .
i=1 ¢
() M) e e
ui>0 ZZ ui<0 Z’L

The function fr(z), defined in (2.1), satisfies the system of partial differential equa-
tions (PDE)

0, (2.8)
O fr(z) =0, (2.9)

therefore it is dubbed an A-hypergeometric function [60].

2A twisted cycle is an integration contour with no boundary, along which the branch of the integrand is
specified. For details, see [27, Chapter 3].



2.2 GKZ D-modules and de Rham cohomology

The operators in (2.6)—(2.7) can be regarded as elements of a Weyl algebra
DN :(C[Zl,...,ZNKal,...,aN), [81,@] :0, [&-,zj] :6ij- (2.10)

In multivariate exponent notation, the elements of Dy take the form "y hy(2)0* for
some finite collection of sets K = {K; € N)};, where the hj(z) are polynomials in z with
complex coefficients. The symbol 0; is an alias of 8

We introduce the GKZ system as the left Dy- module Dn/Ha(B), where Hy(p) is the
left ideal generated by E; and [,

n+1

ZDN Ej+ Y Dn- (2.11)

u€Ker(A)

Further details on D-modules theory can be found in the appendix B.
Let us list a few important properties of GKZ systems and their relations to de Rham
cohomology groups, which are expressed through the following theorems and propositions.

O First, we recall a theorem on the number of solutions to GKZ systems. Let A4 de-
note the convex polytope spanned by the columns of A. We say 3 is non-resonant when
it does not belong to any set of the form spanc{a; | a; € F}+Z"*! where F is a facet of A 4.

For example, if we take a 2 x 2 matrix

A:<11>7
01

the polytope A4 is a segment, and there are exactly two facets,
respectively indicated by the thick segment and the black dots
in the nearby picture. Each facet defines a linear subspace on

which § is resonant.

Theorem 2.1 ([92]).
1. HA(B) is a holonomic ideal.®
2. When f3 is non-resonant, the holonomic rank r of H(B) is given by the volume*

r=mnl-vol(Aa). (2.12)

The holonomic rank equals the number of independent solutions to the system of PDEs (2.6)—
(2.7) at a generic point z € CV. The first statement ensures that the rank is finite, while

3For the definition of a holonomic ideal, see appendix B or p. 31 of [93].
“4vol stands for the Lebesgue measure and can be calculated with software such as Polymake [94]. The
holonomic rank is the number of standard monomials of RH () (see appendix B).



the second statement gives an exact formula for computing it in terms of combinatorial data.

O Next, letting Gy, (resp. A) stand for the complex torus (resp. complex Affine line)
equipped with the Zariski topology® and

X = {(z,2) € AN x (Gp)"| g(z;2) # 0}, Y = AN, (2.13)

we denote by m: X — Y the natural projection from the space of GKZ and integration
variables to the space of GKZ variables only.

Setting O(X) := C[zl,...,zN,xfl,...,xfl,é], we define an action of Dy on [ =
f(z,2) € O(X) by

0 L 0f L. ( 1 Ogl=n)
aizi °f= 0z; + 5o (Q(Z;:L’) 0z ) [ (2.14)
9 _of 1 Jg(z;z) f

0x; of = s + Bo (g(z;ac) 837@) f= Bz:ci . (2.15)

The symbol O(X) gﬁoxfﬁl ... 2P denotes the left Dy-module O(X) endowed with this
action. Formally, we have the identities
0 _ _ 0
g(gﬂo ml'Bl ...x;ﬂn f) =g T A .w;ﬁn < of) , (2.16)

i(gﬁo ml_ﬂl...x;ﬁ”f) = g acl_ﬂl P (8?5 of) . (2.17)

The direct image D-module [ O(X) g xfﬁ L...x,;P is defined canonically as in ap-
pendix B.

Theorem 2.2 ([61]). Suppose that [ is non-resonant. Then there is a canonical isomor-

phism of left Dy-modules
Dy /HA(B) :/O(X)gﬁo PP (2.18)

Let us make this isomorphism explicit [95]. We let

0%y = D O(X)dz’ (2.19)
Jc{1,...n}, |J|=k

represent the space of relative k-forms® onto which we act with the covariant derivative in
integration variables

_ d.g(2;2) = day
Ve =d.+ Bo o(2) A ;5 R (2.20)

®As a set, the torus G,, (resp. the complex Affine line A) is equivalent to C* := C \ {0} (resp. C).
5X /Y does not denote a quotient space. Rather, it is a symbol for relative differential forms, by which
we mean that we do not consider differential forms dz” where z € Y.



We then obtain a chain complex

0k, T ookl T (2.21)

The k-th relative de Rham cohomology group is defined as follows:

k k k+1 k—1 k
H = Ker(V,: 0%y — Q40L) /(e 053 — 0)y). (2.22)
It can be shown that the direct image D-module [ O(X) g™ :L‘l_ﬂ L. ..z 5" is isomorphic
to the n-th relative de Rham cohomology group H", for which reason the latter is a left
Dpy-module by theorem 2.2. In fact, theorem 2.2 can be rephrased as

Proposition 2.3. Suppose that B is non-resonant. Then there is a unique isomorphism of
Dy -modules

Dy /Ha(B) ~ H" (2.23)

such that [1] € Dy /Ha(B) is sent to [df} e H" .

A consequence of Proposition 2.3, which will be essential for our application of Dy-
module theory to Feynman integrals, is the following: given a cohomology class [w(z)] € H",
there exists a differential operator P € Dy, which is unique modulo H4(f), such that

P [d”“’} = [w(2)]. (2.24)

The partial differential operators 9; in P act on a cohomology class [w(z)] € H" via

Qg

O e [w(z)] = [aiw(z) + Boﬁw(z) . (2.25)

The action (2.25) comes from differentiation under the integral sign:

0

0z / g(zm) a ™ w(z) = / g(z )P o P a0 e w(2). (2.26)
0z Jr r

Since a Feynman integral can be represented by a cohomology class [34], we may equally
well consider the operator P as representing that integral. An algorithm for computing P
was developed in [62] and will be outlined in the following section. Moreover, in the view of
the relation of GKZ-systems and Feynman integrals (to be elaborated on in section 5), we
observe that the finiteness of the rank, established by the first statement of Theorem 2.1,
can be related to the finiteness of the number of master integrals [59]. The formula for
its evaluation, given in the second statement of Theorem 2.1, offers an alternative way of
determining dim(H"), which is ordinarily computed in terms of Betti numbers, by counting
the number of certain critical points, or by Euler characteristics — all of which are related
to the number of master integrals.



2.3 Representing integrals inside Dpy-modules

Let us define the following family of differential forms:

,d
wg = g(z;2) 0 24 f , q=1(q,q)€Zx7". (2.27)

Pairing w, with a cycle I' yields the integral
- U ,d
<wq>F — / 9(27 x)ﬁO*tIO xl Bl+q1 . x;ﬁn+qn£ . (228)
r x

We observe that differentiating the integral w.r.t. z; shifts the ¢ vector by +a; (defined
after (2.4)):

Oi{wg)r = (Bo — 90){Wgta;)T - (2.29)

It is also possible to construct an operator which does the opposite, i.e. shifting ¢ by
—a;. In [96] it was shown that there exists a so-called step-up (or creation) operator U; and
polynomial b;() such that

The operator U; then acts on the integral (2.28) via
Ui{wg)r = bi(B — a;){wg—a;)1 - (2.31)

The polynomial b;(f3) is called the b-function [96]. Its computation is algorithmic and is
implemented in computer algebra packages such as mt_gkz.rr [62].

Now, assume an integral of the form (2.28) is given for some choice of the integer vector
q. Since the a;’s span Z"t! by assumption, we may write

N
q= Zri a; . (2.32)
i=1

The coefficients r; € Z allow us to balance the shifts by +a; in the ¢ of (wg)r via equa-
tions (2.29) and (2.31). We may therefore construct the operator

1
P)= 110" 1] 535720 (2.33)
r; <0 r; >0 B(IB)B/(B)
with the property that
d
P(q)(wo)r = {(wg)r, wo = ?x (2.34)

The two functions B(f) and B’() are built from the prefactors on the RHSs of (2.29)
and (2.31), and their explicit expressions can be found in [62]. The operator P(q) will be
used extensively in our applications to Feynman integrals, in which case the vector ¢ will
be related to the propagator powers and space-time dimension of a given integral. Let us
observe that the vector (ry,...,ry) in (2.32) is not unique, because we can shift it by adding
a term like ), c;u; for some choice of ¢; € Z, and u; € ZN span Ker(A). This freedom can
be exploited to simplify the expression of the operators P(q) appearing in (2.34), and for
practical purposes, we find it convenient to choose r; > 0 for all 7, in order to avoid the
appearance of U; in (2.34), because it may contain monomials in 0; of large degree.



2.4 Homogeneity and integrand rescaling

Under rescaling of the z; variables, Euler integrals scale as
Fot®z, .. 1N zy) = 0045 B fr(2) (2.35)

where we used the multivariate exponent notation from (2.3) on the Lh.s. Indeed, (2.35) is
equivalent to homogeneity equations

Eifr=0, j=1,...,n+1. (2.36)

This property can be exploited to work on a simpler set of integrals obtained from the
original definition by freezing (n+ 1) out of N variables z; to e.g. 1. The residual functional
dependence is then given by N — (n + 1) ratios of z;-variables. More details can be found
in appendix A.

Example 2.4. Consider the following Euler integral:

3 _p, dz
fr(z) = /1“(Z1 + zoxy + 2379 + z4x1x2)50 x ﬂle B2 — (2.37)

which, according to eq. (2.1), corresponds to a 3 x 4 matrix:

1111
A=|o0101]. (2.38)
0011

The homogeneity property from (2.35) involves three rescaling parameters {to,¢1,t2}:

fr(to z1,tot1 22, tota 23, totits 24) = t@otfltéﬁ Jr(z1, 22, 23, 24) . (2.39)

To derive this relation we need to rescale integration variables as x1 — x1/t; and xo — x9/to.
The homogeneity property allows us to factorize the dependence on z1, zo, and z3 by the
following choice of the rescaling parameters t;:

t():l/zl, tlzzl/ZQ, t2=Z1/23. (2.40)

The original Euler integral from (2.37) then becomes

fF(Zla 225 %3, Z4> = Z1—50+51+5222—5123—52 fF(17 L 1,'LU) y W= z; zj ) (2'41)

and so we have effectively rescaled away (n + 1) of the z; variables.

Finally, we show the differential equation obeyed by the rescaled Euler integral
fr(1,1,1,2). The generator (2.7) of the original GKZ system with the A-matrix shown
in (2.38) reads as

Oufr = (0104 — 0203) fr(z1, 22, 23,24) = 0. (2.42)

~10 -



Upon substitution of the representation (2.41) on the r.h.s., we can determine what the
two terms in [J, map to when changing variables to w:

101 — —w ™ (Bo — B1 — B2 — w Buy) (W Byy) (2.43)
0203 — (1 +w Dy) (B2 + w By - (2.44)

These expressions can also be derived from Proposition A.1. Thus the original equation (2.42)
becomes

w(1 = w) 02 + (1= Bo+ B+ B — (1+ By + fa)w) D — BB fr(1,1,1,w) =0, (2.45)
which we recognize as the differential equation for the Gaufl hypergeometric function.

This concludes our short overview of the basic properties of GKZ systems and Euler
integrals. In the following section, we describe how to obtain a Pfaffian system of first-order
PDEs given a basis of Euler integrals.

3 Pfaffian systems

In this section, we introduce notation related to Pfaffian systems to be used in the rest of
this work. In section 3.1, we recall the passage from a holonomic Dy-module to a Pfaffian
system, while in section 3.2 and section 3.3 we present two methods for basis change.

For any positive integer N, we write C(z) = C(z1,...,zn) for the field of rational
functions in variables 21,...,2y. Let R := C(z1,...,2N) ®clz,,....-y] P~ be the rational
Weyl algebra;” note that R also has the structure of a non-commutative ring. Any element
(@ € R can be uniquely written in the so-called normally ordered form with all the partial
derivatives commuted to the right:

Q=Y a0, qcC(2). (3.1)
k

As we review in appendix B, given a Grobner basis G of a left ideal Z in R, we denote
by® Std the standard monomials w.r.t. G and a term order <. For our purposes it is enough
to consider a zero-dimensional left ideal Z generated by a finitely many elements:

7 .= <h1,h2,...,hd>, hi € R. (32)

The ideal 7 is zero-dimensional iff the corresponding set of standard monomials Std is finite
(see [97, §6]).

"The subscript of the tensor product ® denotes the ring over which the product is defined. For example,
it implies the identity: r@pQ =rp® Q, for r € C(z), p € C[z], and Q € Dn.
8When considering Std as a basis, we instead write (St
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3.1 From Dpyn-module to DEQ system

We consider a left R-module M which is finite dimensional over C(z). Such a left R-
module arises as an extension R ®p, M’ for some other holonomic Dy-module M’. When
{wi,...,u,} C M is a C(z)-basis, one can find an r X r matrix P;j(z) with entries in C(z)
such that

9j(u1, .., un)t = Pi(2) - (un,. .. un) T (3.3)

We call Pj(z) the Pfaffian matrix in direction z;. Let us now consider the GKZ Dy-
module. Namely, we consider a left R-module M = R ®p, (Dn/Ha(B)), where H(5) is as
in (2.11). In view of Proposition 2.3, each wu; corresponds to a cohomology class [w;] € H".
Integrating (3.3) over a cycle I', we obtain an identity

9 ((w)rs .-, wrr)” = Pi(2) - ({w)r, - (wrr) (3.4)

which is precisely the system of differential equations that the master Euler integrals are
subject to. A standard method of computing the Pfaffian matrix P;(2) is to use a Grébner
basis of R ([97, Chapter 6]). Unfortunately, this approach is far from effective. We develop
a different approach based on the Macaulay matrix in section 4.

Our construction of Pfaffian matrices by the Macaulay matrix method, to be given in
section 4, will assume that a set of standard monomials S for GKZ ideal RH 4(/3) is given.
Note that the set S gives rise to a C(z)-basis of M. Although one usually computes a
Grobner basis of the ideal RH 4(f) to find the set S, we claim that the set S can be found
by computing a Grobner basis of an ideal in a commutative subring of R. This reduces the
cost of computation in a significant way.

For this purpose, we fix a term order < on the commutative ring C[0y,...,0n]. It
naturally induces a term order < on the ring R because a term order on the ring R is a
total order on the set of monomials 0% (cf. [97, §6.1]). We denote by in<(Zg) the ideal
of C[0y,...,0n] generated by initial terms of Zo = (J,) by the order <, where the box
operators are given in (2.7). Any generator of in(Zg) can be written as 9¥ = [V, 6;“ Let
us write 6; for the Euler operator z;0; and consider a subring of R generated by 61,...,0n
over C. We will denote this ring by C[f], which is clearly a commutative ring. By the
correspondence 6% <+ 9%, we equip a term order < on the ring C[f] induced from <. We
then define the distraction of the element 9% ([93, p.68]) by

N

Hgi(gi—l)-"(ei—ki+1). (35)

i=1
We consider the ideal Z’ of the ring C[f] generated by the distractions of the generators of
in(Zn) and the Ey,..., E,4q from (2.6). The following theorem is essential whose proof is
based on a technique called Grébner deformation as we will see in appendix B.

Theorem 3.1. The set of standard monomials of T' coincides with that of GKZ ideal
RHA(B) when 8 is generic. More concretely, if {0, ...,0%} is a set of standard monomials
of T', the set {0,...,0%} is a set of standard monomials of RH z([).
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The ideal Z is known as toric ideal. Computation of a Grébner basis of such an ideal is
effective as it is generated by binomials. Thus, the computation of a set of generators of the
ideal 7' is efficient. Running Buchberger’s algorithm for the commutative ideal Z’, we obtain
a set of standard monomials of GKZ ideal RH 4(3) by Theorem 3.1. We emphasize that the
process explained above does not involve any computation in the non-commutative ring R.
Finally, we remark that the process above is implemented as a function cbase_by_euler
in the Risa/Asir package mt_gkz.rr.

Example 3.2. Let us consider a matrix

A 1111 .
01314
Let < be the lexicographic order such that 0y > --- = O4. The ideal in<(Zn) is generated by
monomials

0203, 0104, 0103, 0%203.

The distractions of them are
0204(04 — 1),0104,0,05(05 — 1),6,(0; — 1)0s5.

We compute the Grébner basis of an ideal generated by these distractions and 61 + 65 + 03 +
04 — b1 and 02 4+ 303 + 404 — by with respect to >=. The set of the standard monomials is
{65,0%,04,1}. Thus, the set of the standard monomials of GKZ ideal RH 4(B) is given by

{05,0%,04,1}.

3.2 Basis change

Assume that we know Pfaffians Pi(Std)

in a basis of standard monomials e(5*9) . In this
section we show how to gauge transform the system into an arbitrary basis e.

Consider an ideal Z over a rational Weyl algebra R. Let a basis e = (e, .. .,e,)T C R/Z
be given. In the following, the symbol o denotes multiplication inside of R, i.e. we write
0; o h when h € R. We introduce o to distinguish composition in the ring from the action
0;H when, say, H is a matrix with entries in the field C(z).

We seek the Pfaffian matrices P; € C(z)"*" satisfying the differential equation for the

basis e:
dioe=DP;-e. (3.6)
Assume that we know Pi(Std) € C(z)™" in

9; 0 e(Std) — P,L»(Std) . ¢(5td) , (3.7)

where et = {92} ¢ R/T are the standard monomials. If we could find a matrix
G € C(2)"*" relating the two bases,

e=G- e (3.8)
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then we could relate the Pfaffian matrices in different bases via a gauge transformation:
P = (G +G-P™Y) .Gt (3.9)

Note that G is invertible by assumption, since both e*9) and e are bases.
By (3.9), our problem is reduced to finding the transformation matrix G. To this end,

we begin by expanding e in terms of e(Std):
e=> GV (ak o e(StCD) , K cNY, (3.10)
keK

for some matrix G,(cl) € C(2)"*". Here we relied on the fact that any monomial of e is

(Std (2) . (std)

divisible by an entry of e(5*9), Next we transform each 9% o e*d) into the form G- !

via repeated application of (3.7). Let us illustrate the last step with an example.

Example 3.3. Given k = {1,1,0,...,0}, we can rewrite 9* o (5t as
010005 =y 0 (PP . 510)) (3.11)
= P B 4 PP (9 0 eB1) (3.12)
= P . Bty pED . ple) . (5td) (3.13)

We hence have that G,(f) = Gle(Std) + PQ(Std) : Pl(Std).
We conclude that the gauge transformation matrix G decomposes as follows:
a=>aV.a?, (3.14)
keK
where each G,(f) is built from the matrix products between Pfaffians and derivatives thereof.

Thus, equations (3.9), (3.14) constitute one way to translate the Pfaffian matrices between
different bases.

3.3 Basis change without derivatives

The matrix G,?) appearing in the gauge transformation matrix (3.14) involves derivatives
of Pfaffian matrices. If we were to work over a finite field, there would be no z; variables
with respect to which we could take the derivative. This situation is amended, in the GKZ
case, by the following proposition.

Proposition 3.4. The derivative of a Pfaffian matriz can be computed solely via addition
and matriz multiplication from

(0iP;)(B) = (Pj(B — ai) — P;(B)) Pi(B) - (3.15)
Proof. Let

1

F(B) = m(slff‘(/@)v 5 fr(B)) (3.16)
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be a solution to a GKZ Pfaffian system given some monomial basis s; = 0%, k; € N}, for
which s;0; = 0;s;. The following relations hold true:

O;F(8) = Pi(B)F(B), (3.17)
O;F(B) = F(B - aj). (3.18)

Differentiating (3.17) w.r.t. z;, we get

82~8jF = (&Pj)F—i—P](aZF) (3.19)
— (9,P;)F + P;PF (3.20)

where we omitted the argument f for clarity. On the other hand, differentiating (3.18)

we get
0:0;F(8) = &,F(B — a;) (3.21)
= F(B —a; — a;) (3.22)
= P;(8 — a) P.(B)F(8) (3.23)

where we applied the identity Py (8)F(8) = F(8 — ay) twice in the last step. The proposition
follows upon equating (3.20) and (3.23) and isolating (9;P;) (). O

Pfaffian systems introduced above are systems of linear partial differential equations
(SPDE), satisfied by the solutions of a given GKZ system. As we will see later on, these
equations are extremely useful in physical applications. Next we present an efficient way to
calculate the Pfaffian systems, essentially via linear algebra.

4 Constructing Pfaffian systems from Macaulay matrices

In this section we describe a method for building the Pfaffian systems defined in eq. (3.3).
The method amounts to first building an auxiliary matrix M called the Macaulay matrix,
and then solving a special system of linear equations. In section 4.1 we derive the Macaulay
matrix (4.5) and the linear system (4.12), (4.13) that it satisfies. In section 4.2 we then
present Algorithm 1 for calculation of Pfaffian systems. In section 4.3 we give several
remarks about the algorithm and its efficiency. We close this section with several examples
in section 4.4, showcasing the steps and runtime statistics of the algorithm in practice.

4.1 From Pfaffian to Macaulay matrix

We present how the Macaulay matrix arises from a Pfaffian system in the basis of standard
monomials. Since we will focus our discussion on the case of GKZ systems later on, based
on the comments at the end of section 3.1 we may safely assume that

a set of standard monomials Std := {0*} is given,

and that its size equals the holonomic rank |Std| = 7, defined in (2.12). We remind that 9*
denotes a monomial in derivatives, while 0; denotes a single derivative w.r.t. z;.
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Now, the Pfaffian matrix P; in the direction z;, defined in (3.3), is specified by the
following relation:

d;0Stda = (Pi)ag-Stdg  in R/Z, (4.1)
B
where o denotes composition in a ring R, « € {1,...,[Std|} and Z is a general holonomic

ideal for now. Using the expression (3.2) for Z, we carry over the relation (4.1) from the
quotient R/Z to the whole ring R as

0; o Std,, = Z Qaj o hj + Z (Pi)a/g . Stdg in R, (4.2)
J B

where each @,; is an element of R and j € {1,...,d} labels the ideal generators h;
from (3.2). Now we bring the operators Q)o; into normal ordered form as in (3.1):

Qaj =Y daji - 0", 0" € Der, (4.3)
k

[Std[xdx[Der| j5 5 newly introduced rank 3 tensor, and we denote by Der

where g1 € C(2)
the set of all partial derivatives O* appearing on the r.h.s.

Now we are ready to introduce the main player of this section: the Macaulay matrix.
It arises due to the normal ordered form of the first sum in (4.2). Substitution of the Qq;
operators from (4.3) back into (4.2) results in the action of ¥ € Der on the ideal generators

hj, which we bring to normal ordered form as follows:

O oh; = Z My, - 9%, 9" € Mons. (4.4)
L

Here we introduced a rank 3 tensor My, € C(z)PerlxdxMonsl a4 4 set Mons, which collects
the partial derivatives O emerging on the r.h.s. Upon concatenation'® of the first two
indices k and j, the rank 3 tensor My, turns into the Macaulay matrix

Mg, = My, € Cz)IDer < Nons| (4.5)

where the combined index R := (kj) runs over a product of sets R € Der x {1,...,d}.
Plugging equations (4.3), (4.4), (4.5) back into the main relation (4.2) for the Pfaffian, we
observe that the first term can be written as a product of matrices:

> Qajohi = qar MgL-0" = (C- M -Mons)q, (4.6)
j RL

where C' € C(z)IStdIx(IDerld) stands for the coefficient matrix Cop := Qa(jk) Of (4.3), and we
regard the set Mons as a column vector.

The set Mons, containing all monomials in 9;, can be partitioned into two disjoint sets
consisting of standard and, what we call, exterior monomials:

Mons = Ext LI Std, Ext := Mons \ Std. (4.7)

9The notation anm € C(z
me{l,...,M}.
101y MATHEMATICA, this operation can be done with Flatten[#, {{1, 2}, {3}}]&.

YY*M means that the indices range over the sets: n € {1,...,N} and
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This partition naturally induces a column partition of the Macaulay matrix:

M = (Mgpxt|Msta) , (4.8)
with the two column blocks Mgy € C(z)“Der"d)X'EXt' and Msiq € C(z)(‘Der"d)X|Std|. Simi-
larly, the Lh.s. of (4.2) can be decomposed as'!

9; o Std =: C" - Mons (4.9)

=: Oyt - Ext + C§yq - Std, (4.10)
where we introduced the coefficient matrix €’ € C(z)IStdlxMons| iy addition to its column
blocks O, € C(z)StdIXIExtl and CL , € C(z)BtdxIStdl - guch that ¢ = (Ch|CLy) in
accordance with (4.8).

Finally substituting equations (4.6), (4.8), (4.10) into the main relation (4.2), we arrive
at the following matrix relation:

(Chxt — C - Mpxt) - Ext + (C4yq — C - Mgta) - Std = P; - Std . (4.11)

Due to the linear independence of Ext and Std, this is equivalent to a system

Chxy — C - My = 0, (4.12)
Cspq — C - Mspa = P;. (4.13)

This system relates the Macaulay matrix M to the Pfaffian P; in the direction z;, and is
central to our computational method presented next.

4.2 From Macaulay matrix to Pfaffian

Now we reverse the logic in the derivation above: although we started from (4.2), we would
like to regard it as the goal. We view (4.2) and its matrix version (4.11) as a system of
linear equations for the unknown matrix of coefficients C. Given the Macaulay matrix M,
the idea is to solve first the system (4.12), and then substitute the solution into (4.13) in
order to obtain the desired Pfaffian matrix P;.

Let us now turn this idea into a practical algorithm. Say we would like to compute P;
in direction z; given a zero-dimensional ideal Z. First, given a D € Zx>, we construct the
set of all derivatives whose degree is bounded by D:

Derp := {ak}‘k‘SD. (4.14)

Next, similarly to (4.4), we write Monsp for the set of monomials in derivatives appearing
in the normal ordered form of {9* o hj}okeperp, j=1,..d4- We have

{0 o hy}oreperp, jmt,...a = (Mp)j)e - 0" (4.15)
= Mp - Monsp, (4.16)

where we call Mp the Macaulay matrix of degree D (compare to (4.5)). We adjust the
maximal degree D and the sets Derp and Monsp until the linear system (4.12) can be
resolved w.r.t. the unknown matrix C. Finally, the desired Pfaffian follows from using C
in (4.13). We summarize this procedure in Algorithm 1.

1 Note that C’, Ch,, and C.4 depend on the direction z;, since these matrices are born from the expression
0; o Std.
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Algorithm 1 : Pfaffian matrix by Macaulay matrix method

Input: Standard monomials Std, generators hq, ho, ... of a zero-dimensional ideal Z C R,
direction 3.

Output: Pfaffian matrix P;.

1: D:=0;

2 M := My = (Mgxt|Msta);

3: Mons := Monsg;

4: while (9; o Std cannot be written as C’ - Mons) or (Cp,, = C - Mgy is not solvable
w.r.t. C') do

5: D + +;

6: M < Mp;

7 Mons < Monsp;

8: Solve 9; 0 Std = C”" - Mons and Cf,; = C' - Mpxy;

9: Return P; := C§q — C - Msia;

Proposition 4.1. Algorithm 1 outputs the Pfaffian matriz P; in a finite number of steps.

Proof. Since the left ideal 7 is zero-dimensional, there exists a matrix P; with entries in
C(z) such that 9; o Std — P; - Std = 0 mod Z (see e.g. [97, Chap 6]). This means that the
L.h.s. can be expressed in terms of the generators {hy,...,hq} inside the ring R, as in (4.2).
Let Ny be the maximal degree of the monomials OF € Der from (4.3). Then Algorithm 1
outputs the Pfaffian matrix P; until the degree parameter D reaches Nj. ]

4.3 Discussion

Some comments about Algorithm 1 are in order.

Other directions. The condition on line 4 can be extended by checking 0; o Std for
allt=1,..., N to generate a Macaulay matrix Mp large enough for calculating Pfaffian
matrices in all directions {P;}i—1 . .

Rank of Mgy:;. The Macaulay matrix Mgy produced by the algorithm may not be of
full rank. This makes the matrices Mgy, Mstq smaller and therefore the whole algorithm
more efficient than the algorithm of [78].

Degree of freedom. The unknown coefficient matrix C, which solves the system (4.12),
can be chosen up to the left nullspace of the Macaulay matrix M. Indeed, suppose that both
C =CW and C = C? solve the system (4.12). Clearly, we have (C) — C®)) . Mg, = 0.
Uniqueness of the Pfaffian matrix alongside (4.13) imply (C() — C®) . Mgiq = 0 as well.
Therefore, we deduce

W —c@y. M=o, (4.17)

according to the partition (4.8) of the Macaulay matrix.
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Solvability condition. The system (4.12) has a solution when the rows of the C matrix
lie in the row space of the Mgy block of the Macaulay matrix. This can be formulated as a
condition on the rank of the following matrix:

rank = rank|[ Mgyt - (4.18)

Probabilistic method. Checking the solvability condition (4.18) can be computationally
demanding. In order to reduce the computation time and memory usage we may employ the
so-called probabilistic method. In the GKZ case, it amounts to setting the all the variables
z; and parameters [ (see (2.1)) to numbers in Q or a finite field [F,,, which greatly simplifies
the row reduction required for the solvability check.

Smaller Macaulay matrix. Once the condition (4.18) is proved (almost surely, if one
employs the probabilistic method), we further simplify the system (4.12) by selecting a
subset of rows of the Macaulay matrix necessary for solving the system. In practice, we
perform such a selection using the probabilistic method together with a determination of
the left nullspace of the matrix on the L.h.s. of (4.18).

Finite fields. For fixed values of the variables z; and the exponents 3, numerical values
of the Pfaffian matrix P; can be efficiently obtained via the Macaulay matrix method. Note
that one only needs numerical values of P; to obtain the values of normalizing constants for
a certain class of statistical distributions, see [78]. In our applications, however, we would
like to (re)construct the full rational dependence of P; on all the variables z; and 5. When
it becomes too demanding to solve the system (4.12) analytically, the probabilistic approach
can be used in with tandem with rational function reconstruction over finite fields ).
Indeed, using modular arithmetic (over prime numbers) and the Chinese remainder theorem,
the rational entries of P; € C(z)"™" can be efficiently obtained by means of functional
reconstruction algorithms for multivariate, rational functions, which were developed in the
context of scattering amplitudes in [19]. This algorithm reconstructs analytic expressions
for polynomials and rational functions via repeated numerical evaluation over finite fields
by means of iterative application of Newton’s polynomial representation and Thiele’s
interpolation formula. The reconstruction algorithm is implemented in the public code
FiNniTEFLOW [21], which uses so-called dataflow graphs for building numerical algorithms
over finite fields.

Tests. Once we reconstruct the Pfaffian matrices from their numerical values over the
finite fields, we check correctness as follows. Recall that Pfaffian equations (4.1) can be
regarded as a Grobner basis in R (see the discussion below eq. (1.2)). Therefore, if the
solution rank of the left ideal (3.2) is known to be r, the correct r x r Pfaffian matrices
should satisfy the integrability condition (1.2), and should also reduce the generators h; of
the ideal (3.2) to 0 via the Pfaffian equations (4.1).
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Further improvements. Let us comment on potential ways to improve the efficiency of
the Algorithm 1. By virtue of (4.16), to generate the Macaulay matrix of degree D we are
instructed to act with Derp, the set of all derivatives of degree < D (see (4.14)), on the
generators of ideal. The set Derp might be larger than necessary, so one way to improve
the Algorithm 1 is to find a smaller set of derivatives needed for the construction of the
Macaulay matrices. Another important direction of study is the prediction of singularities
for the Pfaffian matrix in question, since such knowledge would greatly simplify the solution
of (4.12) using rational reconstruction.

4.4 Examples

Example 4.2. Let us apply the Macaulay matrix method to compute the Pfaffian system
for the Appell function Fy(«, 3,8, 7; 21, 22).

Setup. Consider the following integral representation:

L(B)T(B)T(y—B~-F)
L'(v)

:/AZ(l — 21— 29) PN — 2wy — zomy) T 2l 2

Fl(aaﬂvﬁ/77;21522)

dml d.Z'Q

4.19

12 (4.19)
I'(1 _’Y+a+5+/6/) / N—a—B—p'—1 B8 B dzo dzq dzo

= ; “ 0 e 4.20
I(1—~+ 8+ 8)(a) (0400)x A2 9(z; ) LoLy Ly tor1Zy ( )

where!?

g(z;x) =1 =21 — 20 — 29(1 — 2121 — 2022) (4.21)

and A? is the two-dimensional simplex A? := {(z1,22) € R? | 21,29,1 — 21 — 22 > 0}. The
ideal of the corresponding GKZ system is generated by three independent differential oper-
ators Z = (hy, ho, hg). However, to compute the Pfaffian matrices with generic parameters
{a, 8,8',7} and {z1, 22}, it is enough to consider only the following pair:

hi = p2 0102 + 3 05 + pa 01 + p5 D2 + pe ,

(4.22)
he = q20102 + g1 01 + q5 02,
where the abbreviated coefficients are
p2=21(1 - 22), p3=21-2), pi=—-F=,
ps=7—2(a+8 +1), ps=—-af, (4.23)
q2 = 21 — 22, qu=-p, g =0.

Basis. The GKZ system in question has rank 3. The column vector of standard monomials
reads

O
Std=| 8, | . (4.24)
1
12 Although this polynomial is not written in the standard form (2.2), it can be shown that F does indeed

satisfy a GKZ system.
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Macaulay matrix. For brevity, let us only consider the Pfaffian matrix P; in the direction

z1. According to (4.1), our task is to express
of
0102
7}

as a linear combination of Std over the rational function field Q(«, 8, 8',7)(z1, 22).

Following the steps of Algorithm 1, we build the Macaulay matrix of degree D (4.16)
as follows. First we act with Der = {1, 01, 02}, the list of all possible derivatives of degree
D <1, on the two generators {hi, he} from (4.22) Then we bring the ensuing expressions
into normally ordered form (see (3.1)) and rearrange the result into a matrix. The rows
of the matrix are labeled by the list of operators {hy, d1h1, 2ha, ha, O1he, D2ha}, while the
columns correspond to the monomials Mons appearing in the normally ordered form of
these operators. Explicitly, we get the Macaulay matrix of degree!® D =1

8y o Std = (4.25)

003 0301 03 02 0.0 03 o 0o 1
hi [ O 0o 0 0 P2 p3 P4 s 6 |
O1hy | p2 ps 0 ps ps+p2a P31 D6 + P41 P51 P61
Oohy | 0O P2 p3s O patpar pstps2 | Paz PetPse Pe2| (4.26)
hg 0 0 0 0 q2 0 q4 qds 0
Ohha | @ 0 0 q@ ¢+aq 0 qa1 5,1 0
Oaho L 0 2 0 0 q+tqp2 s q4,2 5,2 0 ]
where p;; = 0,,;p; and ¢;; = 0.,¢;- As dictated by (4.8), we decompose the Macaulay

matrix into two blocks: the second block Mgiq has columns labeled by Std, and the first
one Mgy by the rest of the derivatives

Ext = Mons \ Std = ((928%, 82261, 85, 8%, 0201, 8%
Explicitly, we obtain the blocks

0
29 21
0
0
Z1— X2
0

0 0
2229 0
Zo 21 22729

0 0

0 0

zZ1— %2 0

)T

0 Zy 21 2229
Bz (=8 —a—2)z+~v+1 0

0 —B'z1 425

0 21— X2 0
—p' B+1 0

0 -5 -1 I6]

(—f —a—3)z+y+1

(4.27)

(4.28)

13Had we used all three generators of the ideal, it would have been enough to consider the degree D =0
Macaulay matrix. However, the shortened setup (4.22) considered here provides a better showcase for the

steps of Algorithm 1.
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where z; =1 — 29, and

0Bz (- —a—-1)z+vy —af

(—a—1)p 0 0

- 0 (ca—1)(F +1) 0
Msta = g 5 0 (4.29)

0 0 0

0 0 0

Pfaffian matrix. We now turn to the linear system (4.12), (4.13). The coefficient matrices
Chyt and C§,y, defined in (4.10), are obtained by expressing (4.25) in terms of the sets (4.24)
and (4.27):

~—

D20%
930
2 000100 (2931 000\ (/&
doStd=| 819 |=[000010 a% +{ 000 || 8y | =Chy Ext+Clyq-Std.
o) 000000 ! 100 1
! 8201
03

(4.30)

Let C = (¢;;]1 <1< 3,1 <7 <6) be a matrix of unknowns. We require that C satisfies
the system (4.2). In this case,

hi
O1hy
C- 82“ + Py -Std = 9y o Std. (4.31)

2
O1hs

82 ho

Upon collecting terms proportional to Ext, we arrive at the system (4.12) to be solved
with respect to C. By the rank condition (4.18), we note that the degree D = 1 Macaulay
matrix (4.26) does indeed lead to a solution. Once C is determined, (4.13) yields the
Pfaffian matrix

(—(a+B=B"+1)z1+v—B")z2+(a+B+1)22 —y2z1 —Bz3+PB2 Bo
(1—21)z1(z1—22) (1—21)z1(z1—22) (1—z1)=1
P1 = g =B 0 . (432)
zZ1—%22 Z1—%Z2
1 0 0

|
Example 4.3. Consider the matrix

11111111111
10000111000
01000000110
00100100001
00010010100
00001001011
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The solution rank of this GKZ system is » = 13, and a standard basis obtained via the
method of [77] reads:

Std = (0907, 93, 01y, Os0h1, DeOr1, O10011, O3, O7, O3, D9, D10, 1, 1) .

The Macaulay matrix Mgy of degree D = 2 is a 189 x 113 matrix of rank 113 (over
7,/65537Z). The Macaulay matrix is obtained in 0.558 sec.!? It took 0.603 sec to obtain
the numerical Pfaffian matrix in the direction zg for fixed numerical values of all z variables

and (3 parameters. [ |
Example 4.4. Consider the matrix

1111111111111 11
100000111000000
010000000111000
Ag=1001000100000110 1,
000100010100001
000010001010100
000001000001011

whose solution rank is r = 33. Our choice of standard basis is

Std = (855,03, 9506011, 03011, 0303, 0403, 95, 011015, 014015, O35, 03,
95011, 0205, 0305, 0405, 02, 06011, D20, V6014, D306, Vs 015,
0106, 0506, O3 , 011, Oa, O14, D3, 15, O1, D5, D, 1)T

Using the homogeneity propery discussed in section 2.4, we may fix the following variables:
21 =27 =28 = 29 = 2190 = 212 = 213 = 1. The block Mgy of the Macaulay matrix of degree
D = 2 turns out to be a sparse 945 x 958 matrix, whose rank is 534 by the probabilistic
method. Therefore, there are many rows that are not needed for solving the system (4.12).
Again, using the probabilistic method over the finite field Z/65537Z, we determine a
maximal set of independent rows of the matrix Mgy;. We find that a 534 x 958 matrix
Nrgxt is enough to solve a smaller version of the system (4.12), namely Cf, = C'- Npyx;. As
was mentioned in the Smaller Macaulay Matrix paragraph of section 4.3, we can further
reduce this new system as follows: since there are exactly 27 independent row vectors in
Chy» We may choose only a subset of the row vectors in Ngyy, whose span includes the
independent row vectors of Cf.

The Macaulay matrix is then obtained in 15.549 sec. It took 0.66 sec to calculate the
Pfaffian matrix in the zg direction for fixed numerical values of variables z and parameters
5. We leave the problem of full functional reconstruction of the Pfaffian matrices of this

example for future work.
[ |

Our implementation is in the RisA/ASIR system and the language C. It is executed on a machine with
an Intel Core i7-10700K processor of 3.8GHz and 16Gb of RAM. We do not use multicore functionality. All
timings are taken on this machine unless specified otherwise.
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We have proposed an efficient Macaulay matrix method to construct Pfaffian systems.
It can be applied to relatively large systems which are not feasible by Grobner basis methods
in the ring of differential operators. The latter methods are usually feasible for systems of
up to, approximately, rank 10.

5 Macaulay matrix method and generalized Feynman integrals

The relation between Feynman integrals and GKZ-hypergeometric functions has been
studied in [63, 68, 83, 98, 99]. Here, we show applications of GKZ systems combined with
Macaulay matrices to Feynman integrals.

Let 0 <e,d < 1,dy€2-N, L e Nand v := (v1,...,v,) € Z". Moreover, fix the
exponents of the Euler integral (2.1) to

B =(e,—€0,...,—€d) — (do/2,v1,...,Un). (5.1)

We define a generalized Feynman integral as

I(dy,v; z) := c(do,v) fr(B) , (5.2)

where
fF(B) ::/Fg(z;w)efdo/Q wllq—i-eé wszreé d;x’ (5.3)
c(dp,v) = [(do/2=¢) v :=vi+...+vy. (5.4)

T((L+1)(do/2—€)—|v|—ned) [Tim; T (vi+€d)’

The polynomial G takes the form

N
G(z;7) = Z z; o, a; € Ny, (5.5)
i=1
and we set a; := (1,a;) € NI as usual. The introduction of the § parameter in (5.1)

follows from the analytic regularization of [100, 101]
Using the notation of equations (2.27) and (2.28), we can equally well define the
generalized Feynman integral as a pairing between a twisted cycle I and a twisted form

dx
Wy /2,0 = c(do,v) x G(z; x)*dO/Qx”; . (5.6)
In particular, we have

I(do,v;2) = (Way/2,0)T - (5.7)

The generalized Feynman integral reduces to the Lee-Pomeransky (LP) representa-
tion [54] of an L-loop integral in d = dy — 2¢ dimensions, with propagator powers v; when:

I =(0,+00)", &0, (5.8)
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and
2 € NV z; € kinematic variables (m?, p?, p; “pj), (5.9)

where m; and p; stand for masses and external momenta, so that the polynomial G becomes
the LP polynomial built from Symanzik (or graph) polynomials U, F, as G = U + F.'°
Let us observe that within the LP polynomial G(z;x), each z; may not necessarily be
independent from each other. This is different from the polynomial g(z;x) appearing in
the Euler integral fr(z), for which each z; is considered independent. Their independence
ensures a non-degenerate correspondence between the monomials in z; variables and the
partial differential operators in the z; variables — a crucial property to establish the
isomorphism between twisted de Rham cohomology group and D-modules. This observation
implies that Feynman integrals are restrictions of GKZ integrals, obtained from the latter
by choosing suitable values of the variables z; [70, 74, 80-83]. We note that the z; limits
in (5.9) are generically not smooth at the level of the Pfaffian system for a GFI. In a
forthcoming publication [105], we show that it is nevertheless possible to construct the
Pfaffian system with all z; variables identified with their proper kinematic counterparts.

5.1 Massless one-loop diagrams

Let us consider a massless one-loop diagram G with n external legs and n internal edges.
We use the symbol p; for each external momentum and x; for the Schwinger parameter of
the i-th edge. The first and the second Symanzik polynomials read

Ug=z14+ -+, (5.10)
}—G = Z 045 TiZyj , (5'11)

1<i<j<n
(i,j)?é(l72)7...,(71—1,71),(1,71)
where we set 045 := —(p; +- - - —}—pj,l)Q. Since the Lee-Pomeransky polynomial G = Ug + F¢
consists of (3) terms, it gives rise to an (n + 1) x (3) A-matrix. In view of the discussion of
section 2.4, the number of reduced variables is

(") o= nn=3) (5.12)

2 2 ’

which coincides with the number of independent Mandelstam variables s;; (as was also
noted in [70]). In sum, we conclude that the master integrals for G are precisely subject to
the GKZ system of PDEs.

Moreover, the discussion above can be easily extended to the cases when external
masses m% = p% are non-zero but treated as independent variables. For example, in the case
of the one-mass n-gon diagram, all external masses are zero but one, say p% # 0, therefore
a new term —pzxkxkﬂ is added to the second Symanzik polynomial (5.11). The number of

reduced variables, in this case, reads w + 1 which is equal to {o;} U {p3}.

5The limit § — 0 of a generalized Feynman integral may yield to ill-defined expressions of the form
vi—l zzli Tt S
%, when Jv; € Z<o. In these cases, we adopt the replacement dfﬂ# — 0; 7 (0p(z:)), with dp(e)

being the Dirac delta function, as proposed in [102-104].
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5.2 Example: One-loop box

In the following two sections, we illustrate the Macaulay matrix method for obtaining
Pfaffian systems for Feynman integrals. We have chosen examples where the number of
GKZ variables correspond to number of independent kinematic variables. The general case
will be investigated in [105].

Setup. Let us first derive the Pfaffian system for the one-loop massless

box diagram. This example was studied in Lee-Pomeransky representation ]
using twisted cohomology in [43]. The kinematics are
4 PR
>pi=0, pi=-=pj=0, s=2p1-pa, t=2pp-p3. (5.13) 4 4
i=1

The_ inverse propagators in momentum space are given by!'6
Dy =—0* Dy=—({—p1)*, Ds=—(—p1—p2)*, Da=—(C—p1 —pa—p3)*. (5.14)

The corresponding generalized Feynman integral reads

(do, ;) = eldo,)(—s)0/2 14 [ Gayayafypeed oS (515)
r x
where
111111
4 100010
G(z;z) = Zzixi + 251173 + 2694, with A4 =]1010001]. (5.16)
=1 001010
000101

The s-dependent prefactor in (5.15) comes from rescaling integration variables as x; —
x;/(—s). Within the LP-representation, the coefficients z; in (5.16) take the explicit form

21:"':Z5:17Z6:g::z7 (517)

leaving just one external kinematic variable z. This counting is compatible with the number
of GKZ variables after using the homogeneity property discussed in section 2.4. Indeed, out
of the N = 6 variables z; appearing in the generalized Feynman integral, n+1=4+4+1=15
of them can be rescaled, thereby yielding z; = --- = 25 = 1 and 2 = z.

Basis. Following [11], we choose the canonical basis
e = (=5)(2(=9)1(4,0,1,0,2), (—)[(4,1,0,2,0), ez(—5)*[(4,1,1,1,1)) (5.18)

corresponding to the cohomology basis (see (5.6))

(dR) _ 4 . T4 x3 1 )
‘ : (xlx?)g('z?xpdw? x2$4g(z;x)2dx7 g(z;x)zdx ’ (5.19)

Here 2 =02 — 02 — ... — 2.
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where A is a diagonal matrix containing prefactors:

(—5)7492T(2 — ¢)

M= 2 4 NPT (1§ )T (2 1 D) (5.20a)
. (_ ) 466F< N 6)

Aoy = ['(1 —2e — 4€0)T(€6)?T(1 + €6)T(2 + €d) (5.20Db)

gy = e(—s) 74021 (2 — ¢) 5200

['(—2¢ — 4e6)T(1 + €d)*

Applying the correspondence in (2.34) (or rather (A.10), which employs homogeneity) to
the basis e(@®) we obtain the D-module basis

de—1 z
D) —A. _ 2
¢ A ((e—l)ea (6—1)68 ’

(1-30)(40 —1)e  2(Tde—2¢—1), 2%
e—1 * (e —1)e ? (e — 1)6a ’ (5:21)
46e —e—1

_ 2
(e —1)e 0 (e—l)a)
where 9 := 0,.

Macaulay and Pfaffian matrices. Using the Macaulay matrix method, we construct
the Pfaffian system in the basis of standard monomials,

5?2 » 52
dolol|=102|=PS. |5 |. (5.22)
1 0 1

Afterwards, we perform a gauge transformation to the basis e(P), so that P can be read off
the equation 9o e(P) = P . (D),
The Macaulay data for the system (5.22) is found to be

Mg = (22(2 +1)) | (5.23a)

z((66 + 2)e + z(6de + € + 3) + 3)
Mg = | (30e + € +1)% + 2((95 + 2)€%5 + 6de + e+ 1) |, (5.23b)
(46 + 1)e35?

1000 000

C'=10100], Chy=(100), Ca=[100], (5.23¢)
0010 010

Mons = Ext LI Std = {0} LU {0?,0,1} . (5.23d)

Setting C' = (CH c12 613) and solving Ch, = C' - Mgy, we obtain

C = (2@m 00). (5.24)
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The Pfaflian matrix is then

PO = Oy — C - Mgy (5.25)
P A R
= 1 0 0 |, (5.26)
0 1 0
where
1)66 2)+3(z+1
R AL A R SRl (5.27a)
z(z+1)
36 1)2 96 + 2)e26 + 66 1
Pl(QStd):_( e+e+1)2+2((90 +2)ed + 60¢ + € + )’ (5.27b)
22(z+1)
4 1 352
P = @+ 1)ed (5.27¢)

2(z+1)
Finally, according to the algorithm of section 3.2, it is possible to build a suitable gauge
transformation matrix G such that

P =(0G+G - PGy . g1 (5.28)
-1 0 o0
=el 0 0 0 , (5.29)

2 2 1

z(z+1) z+1 = z(z+1)
where the limit § — 0 has been taken. The matrix (5.29) is canonical and in agreement
with LITERED. |

5.3 Example: One-loop pentagon

Setup. We consider a one-loop massless pentagon integral with one 3
massive leg. The kinematics are 9 4
5
Zpi:()’ p%:--.:pzzo, pg::p2, sij5:2pi'pj~ (530) . )
i=1 5

Note that the identity (p1 + p2 + p3 + pa)? = (—p5)? = p? imposes a relation on the
Mandelstam variables s;;. The propagators are given by

Dy =—* Dy=-({—p1)*, Ds=—({—p—p2), (5.31)
Dy = —(t—p1—p2—p3)*, D5 =—({ —p1 —p2—p3 — pa)*.
We can write the generalized Feynman integral as
I(dy,v; 2) = c(dg, v) (—s19)%0/ 27 e~ VI=5d / G(zy ) do/2 ghrted . $g5+65d£ , (5.32)
0 x

with
5
G(z:0) =Y 2ii + 262103 + 270184 + 28T1%5 + 20T2T4 + 210T2T5 + 2112305, (5.33)
i=1
and the corresponding A matrix As is given in Example 4.3.
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The sj2-dependent prefactor in (5.32) comes from rescaling integration variables by
x; — x;/(—s12). In the Lee-Pomeransky representation, the monomial coefficients are given
by

2’1:...:2’6:1,
zz=1+y2+uya,

8 = Y1,

(5.34)
29 = Y4,
z10=—1+y1 —y2 —ys,
am=—1l4+y1—y2—Ys—ys—ys,
where the y; are ratios of kinematic variables:
2
p 513 S14 523 524
Y1="——, Y= —, Y3=—, Ya=—, Y5 = —. (5.35)
512 512 512 512 512

The Lee-Pomeransky polynomial hence contains 5 monomial coefficients different from unity.
Similar to the previous example, we can obtain equally many non-unity GKZ variables
via homogeneity. In particular, we start with N = 11 generic variables z;, after which we
rescale n+1 =5+ 1 = 6 GKZ variables as z; = ...z = 1, leaving us with 5 variables

Z7yees”11-

Basis. Solving an IBP system numerically, we can swiftly identify a set of master integrals.
Simplifying notation to I(dp,v), we choose

e1 = (—512)°1(2,0,0,1,0,1) ez = (—512)°1(2,0,1,0,0,1)
e3 = (—s12)1(2,0,1,0,1,0) eq = (—s12)1(2,1,0,0,0,1)
es = (—s12)1(2,1,0,0,1,0) e6 = (—s512)1(2,1,0,1,0,0)
er = €(—s12)°1(4,1,0,1,0,1) eg = €(—s12)11(4,0,1,1,1,1) (5.36)
eg = €(2e — 1)(—s12)1(6,1,0,1,1,1)  ey9 = e(—s12)"1(4,1,1,0,1,1)
e11 = e(—s12)711(4,1,1,1,0,1) e1o = e(—s19)711(4,1,1,1,1,0)
2

The dimensions dy are chosen so as to have non-negative r-vectors, as per the ending
remark of section 2.3. Using (2.34) (or formula (A.10) employing homogeneity), we find
the D-module basis corresponding to e. We write e®) = A - ¢ @) for a diagonal matrix A;;
containing prefactors,

Agi = e(d§) VD) (—s1a)® 27 O15e0 s gL (5.37)
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where (d(()i), v(0)) refers to the indices of the i-th integral in (5.36) and'”

51 61
Ap = (=s12)°. Ao = (o)
1 1
A= (—si) L, A= (—s12)"
€ €
1 _1
M= o)L M= (o)
AL =e€(—s12)° ! §=e(—s12)"" :
7 2 e=1)e’ 8 2 (e-1e’ (5.38)
-1 1
Ay=e(2e—1)(=s12) — 77—, Ajg=e(—s12)"!
1 -1
A el 1 L I e+1_ -
11 6( 512) (6_ 1)6 3 12 E( 812) (6—1)6 )
-1
A/ _ 2 o 6+1—
13 6( 312) (6—2)(6—1)6
Moreover,
ell(D) =0, elz(D) =0, eg(D) =0y, e;(D) =0g, eé(D) =0
6/6(77) =€(504 1)+ 2707 + 28038 + 2909 + 210010 + 211011
AP = 46+ e+ 1)1 + 21103 + 2999011 + 210010011
P = oyon, (5:39)

enP) = §e (A8e+1) Oy + 6211 €02 + 27 (A€ + e+ 1) 07011 + 29 (50€ + € +2) Dgdry + 6210€D10011
+ 272110707 + 292110607 + 2503011 + 27200700011 + 2721007010011 + 2021009910011

ell(op ) = 07010

e/1(1D) = (58e+e+1)d10 + 21007y + 2707010 + 2893010 + 2999010 + 211011010

6/1(21)) = (50e+€-+1)Dg + 2903 + 270709 + 250509 + 21001009 + 21101109

6/1(3D) = (4(56 + e+ 2)81189 + 29611(93 + 21081081189 + Z118%189 .
Macaulay and Pfaffian matrices. The Macaulay matrix Mgy has dimensions 189 x 113,
so in this case there are 113 exterior monomials Ext. The basis of 13 standard monomials
is given by

)T

e = (9902, 82, 9%, BgO11, Dod11, O10011, O3y, D7, Ds, Do, Do, D11, 1 (5.40)

We identify 133 independent rows of Mgy by row reducing it numerically. We therefore

construct an unknown matrix C' of dimensions 13 x 113 which must satisfy C’]’EXW —CNgy =

'"The numerators in A; come from (5.36), while the denominators arise due to taking derivatives of G
when constructing P such that P{wo) = (wq), in the notation of (2.34).
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0, where Ngy; contains the 133 independent rows of Mpy. This linear system can be solved
in reasonable time on a laptop using FINITEFLOW [88]. The Pfaffian matrix in direction ¢
then follows from Clyy ; — C - Ngga = P>, where Ngyq is built from Mgyq by taking the
same rows as in Npxt.

Using the basis change algorithm outlined in section 3.2, we perform a gauge transfor-
mation to relate P(5t) to Pi(e), written in the basis e. At this stage, we may safely take the
limit § — 0. We have verified that the resulting Pfaffian matrices are in agreement with
LITERED [89, 90]. [

A similar analysis can be extended to diagrams with either more legs or more loops.
For the purposes of this first work on this subject, we limited the application to one-loop
integrals up to six external legs. In fact, Example 4.4 refers to the one-loop massless
hexagon. Application to higher-loop cases will be discussed in future works.

6 Linear relations for generalized Feynman integrals

Let e = (I1,...,I,) be a basis of master integrals, where each I; is a generalized Feynman
integral of the form (5.2), i.e depending on generic variables z;. The vector e will be regarded
as the column vector in the sequel; when the distinction between row and column vectors is
clear from context, we will omit the transpose symbol e7 .

Denote by ¢’ = (I1,..., 1)) a set of integrals in the same family as e. In both e and ¢/,
we replace the integrand factors z¥ <0 by 22101 ... gnten for a set of new parameters 4;.

Theorem 6.1.

1. There exists a matriz U € Q" *"(z) such that

d=U-e. (6.1)

2. Let L(e') = (L11,...,61)), where the {; are differential operators w.r.t. z with
rational function coefficients. There exists a matriz V € Q" *"(z) such that

L)y=V-e. (6.2)

Moreover, there are construction algorithms for U and V.

Remark 6.2. This theorem can be regarded as an analogue of IBP relations for generalized
Feynman integrals. Recall the rank r for generalized Feynman integrals is possibly larger
than for conventional Feynman integrals. However, once we set the GKZ variables z; equal
to their physically relevant values in e.g. ¢/ = U - e, some of the master integrals in e might
vanish or become equal, in which case we arrive at a conventional IBP relation.

Although the theorem can be proved by a method analogous to Algorithm 1 of [62], here
we present a different approach based on Pfaffian matrices and the matrix factorial [84]. We
begin by constructing recurrence relations in the general framework of GKZ hypergeometic
systems, after which we specialize to the case of generalized Feynman integrals.
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6.1 Recurrence relations for GKZ systems

For convenience, in this section we will work with a rescaled version of the Euler inte-
gral (2.1):

o) = F8) = gy footesoar - an S (63

X

where [ is assumed to be non-resonant. We have the relation 0; f(5) = f(8 — a;) with this
rescaling. Since z and I' will stay fixed in what follows, we only emphasize the dependence
on B in f(f3). The integrals in e and €’ are constant multiples of f(3) with

B = (€, 016, ..., —0ne) — (do/2,v). (6.4)

Let s = {s1,...,8} be a basis of Dy/H4(f) consisting of monomials in J;. The vector
F(B) = (s1f(8),...,s:f()) is then a solution to a Pfaffian system. Now, because 9;s; =
s;0; and 0;f(B) = f(B — a;) we have that

OiF(B) = Pi(B)F(B) = F(B —ai) . (6.5)

In other words, P;(3) yields a difference equation for F'(3). Moreover, since 3 is non-resonant,
the matrix P;(f + a;) is invertible, in which case we also have

QiB)F(B)=F(B+ai),  Qi(B):=P(B+a)". (6.6)

To make the analogy clear between equations (6.5) and (6.6), let us introduce the operator
91 acting as

0; ' F(B) = Qi(B)F(B) = F(B + ai). (6.7)
We define the falling matriz factorial as
[Pi(B)); = Pi(B—(j — ;) -+ B(B—a)R(B), >0, (6.8)
and the rising matriz factorial as

(Qz‘(ﬁ))j = Qi(B+(J—Dag) - Qi(B+ a;)Qi(B) , Jj>0. (6.9)

These matrix products can be swiftly computed using rational reconstruction over finite
fields.

When the subscript j is replaced by an integer vector x € Név , we extend the definition

) (6.10)

P (5 - ﬁ: Kjaj)
(QB)),. ZIJ__V[ (Qz (ﬁ Z mja])> . (6.11)

of matrix factorials'® to:

Jj=i+1

BWhen i = N in the product we use the convention Z]’:N+1 rja; = 0.
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Lemma 6.3. For k € Név we have the recurrence relations
N
F (5 - Z mm) = [Bi(B)= F(B) = 0"F(B), (6.12)

(ﬂ + Z wzl) Qi(B)), F(B) =0""F(B). (6.13)

Proof. By induction, let us derive that

OIF(B) = F(B — ja;) = [Pi(B)]; F(B). (6.14)

The case j = 1 is shown in equation (6.5). Suppose that (6.14) holds for 7 — 1. Then we
have

0 (9" F(9)) = i (B~ (j — Day) (6.14) (6.150)

=P(B—(—1Va;) F(B—(j —1)a;) (Pfaffian equation)  (6.15b)

= Pi(B = (G — Vai) [Pi(B)]j—1 F(B) (6.14) (6.15¢)

= [Fi(B)]; F(B) (6.10) . (6.15d)

Applying (6.14) to each (k);, we obtain the relation (6.12) for the falling matrix factorial.
The case of the rising matrix factorial (6.13) is proved in a similar fashion.
O

Remark 6.4. Comparing F((3 — a;) — a;) = Pi(8 — a;) P;(3) F(B) to F((8 — a;) — a;) =
P;(B — a;) Pi(B) F(B), we note that the commutation relation P;(8 — a;) P;(8) = P;j(5 —
a;) P;(8) holds. The explicit matrix factorial representation of (6.12) is hence not unique.
The same statement holds for (6.13).

Observing that (F(8)), = sif(8), we can write F(f3) as

FB)=(f(B—A-k1),....f(B—A k), (6.16)

where the vectors k; € Név are fixed according to s; = 9. Suppose that we want to obtain
a recurrence relation for f(8 — A- ko) given some choice of kg € Z™. Notice that f(5— A- ko)
is the first element of F/(5 — A - (ko — k1)). We propose to obtain the recurrence relation
by Algorithm 2, whose correctness follows from Lemma 6.3. Note that the algorithm does
not perform differentiation with respect to z;, meaning that it can still produce recurrence
relations when the z; are fixed to numbers in the Pfaffian matrices.

6.2 Recurrence relations for generalized Feynman integrals

We can employ Algorithm 2 to find relations among generalized Feynman integrals by
specializing 3 to (6.4). The matrices Q; = P!

>~ exist for this generic choice of € and ¢;’s. In
certain cases, we can even take a limit ; — 0 to obtain conventional IBP relations as we

observe in the example below.
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Algorithm 2 : Recurrence relation by Macaulay matrix

Input: Vector kg € Z", indeterminate vector 3, monomial basis s = {s1,...,s,}
where s; = 9%, k; € NpY.

Output: Recurrence relation f(8— A-ko) =>i_ 1 wi(B)f(B—A- ki), ui € Q(B)

1: Construct P;(8),i=1,...,r, w.r.t. basis s by calling Algorithm 1

2: Decompose ko — k1 = K+ — k= =: k where k= € N}’

3: Compute the matrix factorial [P(5 — Dok, <0 aj)] 1+ (Q(B)) .- F(B)
4: Output the first element of step 3.

6.3 Example: One-loop bubble

Setup. We use Algorithm 2 to obtain a linear relation for the one-

loop bubble integral with one massive propagator (see also Example 1.1

of [74]), whose denominators are defined as - --
D = -2 +m?, Dy = —(L+p)?. (6.17)
From the Lee-Pomeransky representation we read off
G(z; ) = 211 + 20@0 + 233109 + 2427, z=(1,1,m? — p*,m?), (6.18)
and
1111
A=[1012]. (6.19)
0110

We pick master integrals e = (I(4,1,1), I(4,2,0)) and wish to decompose ¢’ = (1(4,1,2)).
For this diagram, the choice §; = d9 := 9 is allowed.

In order to apply Algorithm 2, we require k; corresponding to a relevant set of standard
monomials. We use auxiliary vectors k] and « such that k; correspond to master integrals
e. Their definitions are given by (6.28) and (6.29) in the proof of Theorem 6.1.

Step 0: Input. The master integrals correspond to the choice

kll =(1,1,0,0) st Aki =(2,1,1), (6.20)
Ky =(2,0,0,0) st A-k,=(2,2,0). (6.21)

Given that these k] only have positive entries, we have o = (0,0, 0,0) using (6.29). Then
the A - a terms drop, and we have

ko=(0,1,1,0) st A -ky=(21,2), (6.22)
g=p with B = (e, —€d, —€d), (6.23)

using notation defined in (6.30). The vector kg represents the integral we want to reduce,
1(4,1,2).
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Steps 1 and 2. Calling Algorithm 1, we obtain Pfaffian matrices P;, i = 1,...,4.
Moreover, we decompose

ko — k1 = (—1,0,1,0) (6.24a)
— (0,0,1,0) — (1,0,0,0) (6.24b)
=Ky — Ko =K. (6.24c)

Note that k; = k] + « = k] in this case.

Step 3. Next, we are instructed to compute the matrix factorial corresponding to the
operator 05 18; ! where the 83 stems from k4 and the ) stems from s_. Explicitly, we
calculate

P3(8+ a1)Q1(B) - (6.25)

Step 4: Output. The recurrence relations follow from the 1st element of the matrix
factorial above, apart from an adjustment of I'-prefactors. This adjustment is due to the
constants ¢ and ¢ in equations (6.32) and (6.33c).

Given all of the above, Algorithm 2 produces the result

(—1)((4€6% + (6€ — 2)8 + 2 — 1)p? + (5€0? + (6€ — 1)8 + 2¢ — 1)m?)

(—1)m?(30 + 2)
0T D@2l h20) (6.26)
(1 —2€)(p* +m?) 291m2
= I1(4,1,1) — ———==1(4,2
(2 — m2)? (4,1,1) 7 = m2)? (4,2,0) as 6 —0,
in agreement with LITERED. -

Critical case. We observe that our method may not give linear relations for some A and

non-generic choices of € and d;’s. Put 4 = ... =4, := ¢ and take
1111
A,=(0112]. (6.27)
0100

Define the linear form b(3) := B2 — B3, where 3; denotes the j-th component of 5. We have
b(a1) = b(az) =0, b(ag) =1, b(as) = 2. Then b(f) is a primitive supporting function of the
facet {aj,as} of the convex polytope Ay4. It is known that the supporting function gives a
denominator of ;! modulo H4(f), i = 3,4 [96]. In fact, we have

(— 2232404 — 4212403 + (=21 + Po + B3)23) 93 = (—1)(B2 — B3) (261 — f2 — B3) mod Hx(f) ,

and

(— 2232405 — 2301 + (—2fB2 + 283 + 2)24) 01 = (—1)(B2 — B3) (B2 — B3 — 1) mod H4(B) .
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Note that 95 and 94 stand for P;. We have b((e, —€d, —ed)) = 0, for which reason Q;,
i = 3,4 acquires a 0 in the denominator. Since @; acts similarly to 0; ! the recurrence
relations involving @); do not exist. Moreover, b(/3) = 0 has the effect of breaking several
isomphism theorems for D-modules (see, e.g., [96], [93, §4.5] and [106] for recent references
on isomorphism theorems of GKZ systems). |

We close this section with proving Theorem 6.1.

Proof. (Theorem 6.1.) We begin by noting that the matrices @); exist since P; are invertible
for generic parameters J;.

Without loss of generality, suppose that 7/ = 1. Then e’ = (I}) is given by an integral
I{ = I(dy,v) in the notation of section 5. We week to reduce I in terms of master integrals
e = (I,...,I,), where we use the notation [; = I(d(()i), v),

Take vectors k! € ZV such that

Ak = (d{" /2,09 (6.28)

We decompose k. into a sum of positive and negative parts: k} = /-if — K, for Hii e NY.
Then we may define the vector

a= <1I<nza<xrl Zl,...,lr<nza<xrlmlN) (6.29)

where k;_; is the j-th component of ;. Put'® k; = k! + o € N}’ and take ky € Z" such
that A - k:o = A-a+ (dy/2,v). We apply Algorithm 2 using input kg, 5 = 3 + A - « for

B = (e, —€by,...,—€by,) and s; = OFi. The output of the algorithm takes the form
f(B=A-ko)=> w(B)f(B-A-k), wecQ@B). (6.30)
i=1
Let us inspect the expressions for f on both sides of (6.30). On the Lh.s.,
f(B—A ko) = f (B — (do/2,v)) (6.31)
= I(do,v) / c. (6.32)

So we obtain the generalized Feynman integral I apart from constant prefactors ¢ = ¢(dp, v)
defined in (5.4). On the r.h.s.,

FB=Ak)=f(8-(d/2,09) - A-a) (6.33a)
= f (ﬁ’ - (d(") /2,09)) (6.33b)
=1(d", D) /D (6.33c)

In other words, we obtain I; apart from I-prefactors ¢ = ¢(®) (déi), I/(i)). The coefficients
u;(B) multiplied by I'-prefactors give the matrix U. Thus, we conclude Statement 1. of
Theorem 6.1.

Statement 2. can be proven by noting that 9; induces the parameter shift and applying
Statement 1. O

19

« is constructed in order to have a common shift for all &, such that their entries become non-negative.
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7 Decomposition via cohomology intersection numbers

Relations between Feynman integrals, equivalent to IBP identities, and, more generally,
identities for Euler-Mellin integrals, equivalent to contiguity relations, can be derived by
means of intersection theory for twisted de Rham cohomologies [34, 35, 37, 38]. According
to the mentioned algorithm, the decomposition of any given integrals in terms of an
independent basis of MIs can be obtained from the projection of the twisted differential
form appearing in the integrand of the integral to decompose into a basis of differential
forms that generate a de Rham twisted cohomology group, via intersection numbers.

For the case of generalized Feynman integrals (5.7), the covariant derivative (2.20)

reads

doi (7.1)

Vx:dx+ed2gA+eaz

i=1
and we denote the associated n-th de Rham cohomology group as H™ (see also (2.22)). We

can also introduce a dual covariant derivative V) = Vﬂ?‘e _,_. and let H™ be the n-th (dual)
de Rham cohomology group associated to it. The cohomology intersection number

(o,0) ¢ : H" x H" — C(2), (7.2)

is a natural pairing between the elements of the two groups.

Let {e;}/_; be a basis for H" and {h;}!_, a basis for H"Y; the decomposition of any
twisted form ¢ € H" in terms of {e;};_; can be obtained via chomology intersection numbers
according to the master decomposition formula [34, 35, 37, 38],

r

@Y = ;Ci €; With C; i — Zl <g0, hj>ch (Ic_hl)ji y and (ICh)ij = <€z‘7 hj>ch . (73)
= Jj=

This formula implies the decomposition of (generalized) Feynman integrals in terms of
master integrals, upon the identification in (5.7).

Looking at (7.3) we infer that two distinct sets of intersection numbers are required,
namely {{(¢, hi)en}i—1 and {(Len);;}i j=1- Therefore, in order to apply the decomposition
formula (7.3), it is required the determination of the matrix I, and of the vector (@, h;)cp.

According to the algorithm proposed in [62], given a basis {e;};_; for H" ({h;}I_, for
H™) and {P;}}¥, the associated set of Pfaffian matrices (resp {P)}Y ), the cohomology
intersection matrix (Zc), ;= (€i, hj)en can be obtained as a rational solution of the so called
secondary equation,

Oilen = Pi - Ln + L - (PY)T, i=1,...,N; (7.4)

which is a (system of partial) differential equation(s) for the cohomology intersection matrix
I, controlled by the Pfaffian matrices {P;}¥, and its dual {PY}¥ . In particular, any
non-zero rational solution of the secondary equation I is related to I, as

Iy, =kol (7.5)
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up to a constant kg, corresponding to a boundary value, to be independently provided, see
theorem 2.1 of [33].

Remarkably, also the vector (p, hi).n can be obtained by a second application of the
same algorithm to a suitably chosen set of differential forms. For this purpose, it is sufficient
to build the auwiliary basis,?’ {e2™}I_; = {e; :;11 U{¢}, as well as the auziliary dual
basis {h?*}I_, := {h;}"_;, and the corresponding Pfaffian matrices, say {P**}¥, and
{pYawx}N where, owing to the dual bases choice, PY** = P Vi|1 <i < N. Then, the
cohomology intersection matrix for the auxiliary bases, I3, whose elements are defined
as (I53%);; = (™, hi"™) = (e{"™, h;), can be obtained as rational solution of this matrix
differential equation,

aux __ aux aux aux Vaux) T
Oplgp™ = P - Ig™ + Igp™ - (P™)

T (7.6)
:Piaux,Igﬁijlg’?x_(pi\/) ’ iZl,...,N.
The wanted vector of intersection numbers (¢, h;)en, can be read off the r-row of I3,
because
( ?#X)rj = (‘Pa h?ux>ch = <907hj>ch7 Jj=1...,m (7-7)
Actually the solution of the auxiliary secondary equation,
Caf'lllX — Eguxlaux (7'8)

also requires the independent knowledge of the constant x§"*.

The proposed twofold procedure, yields the determination of all the cohomology
intersection numbers needed in (7.3), up to the knowledge of the ratio of two boundary
constants k§"™/kg.

Let us observe that the master decomposition formula (7.3) requires the knowledge of
the inverse matrix I;hl. By using the secondary equation (7.4), one can show that I;LI can
be directly determined as rational solution of the following matrix differential equation,

-1 T (7-1 —1
Determination of coefficients. Let us apply the master decomposition (7.3) to a vector
formed by r differential forms eq,eq,...,e,_1, ¢, reading as,
el €1
SRR vl I I (7.10)
€r—1 €r—1
¥ €r

By construction, the product 13 - Ic_h1 has the following form,
0
aux -1 _ Hr—l
Ig* -1, = , (7.11)
0
1 C'r—l‘cr

*The set {e;}/_; [J{} fails to be a basis when ¢ = 0. In the following discussion, we implicitly assume
that the cohomology class ¢ is not zero and the set {e;},— | J{¢} is a basis. This can be achieved when ¢
is represented by a monomial differential form wq, /2, .
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where I,_; is the identity matrix in the (r — 1) x (r — 1) space, and the entries of the last
row are the coefficients of the decomposition (7.3). On the other side, owing to the solution
of the secondary equations, one has,

K/aux
= 20 e b (7.12)
Ko

This relation among matrices can be exploited to fix the value of the ratio k" /k¢. In fact,

any of the elements on the diagonal, say (2™ - I;,ll)kk, for any k € {1,...,r — 1}, amounts
to 1, therefore,
kG -1
(IauX I )kk == 17 (713)
Ko
yielding the relation
Ko X —1
P (LT )k (7.14)

namely fixing the ratio of the boundary constants from one of the elements of the product
of two known matrices. Finally, (7.10) becomes,

€1 €1
. T , (7.15)
er1 (Iaux . Iﬁl)kk er1
P ér

hence the coefficients of decomposition of the differential form ¢ in (7.3) reads as,

.
: 1 X -1

p= ;Ci € , with  ¢; = m(—’au 3 A P (7.16)

for any chosen k € {1,...,r — 1}. This result bypasses the determination of the complete

cohomology intersection matrices, I, and I3, and relies only on the knowledge of the

Pfaffian matrices, P and P*"*, which control the secondary equations. The determination
of their rational solutions, I and 2", can be efficiently combined with the rational function
reconstruction over finite fields, earlier discussed.

Let us remark that, if needed, the individual expressions of the normalization constants

Ko, and k§™ can be determined by means of [107, Theorem 8.1].

7.1 Example: One-loop box
We reconsider the example of section 5.2; we aim to decompose:

e(—5) (—8)321(4,2,1,1,1; 2), (7.17)
in terms of the basis given by (5.18). The associated differential forms are:

B e(—s)7192T(2 —¢) x1
P T T(—1-2¢—4e0) (1 + 0)3T(2 + d¢) G(z; )2

dz, (7.18)

and,
(e1, e2, e3) = (5.19), (7.19)
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while we explicitly choose the basis of dual forms as:

(hl, hQ, hg) = (61, €9, 63) ‘e—>—e = (5'19)‘e—>—e . (7.20)

The Pfaffian matrix associated to (5.18) reads:

_ (P12 41D+ T6(z4 )2 41) g2 6%€(8(2+2)+1)
(36+1)z(z+1) Bo+D)(z+1)  2(38+1)z(z+1)(0e+1)

P = 0% _ 52¢ o 52e(6+202+2) (7 21)
(35+1)z(z+1) (Bo+1)(z+1) 2(30+1)2(z+1)(3e+1) ’ :
2(26+1)e(Se+1) 226+1)e(de+1)  €(02(5247)+6(2245)+1)

T (36+1)2(2+1) (B5+1)(z+1) (35+1)2(2+1)

while its dual is:

PY=P|_, . (7.22)

A rational solution of (7.4) obtained via [108] is

B (25+1%(46+1) 5 —2(5e 1)
I = 5 — A1) —2(6e — 1) . (7.23)
2 €— €
2(de + 1) 2(de + 1) _4(105 +65+15)3(6 1)(de+1)
The auxiliary basis reads:

(e?uxv egux’ egux) = (617 €2, ()0) . (724)

The expression for P*"™ is too lengthy to be reported here. By solving (7.6), we obtain
I1"*. The entries of its last row read:

_2(30e+e+1)((40+2)e+1) (60450 +1) e+2(20e +e+1))

Iaux .
( a1 62(20e+e+1)2 ’ (7.252)
anxy 2((4642)e+1) (2(662+50+1) €2+ (56+2)e+1)
(1) 35 = (@0cter 1) , (7.25b)
A(e—1)((46+2)e+1
P - (§3Z(;g(€+:+i§: )(5 (60%+55+1) e(380e+e+1)+2 (665" +0%€(91€+50)
+0% (4762 4+50e+10) +0 (112 +17e+6) +(e+1)?) ) (7.25¢)

For the example under consideration, we find:

Ko

=1 2
P (7.26)

All the cohomology intersection numbers needed for the decomposition formula (7.3) are
therefore computed:

(@, hj)en = ( gf?x)gj ) J=1...,3; (7.27a)
(€is hj)en = (Len)yj » ,j=1,...,3, (7.27b)

and, in the 0 — 0 limit, the resulting decomposition in terms of master forms reads,

226 +1)

. . 2 1)- 2
e+ 1) e1+0-ex+ (2¢+1)-e3, (7.28)
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which is in agreement with the IBP decomposition obtained with LITERED. To conclude, let
us also observe that, the individual normalization constants ko = kg (0, €), can be determined
by means of [107, Theorem 8.1], as

sin*(derr) sin (2(26 + 1)en)

T £225(26 + 1)2(e202 — 1) sin(me) ’ (7.29)

Ko
which, combined with (7.23), gives the cohomology intersection matrix Ip,. |

8 Conclusion

In this work, we presented a simplified algorithm for the determination of Pfaffian matrices
from Macaulay matrix, making use of the theory of D-modules for Gel’fand-Kapranov-
Zelevinsky systems.

Then, we introduced two algorithms for the derivation of linear relations for GKZ-
hypergeometric integrals making use of Pfaffians: i) the first one uses the properties of the
matriz factorial, within the holonomic gradient method; i) the second one uses the direct
integral decomposition via cohomology intersection numbers and the rational solution of
the secondary equation for cohomology intersection matrices. In the latter case, we derived
a novel variant of the master formula for the projection of differential forms onto a set of
independent forms.

Our investigation exploited the isomorphism between de Rham twisted cohomology
groups, whose elements are differential forms, and D-modules, whose elements are partial
differential operators in a Weyl algebra. Our results can be applied to GKZ-hypergeometric
functions as well as to Feynman integrals, which can be considered restrictions of the former
class of functions. Within our analyses the number of master integrals, corresponding to
the dimension of the de Rham cohomology group, is related to the rank of the GKZ system,
computed by polyhedra combinatorics in terms of volumes of polytopes. We showcased a
few applications to simple mathematical functions and one-loop integrals.

Within the standard approaches, linear relations among integrals, such as contiguity
relation for GKZ-hypergeometric functions and integration-by-parts identities for Feynman
integrals, are employed to derive systems of partial differential equations for a chosen set
of independent function. Instead, in the current work, we reversed the perspective, and
showed how Pfaffian matrices for system of partial differential equations, built from Maculay
matrices, can be used to derive linear relations for integrals.

We hope that our study could offer a novel, more complete view on integral relations
which emerge from the application of differential operators acting both on internal and
external variables, and could provide additional insights to the investigation of de Rham
twisted co-homology theory in computational (quantum) field theory.
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A Further details on the homogeneity property

Here we provide additional details and formulas for section 2.4. We begin by introducing
simplified matrix notation to reduce the number of indices in the formulas below.

Firstly, we give a generalization of the multivariate exponent from (2.3). Given an
(n+1) x N matrix A := (ai,...,an) and a list of variables ¢t := (¢1,...,t,+1), we construct
the following list of exponentials:?!

th = (tm, ). (A1)

This matrix exponentiation obeys the rule (t4) = t45,
Secondly, we define an item-wise product of two lists having the same lengths. Given

two lists ¢ and s of lengths n, we define??
s X t:=(s1t1,...,8nln) . (A.2)

Using the formulas above, we compactly rewrite the homogeneity property (2.35) of
Euler integrals as follows:

frtt x 2) =17 fr(z). (A.3)

Now we pick a set
ocCA{l,...,N}, n:={1,...,N}\o, (A.4)
where o is of size |o| = n + 1, and 7 is its complement. Denote by A, the submatrix

of matrix A constructed from the columns labeled by o. Given a vector v, we likewise
construct v,. Using this notation, we can separate the following matrix product into two
terms:

Av = Asvs + Ayoy . (A.5)

We shall require o to be chosen such that the A, submatrix is invertible, i.e. det(A,) # 0.

21Tn MATHEMATICA this can be achieved by Inner[Power, t, A, Times].
22Using MATHEMATICA syntax, we can write Inner [Times, s, t, List].
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Now observe that for the special choice of the rescaling parameters t = z; 4 "in (A.3),
we obtain the following factorized representation of a given Euler integral:

fr(z) = z;Af;lB fr (z;A‘;lA X z). (A.6)
The key feature of the r.h.s. is that all arguments labeled by o are set to 1:
_A-lg 1 jeo.
{ZU 7 X Z}. = -1 (A7)
z zj JEMN.

This encourages us to define the rescaled variables

w = z;A;IA” X 2y (A.8)
as well as the rescaled Euler integral
-1
gr(w) == z5= " fr(z). (A.9)

With this notation we are now ready to formulate the main proposition of this section.

Proposition A.1. A generic partial derivative operator 97 := 071022 --- 97N acts on the
Euler integral (A.6) as follows:

v _ —AZNBHAY) (el (v -1 -1
0 fr(2) = 2, (1) (e (4515 + A7 A0),, (0], or ()|

(A.10)

where (Vg | = e, Vi

Proof. Let us start with a few useful formulas. The splitting of the vector v into v, and vy
implies the corresponding factorization of the differential operator:

9y = 0,70, (A.11)
This operator can also be expressed in terms of the lowering factorial of an Euler operator
like so:
9y =27"[0.], . (A.12)
Finally, the raising and lowering factorials®® are related as follows:
(a), = (1) [—d], . (A.13)

Using these formulas, it follows that the action of 9, on the Euler integral (A.9) is

-1 -1 -1
O fr(z) = 2,7 PO gr (2507 A0 x 2) = 2, A0 A fngr(w) |, (A14)

#Recall the definitions (a)y := a(a+1)...(a+b—1) and [a]s := a(a —1)...(a — b+ 1). In vector case,
these definitions are applied component-wise: (4)y := (41)v; - (UN)uy -
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where the curly brackets indicate the substitution w = (A.8), once the expression inside of
them was evaluated. Proceeding with the action of the o-part of 97, we have

02202 fr(z) = 25" [0%]%83;]‘}(2) (A.15)
= 25 ag A A [ AZL(B + Agvy) +06,], {a;ngr<w>} (A.16)
= AT G L AZNB + Agoy) — A1 A00], w0 (00, gr(w)} (A7)
— oA (B ) {w—w, A8+ A0u)], [0 wly, 9 } (A.18)
= 247 R (el Lo (AN B+ Agf), 8], ar(w)} . (A19)

where A,0,, is a column vector, obtained from matrix multiplication of A, and a column
vector 6. ]

Let us close this discussion with one application of Proposition A.1, namely the action
of a generic partial derivative operator on the cohomology class [dz/z]:

[

# x

— (<) (wun (A7 B+ Afu),, (0], ® [?D (a0

zi:I,iea
B Holonomic D-modules in a nutshell

In this appendix, we summarize basics of the theory of holonomic systems utilized in our
study of Feynman integrals. We cite introductory textbooks rather than the original papers
or comprehensive textbooks.

B.1 Holonomic ideals

Let D be the Weyl algebra with polynomial coefficients:
D= (C<Z1, ceey zN,Ol, ceey 8N> = C[Zl, ce ,zN](ﬁl, cee ,8]\[) (Bl)

where the commutators are [z;, z;] = 0, [0;,0;] = 1, and [0;, z;] = 0;;. When we need to
specify the number of variables, we also denote this algebra by Dy. Any element L € D
can be written in the normally ordered form

Z Cp 2?01, 2P =2 AN 91 =01 O e, €C (B.2)
(p,9)€EE

via the commutator relations. The principal symbol in(g 1)(L) of L is defined as the sum of
the highest order differential operators in L:

in(o,l)(L) = Z cpq?P€1 € Clz,¢] (B.3)

(n9)€E, |g| is max

where |g| :== ¢1 + -+ - + qn, and the commutative variable £ denotes the derivative 0 when a
given expression is written in the normally ordered form. We see that the principal symbol
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is the sum of the highest weight terms with respect to the weight 0 for z and the weight
1=(1,...,1) for 0.

Let Z be a left ideal in D. The left D-module D/Z is called holonomic when the
dimension of the ideal of principal symbols

in(1)(Z) = C{ine1)(L) [ L € T} (B.4)

equals N (see also [93, Th 1.4.12, p.32]). In this case, the left ideal Z is called a holonomic
ideal. For general D-modules, the definition of a holonomic D-module requires the notion of
filtration, which lies out of the scope of this short review. We refer the interested reader
to [97, §6.7, §6.8] and references therein for further details.

Example B.1. Take N = 2 and let Z be a left ideal generated by z; and d». The ideal
of principal symbols is then generated by z; and &. The dimension of the zero set of
21 =& =01in C* is 2, and so we conclude that D /Z is holonomic.

B.2 Standard monomials

Let R be the rational Weyl algebra
R = (C(Zl,...,ZN) ®(C[z1 _____ ZN]D:C(Zl,...,ZN)<81,...,aN>. (B.5)

When 7 is a holonomic ideal in D, the left ideal RZ of R is a zero-dimensional ideal. In
other words, the dimension of R/(RZ) as a vector space over the rational function field
C(z1,...,2n) is finite. Similar to the polynomial case (B.2), any element L of the rational
Weyl algebra R can be brought into the normally ordered form

L= Zcq(z)aq, cq(2) € C(z1,...,2N). (B.6)

qeElR

Let < be a term order among the monomials in 9;’s. The largest monomial 97 in L
(stripped of its rational function coefficient) is called the initial monomial in-(L) of L.
Monomials in derivatives naturally form the polynomial ring C[dy,...,dn]. A finite subset
G of R is called a Grobner basis of R Z with respect to < when the initial monomial ideal

inL(RT) = C{ing(L)|L € RT} C C[dy,...,0n] (B.7)

is generated by in<(L), L € G. A monomial 0% is called a standard monomial with respect to
G when 0% does not belong to the initial monomial ideal (in< (R Z) in our case). Within the
theory of Grébner basis in R, the zero-dimensionality of R Z is equivalent to the finitness of
the set of standard monomials. In the following, an element 9 of inL(RZ) C C|[0y,...,ON]
is also denoted by £% to emphasize that it is an element of the polynomial ring. Let us now
give a few examples of standard monomials for different ideals.

Example B.2. When N =2 and Z = (21,02) C D, we have RZ = (1) because Lz = 1.

z
Then the set of standard monomials is empty.
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Example B.3. Put

L = (2:122 — 1) O + Boza (B.S)
Lo = z9(2122 — 1) 02 + (=S1 + Bo)z122 + Bi (B.9)
q D O
where [y and (7 are complex numbers. These two operators
annhilate the function (1 — z129)7%02,'. By a Grébner basis o o
computation in the Weyl algebra D, we find that the ideal of (0f1)
principal symbols is generated by the two elements & — 23&; (ﬁ 0) (1.0 ©

and z1&; — 29€9. Since it defines a 2-dimensional variety in C*,
we conclude that the module D/(L1, La) is holonomic. The set
{L1, Ly} is a Grobner basis in R with any term order < and the

initial ideal is generated by &; and &. The set of standard mono-
mials is simply {£0¢9} = {1}, corresponding to the point (0,0)
in the figure to the right, where the axes represent powers of &1, &s.

Theorem B.4. (see e.g. [97, §6.9]) Let Z be a holonomic ideal in D. Then RD is a
zero-dimensional ideal in R. Conversely, let J be a zero-dimensional ideal in R. Then
DNJ is a holonomic ideal.

Note that the second construction DN J from J is a highly non-trivial. Algorithms
realising such a construction are called Weyl closure algorithms.

We close this subsection with a note on the relation between Pfaffian equations and
Grobner bases. Let G be a reduced Grébner basis of a zero dimensional ideal RZ in the
rational Weyl algebra R. Since it is zero-dimensional, the set of the standard monomials
is a finite set. We denote it by {s1,...,s,}. Computing the normal form of 9;s; by the
Grébner basis, we obtain

0;s; = Z Piljsk mod RG
k=1

The matrix P, = (PZ;) j.k is the Pfaffian matrix for the operator 0;.

Conversely, assume that we are given a basis S = {s1,...,s,} of R/RZ as a vector
space over C(z1,...,zy). Here the s;’s are monomials. Let P; be the Pfaffian matrix
for 9;. Then we have 0;s; = >_j._1(P;) xSk modulo RZ. We assume that there exists a
term order < such that s < ¢ for all monomials s € § and t € S where S is the set
of the monomials which do not belong to S. If such an order exists, it can be found by
solving a system of linear inequalities [93, §2.1]. See also a note below. Then the set
G = {9ij == 0isj — > j—1(Py)jisk | Oisj € S} is a Grobner basis with repect to the term
order <, and the set S is the set of the standard monomials for the Grébner basis. Let us
prove it. Since u > 1 for any monomial u, we have ut > t for any monomial ¢. Therefore,
we have ut € S¢ for t € S¢ and any monomial u by the condition of the order. It implies
that a Grobner basis of the monomial ideal (S¢) is {0;s;|0;s; € S}, and S is the set of
standard monomials for that basis. It follows from the condition on the order that we
have in(g;j) = 0;s; € S and in(G) C ing(RZ). Since dim C[dy,...,dn]/in<(G) = r by
in4(G) = (59, in4(G) = in<(RZ) holds. Thus, G is a Grobner basis for the order <.
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Note that it is necessary to pose the condition on the order and the basis S. For
example, consider N = 1 and M = R/R(01 — z1). S = {01} is a vector space basis
of M over C(z1) and the Pfaffian system with respect to S is 9y — (21 + 1/z1), because
01(01 — 21) = 0?2 — 2101 — 1 and i@l — 1 belong to the ideal R(9; — z1). However, the
reduced Gobner basis of the ideal for any term order is {01 — z1}. In fact, the condition
01 < 1 does not hold for any term order.

Finally, we explain a procedure to check if there exists a term order < such that s < ¢
for all monomials s € S and ¢t € S¢. Let w € ]R]>V0 be a weight vector. We solve a system of
linear inequlities with respect to w -

w-a<w-B foralls=0*c Sandt=0%°e &

where S’ is the set of the minimal generators of the monoid S¢. If the solution space is an
N-dimensional cone, then take w from the interior of the cone and define the order by <.,
where we may take any tie breaker <. Here, we mean 0% <,, 9° if and only if w-a < w-b
or (w-a =w-band 8 < d°). If the cone is empty, there does not exist such an order.
When the cone has dimension less than N, take w(1) € RY, from the relative interior of the
cone and also take the set P of («, 3)’s such that w(1) - o= w(l) - 5. We solve a system of
linear inequalities

w-a<w-p forall (a, ) € P.

Take w(2) € RY, from the relative interior of the solution cone. If this w(2) satisfies
w(2) a = w(2)7- g for all (o, 3) € P, there exists no term order we want. If not, take
<w(2) as a tie breaker. We repeat this procedure. Since any term order can be expressed
by a matrix of weight vectors [109], we can check if there exists a term order s < ¢ for all
monomials s € § and ¢t € S¢ and we can construct it if it exists.

B.3 Proof of theorem 3.1

In this subsection, we prove Theorem 3.1. We follow the notation of section 3.1. Let J be
an ideal of C[f]. It naturally lifts to a left ideal of R generated by the elements of J which
we will denote by RJ. Recall that a term order < on the ring C[f] naturally corresponds
to an order among monomials % by the correspondence % «» 9*. Thus, < induces a term
order on the ring R.

Lemma B.5. The set of <-standard monomials of the ideal J coincides with that of RJ
through the correspondence 0 < 9% .

Proof. Let us recall an identity

for any k € N. For any k = (k1,...,ky) € NV, we set
N

0] =[] 6:(6; — 1)+ (6; — ki + 1). (B.11)
i=1
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We claim that a <-Grébner basis G C J of J is again a <-Grébner basis of RJ. Let us
take P, € G and write them as

P=ab+ -, Q=0b0"+-- (B.12)

where a,b € C and underlines indicate the leading terms. Regarding P and @) as elements
of the ring R, we obtain an expansion

P=azto"+..-, Q=020+, (B.13)

We set ¢; = max(k;, ¢;) and ¢ = (c1,...,cn). The S-pair of P and @ in the ring R (cf. [97,
§6.1]) is
b2' 0"k P — azk9°tQ = 2T (b]0] 1 P — a[f].—Q). (B.14)

The second factor clearly belongs to the ideal J and the S-pair of P and @ is reduced to
zero by G in the ring R. This shows that G is a <-Grébner basis of RJ. Thus, the set of
leading monomials of J is identical to that of R.J through the correspondence 6% < 9*.
This proves the lemma. ]

The following theorem is known as Grébner deformation.

Theorem B.6 (a simplified version of Theorem 3.1.3 of [93]). For any parameter 3 generic
enough, one has an identity

ing(RHA(B)) = R(EL, ..., Eps1,in<(I0)). (B.15)

Now, let us prove Theorem 3.1. Since z* is invertible in the ring R, Theorem B.6 shows

that in4(RHA(8)) is identical to the ideal RZ’. Clearly, the right-hand side is a lift of an
ideal Z' in C[f]. By Lemma B.5, we can conclude that the set of standard monomials of 7’
is identical to that of inL(RH4(3)) through the correspondence 6% <+ 9*.

B.4 Integration and restriction

Now we discuss two important properties of the holonomic D-modules: the so-called
integration and restriction constructions.
Let Dps+n be the ring of differential operators in M + N variables:

C(x1y. -y rry 21y ooy 2N Onys o v o3 Ozpgs Oy s o ooy Oz )

and Z be a left holonomic ideal of Dy . We denote C(xy,...,zpr, 0y -, 0z,,) by Dur
and C(z1,...,2n,0z,...,0:y) by Dy.
The integration of the Dy;4 y-module L = Dyyyn/Z for the x variables is defined by

Drryn ®p I Dy N
Zi]\il 8$iDM+N M T+ Zz]\il a:viDM-i-N’

which is a left Dy-module (see [93, §5.5] or [97, §6.10] for related algorithms and examples).
The integration of a D-module is an algebraic counterpart of the integration in calculus

(B.16)

(for example, see [93, Th 5.5.1, p.227]). It also gives a different approach to the twisted
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cohomology theory (see, e.g., [93, Th 5.5.11, p.233]). The integration module of L is
sometimes denoted with an integral sign:

/7r L, (B.17)

where 7 denotes the natural projection from the (z,x)-space to the z-space.
The restriction of the D-module L to a linear subspace z1 = c¢1,..., 2Ny = ¢y, for some
constant ¢; € C, is defined by

Dyyn

Dyan
n B.18
>i=1(2zj — ¢;) DN (B-18)

I+ (2 —¢))Dun

®DM+N L

It is an algebraic counterpart of the restriction of solutions of differential equations to the
linear subspace (see [93, Prop. 5.2.14, p.207]).

Theorem B.7. (see e.g. [97, Th 6.10.8, p.303].) If L is a holonomic Dy4n-module, then
the integration and the restriction defined above are holonomic Dy -modules.

Finally, let us note that the integration and the restriction constructions commute:

Dy, DN
®D ®D L (B.19)
j=1(zj —¢))Dp 7" (ZZM1 e Dygn Y )
Dy Dyyn
= L @p @Dy L (B.20)
Y10, D ( j=1(z = ¢;)Dygn N )

D
— _ M+N - , (B.21)
7+ ijl(zj - Cj)DM—i-N + Zi:l 8:viDM+N

Restrictions of generalized Feynman integrals will be discussed in the forthcomming pa-
per [105].
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