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Feynman integrals and periods in configuration spaces

Ozgiir Ceyhan and Matilde Marcolli

ABSTRACT. We describe two different constructions related to Feynman am-
plitudes in configuration spaces. Omne of them corresponds to the physical
Feynman amplitude, while the second problem is, in a suitable sense, a com-
plexification. We show that the two problems, while similar in form, lead to
very different mathematical techniques and results. In the first case, we use an-
alytic methods related to the expansion of the Green function of the Laplacian
in Gegenbauer polynomials, while in the second case we use algebro-geometric
techniques related to wonderful compactifications of configuration spaces. In
the first case, we identify a contribution to the Feynman integral, which has
a natural description in representation theoretic terms, which is expressible in
terms of Mordell-Tornheim and Apostol-Vu series, even when the remaining
terms of the integral might not be expressible in terms of multiple zeta val-
ues. In the second case, we can always express the resulting integral as an
integral of an algebraic differential form over a variety whose motive is mixed
Tate, even though the argument does not directly ensure that the algebraic
differential form will be defined over the rationals.

1. Introduction

The past decade has seen the development of a new field of inquiry, aimed
at understanding the geometric and algebraic structure underlying regularization
and renormalization of Feynman integrals as well as the number theoretic prop-
erties of the residues of Feynman graphs obtained in perturbative quantum field
theory. In particular, an unexpected connection between quantum field theory
and Grothendieck’s theory of motives of algebraic varieties was uncovered. The
main idea behind this relation is that (regularized) integrals associated to Feynman
graphs can be interpreted as periods of some algebraic varieties, and the nature of
the motive of the variety can predict what class of numbers can arise as periods.
An especially interesting class of numbers that occur as periods are the multiple
zeta values, which occur as periods of an especially interesting class of motives, the
mixed Tate motives. Thus, within the general framework of the relation between
quantum field theory and motives, specific questions have often revolved around
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whether the specific motives are mixed Tate, and the periods expressible as combi-
nations of multiple zeta values. This area of research has grown rapidly in the past
few years, hence the list of relevant references is extensive. Without any claim of
completeness, we refer the reader to some of the relevant literature, starting with
the paper of Bloch, Esnault and Kreimer [18], including several other contributions
to the subject: [6], [7], [8], [9], [19], [21], [22], [23], [24], [25], [32], [35], [53].

In the perturbative expansion in Feynman graphs of a Euclidean scalar massless
quantum field theory, one can compute the contributions of individual Feynman
graphs either in configuration or in momentum space. A good part of the literature
on the subject of motives and periods in quantum field theory has focused on the
momentum space picture, and especially the Feynman parametric form, where the
contribution of a Feynman graph is interpreted as the (possibly divergent) integral
of an algebraic differential form on the complement of a hypersurface (the graph
hypersurface) in a projective space. In this setting, the relevant motivic question
is the nature of the motive of the graph hypersurface. General results of Belkale
and Brosnan [13] show that the graph hypersurfaces additively span a localized
version of the Grothendieck ring of varieties, hence they can be arbitrarily far from
the mixed Tate case, and more concrete recent results of Doryn, Brown and Doryn,
and Schnetz, provided explicit non-mixed-Tate examples, [22], [23], [35].

In this paper, we will focus on the dual picture in configuration space. We will
consider both the physical case of the Feynman amplitude and some mathematical
generalizations that show similar but different behavior. Clearly, momentum and
configuration space approaches are dual pictures, related by a Fourier transform
of the propagators, as we will show more precisely in Section 2.4 below. However,
Fourier transform is not an algebraic operation, hence there is no a priori reason
why it should preserve the nature of motives and periods, other than a general
philosophical belief in the consistency of the universe. In other words, Fourier
transform preserves the L? but not the L' norm, hence it does not preserve period
integrals. This simply means that one cannot just appeal to Fourier duality to
explain the equivalence of the two pictures, in terms of the arithmetic information
encoded in the Feynman integrals. One has to develop a mathematical argument
that shows what happens in both cases and how they are related.

1.1. Integrals in configuration spaces. In the present paper we will con-
sider two different cases of integrals in configuration spaces. The first case, which
we refer to as the real case, corresponds to the physically relevant Feynman integral,
while the second case, which we call the complezified case is a simple mathematical
generalization. We find it instructive to compare these two cases, because although
they at first look very similar, they lead to different mathematical techniques and
different results.

In both cases, for consistency, we use the following general setting and notation.
Let T be a Feynman graph of the given Euclidean scalar massless quantum field
theory. We assume chosen an orientation of I'. Let D € N be the spacetime
dimension of the theory. Let X be a D-dimensional algebraic variety, which contains
a dense big cell AP C X. Let Confr(X) = X" \U.cp,.A. denote the configuration
space of the graph I', where A, = {z = (2,,) | Z5(c) = T4(c)} are the diagonals. The
geometry of these configuration spaces and of their wonderful compactifications is
described in [28], [49], [50].
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1.1.1. The real case. In this case, we associate to the graph I' the differential
form of middle-dimensional degree DN, with N = #Vr,

1
wr = 1 [EREE e /\ dao,

ecEr Hxs(e) N xt(e)l veVD

where D = 2\ + 2, and where || - || is the Euclidean norm on APV (C).
This a C*°-differential form with singularities along diagonals x4.) = @¢(.). The
domain of integration in this case is the middle dimensional locus of real points

or = X(R)'T.
For later purposes, let us emphasize the following two facts:

(1) wr is not an algebraic form;
(2) wr is not a closed form on Confr(X).

1.1.2. The complezified case. In this other case we consider the variety Z =
X x X with projection p: Z — X, p: 2z = (x,y) — z. We associate to the graph T’
a differential form of middle-dimensional degree 2DN, with N = #V,

(2) 1 _
wp = — dx, N dT,
g 56y = (e 17272 Q

where [[25e) — Zye) || = |P(2)s(e) — P(2)¢(e)||- As chain of integration, in this case,
we consider the middle dimensional locus

oY = X (C) = X" x {y=(y»)} C 2" = X" x X'F
for a fixed y = (y, |v € V). In this case, we have the following situation:

(1) WIEZ) is not an algebraic form;
(2) wéz) is a closed form on Confp(X) x X'T.

1.2. Algebraic versus smooth differential forms. In the typical physical
situation, the relevant integral is over a locus of real coordinates, corresponding to
the physical momenta, or positions. It is in general convenient, in order to apply
geometric methods, to extend the differential form from the real locus to an ambient
space with complex coordinates. In general, there are inequivalent ways of doing
this, which agree on the physically relevant locus of real coordinates. Since the
extension to complex coordinates is an artifact and the values on the real locus are
all that matters to the computation of the integral, the result is independent of the
chosen extension. However, different extensions have different properties and lead
to different methods of dealing with the question of the arithmetic nature of the
Feynman integral.

1.2.1. Algebraic formulations. Typical algebraic formulations of Feynman inte-
grals extend the integration form from real to complex variables using a quadratic
form (algebraic) instead of a Euclidean norm. For example, in momentum space
amplitudes, for n = #Er, one writes the amplitude at

n N
U(r) = / 6(> i1 €viki + 3251 €0,5D05)

q1° " qn

dPky - dPky,
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where €,; and €, ; are incidence matrices for internal and external edges, that
express the linear constraints of momentum conservation at vertices, and the de-
nominator is written as a product of quadratic form (in the case with non-zero mass
m)

D
Ge(ke) = k2 ;+m?.
j=1

In configuration space, with mass m = 0, the analogous approach would corre-
spond to an integral, for N = #Vr,

1
U(F) - / Qi--Q dD‘TWl T deUN?

where the quadratic forms in the denominator are given by

D

Qe(‘rs(e)vxt(e)) = Z(xs(e),j - xt(e),j)2'

j=1
This point of view for configuration space integrals was discussed in [28].

The advantage of this algebraic approach to extending the form from real to
complex coordinates is that one directly deals with an algebraic differential form.
Thus, the interpretation of the Feynman integral as a period (modulo the conver-
gence issue), is completely transparent, as it is manifestly written as an integral of
an algebraic differential form on a locus defined by algebraic equations inside an
algebraic variety.

The disadvantage of this method is that the singularities of the algebraic dif-
ferential form occur along a hypersurface defined by the vanishing of the product of
quadratic forms @ - - - @, and typically the motive of this hypersurface is difficult
to control.

1.2.2. Non-algebraic formulation. The non-algebraic formulation, which is our
main focus in the present paper, extends the form from real to complex coordinates
using a Euclidean norm. The resulting form

o= [ s A du,

ecEr ”l's(e) - xt(ﬁ)HQk veVr

is manifestly not an algebraic differential form. It is a smooth C°°-form on the
complement of the diagonals A, where it is singular.

The advantage of this approach is that now the locus of singularities of the
form is not a hypersurface, but a union of diagonals, which, as we will see more in
detail, is much easier to control in geometric and motivic terms.

The obvious disadvantage lies in the fact that, since the form is not algebraic,
one cannot directly describe the integral as a period, and one should either use
cohomological methods for replacing the form with an algebraic one in the same
cohomology class (closed form case) or proceed via some explicit computation that
identifies the result as a period by direct inspection (non-closed form case).
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1.3. Structure of the paper. Section 2 introduces algebraic varieties XV
and ZVr that describe configuration spaces associated to a Feynman graph I', and
smooth differential forms on these varieties, with singularities along diagonals, that
extend the Feynman rules and Feynman propagators in configuration spaces to
varieties containing a dense affine space that represents the “physical space” on
which the Feynman diagram integration lives.

We consider three possible variants of the geometry, and of the corresponding
differential form, respectively given by the forms (2.2), (2.9) and (2.12), because
this will allow us to present different methods of regularization and integration and
show, in different ways, how the relation between Feynman integrals and periods
of mixed Tate motives arises in the setting of configuration spaces.

These include the “real case” and “complexified case” discussed above, as well
as another variant that is related to some interesting integral kernels we will discuss
in Section 3.

The geometric setting builds upon our previous work [28], and we will be re-
ferring to that source for several of the algebro-geometric arguments we need to use
here. In terms of the Feynman amplitudes themselves, the main difference between
the approach followed in this paper and the one of [28], as we mentioned above, is
in the non-algebraic nature of the differential form. In our previous work [28] we
extended the Feynman propagator to the configuration space X VT as an algebraic
differential form, which then had singularities not only along the diagonals, but
also along a quadric Zr (the configuration space analog of the graph hypersurfaces
describing singularities of Feynman amplitudes in momentum space). In this pa-
per, we extend the Feynman propagator to a C*> (non-algebraic) differential form
on XVr which then has singularities only along the diagonals.

In the real case, we will deal with the resulting integrals through analytic
methods, and identify a term that is expressible through multiple zeta values. In
the complexified case, we will appeal to cohomological arguments to replace the
form with an algebraic one. In this second case, we will also use the fact that,
having singularities only along diagonals allows us to keep a good control over the
motive, which does not leave the mixed Tate class.

Section 3 can be read independently of the rest of the paper (or can be skipped
by readers more directly interested in the main results on periods). Its main pur-
pose is to explain the relation between the Feynman amplitudes (2.2), (2.9) and
(2.12) and real and complex Green functions and the Bochner—Martinelli integral
kernel operator. In particular, we show that the form of the Feynman amplitude
leads naturally to a Bochner—-Martinelli type theorem, adapted to the geometry of
graph configuration spaces, which combines the usual Bochner—Martinelli theorem
on complex manifolds [43] and the notion of harmonic functions and Laplacians on
graphs.

Section 4 deals with the “real case” (the physical Feynman amplitude). We
consider the first form (2.2) as the Feynman amplitude and its restriction to the
affine space APVT (R) in the real locus in the graph configuration space X V', with
X = PP(C). We first describe a setting generalizing a recent construction, by
Spencer Bloch, of cycles in the configuration spaces X Vr. Our setting assigns a
middle-dimensional relative cycle, with boundary on the union of diagonals, to any
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acyclic orientation on the graph. We then consider the development of the propaga-
tor into Gegenbauer orthogonal polynomials. This is a technique for the calculation
of Feynman diagrams in configuration spaces (known as z-space technique) that is
well established in the physics literature since at least the early '80s, [30]. We split
these z-space integrals into contributions parameterized by the chains described
above. The decompositions of the chains of integration, induces a corresponding
decomposition of the Feynman integral into an angular and a radial part. In the
case of dimension D = 4, and for polygon graphs these simplify into integrals over
simplexes of polylogarithm functions, which give rise to zeta values. For more gen-
eral graphs, each star of a vertex contributes a certain combination of integrals of
triple integrals of spherical harmonics. These can be expressed in terms of isoscalar
coefficients. We compute explicitly, in the case D = 4 the top term of this expan-
sion, and show that, when pairs of half edges are joined together to form an edge
of the graph, one obtains a combination of nested sums that can be expressed in
terms of Mordell-Tornheim and Apostol-Vu series. This result means that, even
when the overall Feynman amplitude would contain non-mixed Tate periods, one
can isolate a contribution, which is defined in representation theoretic terms, which
remains a mixed Tate period.

Starting with §5, we consider what we called the “complexified case”. Here we
deal with a different integration form, given by (2.9), which is a generalization of
the Feynman amplitude previously considered. This is defined after performing a
doubling of the dimension of the relevant configuration spaces ZVr ~ (X x X)Vr.
The advantage of passing to this formulation is that one is then dealing with a
closed form, unlike the case of (2.2) considered in the previous section, hence coho-
mological arguments become available. We first describe the simple modifications
to the geometry of configuration spaces, with respect to the results of our previ-
ous work [28], which are needed in order to deal with this doubling of dimension.
We introduce the wonderful compactification F'(X,T') of the configuration space
ZVr | which works pretty much as in the case of the wonderful compactification
Confr(X) of XVr described in [28], [49], [50], with suitable modifications. The
purpose of passing to the wonderful compactification is to realize the complement
of the diagonals in the configuration space explicitly as the complement of a union
of divisors intersecting transversely, so that we can describe de Rham cohomology
classes in terms of representatives that are algebraic forms with logarithmic poles
along the divisors. We also discuss, in this section, the properties of the motive of
the wonderful compactification and we verify that, if the underlying variety X is
a Tate motive, the wonderful compactification also is, and so are the unions and
intersections of the divisors obtained in the construction. We also describe iterated
Poincaré residues of these forms along the intersections of divisors, according to
the general theory of iterated Poincaré residues of forms with logarithmic poles,
2], (3], [33], [42].

In §6, we consider a first regularization method for the Feynman integral based
on the amplitude (2.9), which is essentially a cutoff regularization and is expressed in
terms of principal-value currents and the theory of Coleff—Herrera residue currents,
[15], [31]. We show that, when we regularize the Feynman integral as a principal
value current, the ambiguity is expressed by residue currents supported on the
intersections of the divisors of the wonderful compactification, which are related to
the iterated Poincaré residues described in §5. In particular, when evaluated on
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algebraic test differential forms on these intersections, the currents describing the
ambiguities take values that are periods of mixed Tate motives.

In §7, we introduce a more directly algebro-geometric method of regularization
of both the Feynman amplitude form (2.9) and of the chain of integration, which
is based on the deformation to the normal cone [37], which we use to separate the
chain of integration from the locus of divergences of the form. We check again
that the motive of the deformation space constructed using the deformation to the
normal cone remains mixed Tate, and we show once again that the regularized
Feynman integral obtained in this way gives rise to a period.

2. Feynman amplitudes in configuration spaces and complexifications

In the following we let X be a D-dimensional smooth projective variety, which
contains a dense subset isomorphic to an affine space AP, whose set of real points
AP(R) we identify with Euclidean D-dimensional spacetime. For instance, we can
take X = PP. We assume that D is even and we write D = 2\ + 2.

2.1. Feynman graphs. A graph I' is a one-dimensional finite CW-complex.
We denote the set of vertices of I' by Vr, the set of edges by Er, and the boundary
map by Or : Er — (Vr)2.

When an orientation is chosen on I', we write dr(e) = {s(e),t(e)}, the source
and target vertices of the oriented edge e.

A looping edge is an edge for which the two boundary vertices coincide and
multiple edges are edges between the same pair of vertices. We assume that our
graphs have no looping edges.

2.1.1. Induced subgraphs and quotient graphs. A subgraph v C T' is called an
induced subgraph if its set of vertices E, is equal to 8;1((V,y)2), that is, v has all
the edges of I' on the same set of vertices. We will denote by SG(I") the set of all
induced subgraphs of I' and by

(2.1) SGL(T) = {y € SG(T) | V3] = K},

the subset SG(I') € SG(I") of all induced subgraphs with k vertices.

For v € SG(T'), we denote by I'//v the graph obtained from I' by shrinking
each connected component of v to a separate vertex. The quotient graph I'/ /v does
not have looping edges since we consider only induced subgraphs.

2.2. Feynman amplitude. When computing Feynman integrals in configu-
ration space, one considers singular differential forms on X'7, integrated on the
real locus of this space.

DEFINITION 2.1. The Euclidean massless Feynman amplitude in configuration
space is given by the differential form

(2.2) wr = ] ”z; A dz,.

ccEr s(e) — Lt(e) ||2>\ vEVER
The form (2.2) defines a C*°-differential form on the configuration space

(23) CODfF(X) =X N UeeEFAm
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with singularities along the diagonals

(24) Ae = {(ZU | RS VF) | Ts(e) = xt(e)}.

REMARK 2.2. The diagonals (2.4) corresponding to edges between the same pair
of vertices are the same, consistently with the fact that the notion of degeneration
that defines the diagonals is based on “collisions of points” and not on contraction of
the edges connecting them. This suggests that we may want to exclude graphs with
multiple edges. However, multiple edges play a role in the definition of Feynman
amplitudes (see Definition 2.1 above and §4 of [28]) hence we allow this possibility.
On the other hand, the definition of configuration space is void in the presence
of looping edges, since the diagonal A, associated to a looping edge is the whole
space X'T, and its complement is empty. Thus, our assumption that graphs have
no looping edges is aimed at excluding this geometrically trivial case.

REMARK 2.3. As we already discussed in the Introduction, our choice of the
(non-algebraic) Euclidean norm ||z4) — @) |? in the Feynman propagator differs
from the customary choice of propagator (see for instance [28]) where the algebraic
quadratic form (2, — xt(e))Q is used instead, but these two expressions agree on
the locus X"7(R) of real points, which is the chain of integration of the Feynman
amplitude. The latter choice gives a manifestly algebraic differential form, but at
the cost of introducing a hypersurface Zr in X'T where the singularities of the
form occur, which makes it difficult to control explicitly the nature of the motive.
Our choice here only gives a C* differential form, but the domain of definition is
now simply Confr(X), whose geometry is much easier to understand than that of
Confr(X) \ Zr, see [28].

Formally (before considering the issue of divergences), the Feynman integral is
obtained by integrating the form (2.2) on the locus of real points of the configuration
space.

DEFINITION 2.4. The chain of integration for the Feynman amplitude is taken
to be the set of real points of this configuration space,

(2.5) or = X(R)'".

The form (2.2) defines a top form on or. There are two sources of divergences in
integrating the form (2.2) on or: the intersection between the chain of integration
and the locus of divergences of wr,

or NUA, = UeAeGR)

and the behavior at infinity, on A, := X ~ AP. In physics terminology, these
correspond, respectively, to the ultraviolet and infrared divergences.

We will address these issues in §4 below.

2.3. Complexification and other variations upon a theme. In addition
to the form (2.2) considered above, we will also consider other variants, which will
allow us to discuss different possible methods to address the question of periods and
in particular the occurrence of multiple zeta values in generalizations of Feynman
integrals in configuration spaces. As mentioned in the Introduction, comparing two
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apparently very similar cases of the Feynman amplitude (2.2) and of the complexi-
fied version (2.9) will allow us to illustrate how these lead to the use of very different
mathematical methods.

2.3.1. Complezified case. In this setting, instead of the configuration space X '©
and its locus of real points ¢ = X T (R), we will work with a slightly different space,
obtained as follows.

As above, let X be a smooth projective variety, and Z denote the product
XxX. Letp: Z— X, p:z=(z,y) — x be the projection.

Given a graph T, the configuration space F(X,T) of T in Z is the complement

(2.6) Z\ | AP = (x x x)'r\ | AP,
ecEr ecEr

in the cartesian product Z'© = {(z, | v € V1)} of the diagonals associated to the
edges of T,

(2.7) Aﬁz) > {(z, |ver)e ZVr | p(2s(e)) = P(21(e)) }-

The relation between the configuration space F'(X,T") and the previously con-
sidered Confr(X) of (2.3) is described by the following.

LEMMA 2.5. The configuration space F(X,T) is isomorphic to
(2.8) F(X,T) ~ Confp(X) x X'T,
and the diagonals (2.7) and related to those of (2.4) by AP = A x X
2.3.2. Amplitudes in the complexified case. We assume that the smooth pro-

jective variety Z contains a dense open set isomorphic to affine space A%P, with
coordinates z = (x1,...,Zp,Y1,---,YD)-

DEFINITION 2.6. Given a Feynman I' with no looping edges, we define the
corresponding Feynman amplitude (Weight) as

(2.9) w? day A dz,,
eg [Z4(e) — Ti(e) PP 2 vé‘\,r ‘
where |74y — Zye) |l = [P(2)s(e) — P(2)(e)|| and where the differential forms da,

and dz, denote, respectively, the holomorphic volume form dz, A---Adz, p and
its conjugate. The chain of integration is given, in this case, by the range of the
projection

(2.10) oY) = XV x {y = ()} € 27 = X' x X',
for a fixed choice of a point y = (y, |v € V1).

The form (2.9) is a closed C* differential form on F(X,T) of degree 2 dim¢ X'* =
dime ZY" = 2DN, with N = #Vp, hence it defines a cohomology class in the group
H?PN(F(X,T)), and it gives a top form on the locus o(%¥).

(2)

In this case, the divergences of [ (,, wy’’ are coming from the union of the

diagonals Uee g A£Z> and from the divisor at infinity

(2.11) APy = oZW L APN(C) x {y}.
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with N = #Vp. We will address the behavior of the integrand near the loci
UeeEr Agz) and Afj)r and the appropriate regularization of the Feynman ampli-
tude and the chain of integration in §5 below. When convenient, we will choose
coordinates so as to identify the affine space APN(C) x {y} C ¢%¥) with a real
affine space A2PN(R), with N = #V7.

2.3.3. Complexified amplitudes and complex Green forms. A variant of the am-
plitude wIEZ) of (2.9), which we will discuss briefly in §3, is related to the complex
Green forms. In this setting, instead of (2.9) one considers the closely related form

D
A~ 1 - T
(2.12) Qr = H iz 252 /\ Z(—l)k Yy, ) A Ty i,

— X
eckp 1°s(e) ()] veVr k=1

where the forms dz, ) and dz, ) denote
dxv,[k] = dxv,l AR /\Cﬁv\,k AREE /\dCEU,D,

djv’[k] = d.va VARERIVAN dfv,k VARERIAN d.fv,D7

respectively, with the factor dz, ;, and dz, ; removed.

Notice how, unlike the form considered in (2.9), which is defined on the affine
AZPN c 7Vr | with N = #Vf, the form (2.12) has the same degree of homogeneity
2D — 2 in the numerator and denominator, when the graph I" has no multiple edges,
hence it is invariant under rescaling of the coordinates by a common non-zero scalar
factor.

2.3.4. Distributional interpretation. In the cases discussed above, the ampli-
tudes defined by (2.2) and (2.9) can be given a distributional interpretation, as a
pairing of a distribution

(2.13) 11 %”a

where « is either 2A = D — 2 or 2D — 2, or 2D, and test forms given in the various
cases, respectively, by

1) forms ¢(x, dz,, where ¢ is a test function in C*(APN(R)), with
( ) veEVPr

N = #Vr;
2) forms ¢(z,) A, dx, N dZ,, with ¢(z,) = d(p(2y)) = ¢(x,) a test func-
(2) (20) Npenr (20) = o(p(20)) = d(a0)

tion in C*°(X "7 (C)).

2.3.5. Relation between complexified amplitudes. We have introduced here above
two simple mathematical generalization of the Feynman amplitude (2.2), respec-
tively given by (2.9) and (2.12). These are related by a simple operation.

Let 7 denote the form
D
(2.14) = /A <Z(—1)D+kdxv,wdxv,k>.
vEVr \k=1
LEMMA 2.7. The forms wl(ﬂZ) and wr of (2.9) and (2.12) are related by

(2.15) w? = Aar.
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PRrROOF. We have

D D
/\ Z(—l)Dil(—l)jilde,j ANdZy i | A /\ ( (—l)kildmv,[k] A da:v7[k])
k

wEVr Jj=1 vEVT =1

= /\ dzy A dZ,.

vEVP

2.4. Amplitudes and Fourier transform. We expand here, briefly, on the
comment made in the Introduction regarding amplitudes in momentum and con-
figuration space and Fourier duality between the propagators. This was discussed
in greater detail in [29].

In real momentum space, with momentum variables k. € AP (R), for each edge
e € Er, the form of the Feynman amplitude is a product of edge-propagators

1
(m? + [|kel*)"

In configuration space, as we have seen above, one considers in (2.2) a product
of propagators of the form

1
(2.16) Gor(Ts(e) — Te(e)) ' = 757, Wwith D =2X+42,
(e) () [2s(e) — $t(e)|‘2,\
in the massless case. The massive case (which we will not consider in this paper)
has a somewhat more complicated expression

m*

GmR(Ts(e) — Ty(e)) = W ||$s(e) - xt(e)H_’\ ’CA(mes(e) — Ty(e)ll)s

with K, (2) the modified Bessel function.

The expression Gor(Zs(e) — Ty(e)) of (2.16) is the Green function of Laplacian
on AP(R), with D = 2\ + 2:

1

GR(‘T7y) = ||IE _ y”Q)\

Similarly the expression G, g (7(e)—Z¢(e)) above is fundamental solution of Helmholtz
equation (A +m?)G = 4.

For test functions ¢ € S(RP), Fourier transform of convolution with the Green
function gives

— axP/2 1

— 1

(Gm,R, * ) (k) = W o(k).

This shows that, in the real case, the amplitude (2.2) we are considering is indeed the
dual picture, under Fourier transform, of the momentum space Feynman integral.




12 OZGUR CEYHAN AND MATILDE MARCOLLI

When we pass from the Feynman amplitude (2.2) to the complexified amplitude
(2.9), we replace the real Laplacian on AP(R) with the complex Laplacian on

AP(C),

The Green function of the complex Laplacian is given by

(D —2)!

which is the expression that replaces (2.16) when passing from (2.2) to (2.9). This
shows why (2.9) can be regarded as a natural generalization of (2.2).

3. Amplitudes and Bochner—Martinelli kernels

In this section, using the relation between the Feynman amplitude wr of (2.2)
and the Green functions of the Laplacian, we compute dwr in terms of an integral
kernel associated to the graph I' and the affine space APNr ¢ XV with Ny = #Vp.
We also discuss the relation between the complexified amplitude wlgz) of (2.9) and
the Bochner—Martinelli kernel.

3.1. Real Green functions and differentials. As before, we consider the
Green function of the real Laplacian on AP (R), with D = 2\ + 2, given by

1
3.1 Gr(z,y) = —— .
&y S P

Consider then the differential form w = Gg(x,y) dx A dy. This corresponds to the
Feynman amplitude (2.2) in the case of the graph consisting of a single edge, with
configuration space (X x X) ~\ A, with A = {(z,y) | * = y} the diagonal.

LEMMA 3.1. The form w = Ggr(x,y)dz A dy is not closed. Its differential is
given by
o~ (k — )
(3.2) dw:—AZﬁ (dx A dy A dzy, — dz A dy A dijy) -
k=1

PRrROOF. We have
D D
5 0GR _ 0GR _
dw = 0w = Z 0%, dx/\dy/\dxk+z D dz A dy A dy.
k=1 k=1
We then see that

Az -yl _ _)\($k — Yk) and Az -yl _ )\(xk — k)

Iz, l —ylIP” oge e —yll?”

so that we obtain (3.2). O
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3.2. Feynman amplitudes and integral kernels on graphs. We first con-
sider the form defining the Feynman amplitude wr of (2.2). It is not a closed form.
In fact, we compute here explicitly its differential dwr in terms of some integral
kernels associated to graphs.

Recall that, given a graph I" and a vertex v € Vr, the graph I' \ {v} has
(3.3) VF\{U} =Vr~ {U}, and EF\{v} = Fr ~ {6 € Er |U S 6(6)},

that is, one removes a vertex along with its star of edges.

DEFINITION 3.2. Suppose given a graph I and a vertex v € V. Let Ny = #Vp.
Let €, = (—1)"T¢/, where €, is the sign determined by

e (/\ dry) Adr, = /\ Az, .
wH#Y v €Vrp

Let St,, and Tt be the expressions defined as
1 1
3.4 Sty = _ Tr, = _
e sa= Nl g e o
e€Er:v=s(e) e€Er:v=t(e)

Also denote by &, ., the expression

> (@ok = Tu)

v,k — Lw,k

(3.5) Kyw = —_—

kZ:l |20 — @0l P

We define the differential form
(3.6)

R _
v €v SF,U Z TF\eﬂ)“v,t(e) - TF,U Z Sl—‘\e,vas(e),v dmv A dl‘v7k7

kr
e:v=s(e) e:v=t(e)

in the coordinates x = (x, |v € V1). Given an oriented graph T', we then consider
the integral kernel

(3.7) Krr =X Z wr{v} A HHF{,M

vEVP

where wr .} is the form (2.2) for the graph (3.3).

PROPOSITION 3.3. The differential dwr is the integral kernel KCr r of (3.7).

PROOF. First observe that, for wr the Feynman amplitude of (2.2), we have
dwr = Owr, that is,

dor= Y Y

veVr k=1
with Ny = #Vp. We introduce the notation

(3.8) v = ] L

cvoe 1T — TP

wr N dZy 1,

We can then write, for any given v € Vp,

H g2

—2,\ = ur 51,0117 v,
s(e) — Tt(e )”
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and we obtain
1
8@1;,19 (H .’L‘()—W‘) = ’UF,'USF,'uaiU’kTF,v + UF,UTF,va:Evyk Sl_‘,v.

We also have

0
8.@,’;c

_(zs(e),k - zv,k)
||378(e) - vaD

TF,U = Z Tl"\e,v

e:v=t(e)

a Ly - c
SF,U =A Z SF\e,v( ok t(€)7k)

0Ty |20 — ) |P

e:v=s(e)

where we used the fact that, for z, w € AP, one has

8 1 _ A (wk — Zk)
ow |z —wl> ~ Je—w|P
Thus, we find
dor = MN=1D)V" > v, N day AkE,.
vEVD w#v
We then identify the term v, Ay, do,y, with the form wr g,y O

It is easy to see that this recovers (3.2) in the case of the graph consisting of
two vertices and a single edge between them.

3.3. Complex Green functions and the Bochner—Martinelli kernel.
On AP(C) C X the complex Laplacian

D

has a fundamental solution of the form (D > 1)

—(D —2)!
(3.9) Gelrw) = (2m’>D(||x - yﬂw-f

The Bochner—Martinelli kernel is given by

(3.10) Ke(z,y) = -1 i(_l)k_lﬂdf o A dx
T emi)P &= lz = y[2P T

where we write
de =dzy A---Ndep  and  dEg) = dy A--- AdZg A - Adip,

with the k-th factor removed. The following facts are well known (see [43], §3.2
and [48]):

2 kflaG(C -
(3.11) Ke(z,y) = ;(71) a—xkdx[k] A da
B D
= (—1)D_181G(C N Z df[k} N d.’L‘[k].
k=1

where 9, and d, denote the operators 9 and 0 in the variables x = (z). For fixed
y, the coefficients of K¢ (z,y) are harmonic functions on AP \ {y} and Kc¢(z,y)
is closed, d.K(z,y) = 0. Moreover, the Bochner—-Martinelli integral formula holds:



FEYNMAN INTEGRALS AND PERIODS IN CONFIGURATION SPACES 15

for a bounded domain ¥ with piecewise smooth boundary 9, a function f € C2(%)
and for y € X,

(3.12) f / f@)Ke(x,y) /A x) Ge(x, y)dTNdx— / Gel(z,y) py(x),
o5
where p15(x) is the form
D af
(3.13) pp(a) =Y (~1)PH- la dx g A dz.
k=1

The integral (3.12) vanishes when y ¢ . A related Bochner—-Martinelli integral,
which can be derived from (3.12) (see Thm 1.3 of [48]) is of the form

(3.14) f() = /8 fa) Kela.y) - / 31 A Ke(z,y).

for y € ¥ and f € CY(X), with 0f =", 0z, f dZy.
Similarly, one can consider Green forms associated to the Laplacians on P9
forms and related Bochner—Martinelli kernels, see [65].

3.4. Complexified amplitudes and the Bochner—Martinelli kernels.
We now consider the Feynman amplitude wr of (2.12) in the complexified case
discussed in §2.3.3. We first introduce a Bochner—Martinelli (BM) kernel for graphs.

3.4.1. Bochner—Martinelli kernel for graphs. We define Bochner—Martinelli ker-
nels for graphs in the following way.

Suppose given an oriented graph I' and vertices v,w € Vp. In the coordinates
Ty, Ty € XVT, consider the forms

D _ _
(3.15) K, = ;(—1)k—1m dzy A dZ, 5,
(G o k—1 Tuk — Tw,k _
(3.16) kS = ;(—1) [ dx, 3y A dTy.
We construct two kinds of integral kernels, in terms of the x5, and 5 and of

expressions

1 1
C | | TC | I
(317) Sl",'u = Hxv To(e) HQD,Q y v ¢) xv||2D72 :

||‘Ts(
ecEr ecEr
v=s(e) v=t(e)

which are the analogs of (3.4) in the complexified case.

DEFINITION 3.4. For an oriented graph I' and a vertex v € Vp, we set

(318) H«l—:‘?v: Z SF UTF\ev v,t(e) Z SF\E’U I s(e v

e:v=s(e) e:v=t(e)
C,* (C (C *
(319) K:I‘,v - Z SF UTF\e vV t(e Z SI‘\& v+ s(e v*
e:v=s(e) e:v=t(e)

We also define a simpler BM kernel for graphs, of the form

C _ _
(3.20) m?i/[ = Z €e Hg(e)’t(e) dxy A\ dT, g
e:wed(e)
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and
BM,C,* C,* _
(3.21) KTy = Z €e Fgle) t(e) Az () A dZy,
e:wed(e)

where the sign €, is +1 depending on whether v = s(e) or v = t(e).

3.4.2. Complexified amplitude and Bochner—Martinelli kernel. The Bochner—
Martinelli kernel of graphs defined above is related to the Feynman amplitude
(2.12) by the following.

PROPOSITION 3.5. Let &r be the Feynman amplitude (2.12). Then

(3.22) 8@1“ = Z €y @F\{v} A H%v
veVr
(323) &;)I‘ = Z €v ":)F\{v} A (71)D 1/{(1;27
veVr

where the sign €, is defined by

€v /\ Z k 1dl‘w ]/\djw,[k] A <Z(1)k1dl'v7[k] Adiv,[k]) =

w#v k k
A Z ¥ g A i
v’ eVr
PRrROOF. The argument is analogous to Proposition 3.3. a

3.5. Bochner—Martinelli integral on graphs. There is an analog of the
classical Bochner—Martinelli integral (3.14) for the kernel (3.18) of graphs.
We first recall some well known facts about the Laplacian on graphs, see
g. [14]. Given a graph T, one defines the exterior differential § from functions on
Vr to functions on Er by

(0h)(e) = h(s(e)) — h(t(e))
and the §* operator from functions on edges to functions on vertices by
= 2 &= ) e
e:v=s(e) e:v=t(e)
Thus, the Laplacian Ar = §*§ on I is given by

(Arf)) = D (A) =h(t(e)) = Y (h(s(e)) = h(v))

e:v=s(e) e:v=t(e)

> hw),

e:v€ed(e)
where N, is the number of vertices connected to v by an edge, and v, is the other
endpoint of e (we assume as usual that T" has no looping edges). Thus, a harmonic
function h on a graph is a function on Vr satisfying

(3.24) h(u)zNi S h(we).

v e:wed(e)
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Motivated by the usual notion of graph Laplacian Ar and the harmonic con-
dition (3.24) for graphs recalled here above, we introduce an operator

(3.25) (Arof)@)= > flxw,),

e:wed(e)

which assigns to a complex valued function f defined on AP C X a complex valued
function Ar, f defined on X'r,

We then have the following result.

PROPOSITION 3.6. Let f be a complex valued function defined on AP C X.
Also suppose given a bounded domain ¥ with piecewise smooth boundary 0% in AP
and assume that f is C! on 3. For a given v € Vp consider the set of & = (z,,) €
APIVrl c XVr | such that x,, € ¥ for all v, # v endpoints of edges e with v € d(e).
For such x = (x,,) we have
(3.26)

@ $o) = ok ([t = [ o fo) nwf2 @)

with /{3 and K?Zj’c as in (3.20) and (3.21), where the integration on ¥ and 0%

15 in the vamable xy and Ar o, f is defined as in (3.25).

PROOF. We have

D
:Esek_xe )
/fxvfiﬁjfc Z fxvz et (e) t(e)k -

ewed(e) 2 k=1 [1Zs5(e) = Te(e) 1P

where
Ny = dxy N dTy (1]

We write the integral as

D (z T, k)
v,k T Lok
Z f Ty Z ||!Ev — 2, |2P U

e:v=s(e) k=1
D —
- > L ) (- 1)k 1 (Zue b — To.)
v
e:v=t(e) k=1 |2y — 2, [|2P
D x z )
= > fva 1)l
e:wed(e) =1 ||J?U — Ty, ||

The case of the integral on ¥ is analogous. We then apply the classical result (3.14)
about the Bochner-Martinelli integral and we obtain

[ @@ /%f A?i“()- 27” S ).

: e:wed(e)



18 OZGUR CEYHAN AND MATILDE MARCOLLI

3.6. Bochner—Martinelli kernel and forms with logarithmic poles. In
view of our discussion, later in the paper, about replacing the complexified ampli-
tude by an algebraic form with logarithmic poles, we mention here a well known
property of the Bochner—Martinelli kernel, which provides a completely explicit toy
model model case for the kind of substitution we aim for in the more general case
of the complexified amplitude.

Consider then the Bochner-Martinelli form, for z,w € CP

D

3.27 zy) =Y (“DF12E I g0 A dpg
(3.27) W) = (VMR d dagy
k=1

Let QP~! be the pullback, under the projection p : CP” \ {0} — PP~1(C),
of the Kihler volume form of the Fubini-Study metric on PP~1(C), and let 7 :
Bly((CD) — CP denote the projection of the blowup of CP at a point y. We then
have the following result.

LEMMA 3.7. The pullback 7*(¥) of the Bochner—Martinelli form (3.27) is
(3.28) ™ (0) =ConQP,

where § is as above and 0 = dlog(\) on the fibers {\z}rec, and with the constant
C € Q(2mi).

PROOF. The result follows as in [43], pp. 371-373. One checks with a direct
computation that the constant is given by C = (27i)P~1/(D — 1)!. O

LEMMA 3.8. The form

D

(3.29) Do = |20 — 20| TP (—1)F Mz, g Ay
k=1

satisfies

(330) 8(':’1),11: = \I’(J?v, xw)'

where the 0-operator is taken in the x, variables.

Proo¥F. The form 0w, ,, is given by
D

D
9 1
dzy i N> (=1)FYday g A dZy g1 = (2, T
=1 8‘TU7J <||Iw 1,1)2D2> ’ ! ];( ) v ,[k] * V[k] ((E r )

J

O

Note that the form &, ,, of (3.29) is the form &r for the graph I' consisting
of two vertices v, w and a single edge between them. We then have the following
result, which shows that the form @, ,, can be replaced by an algebraic form with
logarithmic poles, up to a coboundary.

PROPOSITION 3.9. Let 7 be the projection of the blowup along A = {x, = Ty}
The form @y 4, satisfies, for some form &,
(3.31) T (y ) = C log(\) QP! 4 de,
with C = (2mi)P~1/(D — 1)L
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PROOF. By (3.28) and (3.30), we have o1 (@, ) = COANQP L and On* (@ 1) =
0. Thus, we have
A(T* (@y.0) — C log(N) QP71 = 0.
The cohomology of the blowup is given additively by (see [43], p. 605)
H*(BIa (PP~ x PP71)) = 7 H* (PP~ x PP~ @ H*(E) /n*H*(A).

This has no odd dimensional cohomology, hence for the above form of degree 2D —1
we obtain that m* (&, ) and C log(\) QP~ differ by a coboundary, with C as in
Lemma 3.7. (]

In particular, as a direct consequence of the previous result, in the case of a
tree we obtain the following.

COROLLARY 3.10. If the graph T is a tree, then

7'('*((:}1") = /\eeEFﬂ'*(a}s(e),t(E))

is cohomologous to a differential form with logarithmic poles.

4. Feynman amplitudes: integration over the real locus

In this section we consider the physical Feynman amplitudes wr, defined as
in (2.2), and the domain or defined in (2.5). We give an explicit formulation of
the integral in terms of an expansion of the real Green functions ||z4() — Zy() | =2
in Gegenbauer polynomials, based on a technique well known to physicists (the
x-space method, see [30]). We consider the integrand restricted to the real locus
X(R)Vr, and express it in polar coordinates, separating out an angular integral and
a radial integral. We identify a natural subdivision of the domain of integration
into chains that are indexed by acyclic orientations of the graph. In the special case
of dimension D = 4, we express the integrand in terms closely related to multiple
polylogarithm functions.

Spencer Bloch recently introduced a construction of cycles in the relative homol-
ogy H.(XVr,U.A,) of the graph configuration spaces, that explicitly yield multiple
zeta values as periods [17]. We use here a variant of his construction, which will
have a natural interpretation in terms of the z-space method for the computation
of the Feynman amplitudes in configuration spaces.

4.0.1. Directed acyclic graph structures. We recall some basic facts about di-
rected acyclic orientations on graphs.

DEFINITION 4.1. Let I be a finite graph without looping edges. Let Q(I")
denote the set of edge orientations on I' such that the resulting directed graph is a
directed acyclic graph.

It is well known that all finite graphs without looping edges admit such orien-
tations. In fact, the number of possible orientations that give it the structure of a
directed acyclic graph are given by (—1)Vr Pr(—1), where Pr(t) is the chromatic
polynomial of the graph T, see [63].

The following facts about directed acyclic graphs are also well known, and we
recall them here for later use.
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e Each orientation o € §(I") determines a partial ordering on the vertices
of the graph I', by setting w >, v whenever there is an oriented path of
edges from v to w in the directed graph (T, o).

e In every directed acyclic graph there is at least a vertex with no incoming
edges and at least a vertex with no outgoing edges.

4.0.2. Relative cycles from directed acyclic structures. Given a graph I' we con-
sider the space X VT. On the dense subset AP (R) = X(R) \ A, (R) of the chain
of integration or, we use polar coordinates with =, = r,w,, with r, € Ry and
w, € SP-1,

DEFINITION 4.2. Let o € (I") be an acyclic orientation. Consider the chain
(4.1) Yo = {(x,) € XVT(R) : 7 > r, whenever w >, v},

as a middle dimensional relative homology class in X Vr.

Points on a diagonal A, = {7e) = Z4(e)} have rye) = 74(c), hence the locus
Ue A, of singularities of the Feynman amplitudes is contained in the boundary 0%,.

The following simple observation will be useful in the Feynman integral calcu-
lation we describe later in this section.

LEMMA 4.3. Let o € Q(T") be an acyclic orientation and L, the chain defined
in (4.1). Then $o \ Uy{r, = 0} is a bundle with fiber (SP~1)VT over a base

(4.2) So = {(ry) € RV & 1y > 1, whenever w >, v}.

PROOF. This is immediate from the polar coordinate form z, = r,w,, with
ry € R} and w, € Sb-1, O

4.1. Gegenbauer polynomials and angular integrals. One of the tech-
niques developed by physicists to compute Feynman amplitudes, by passing from
momentum to configuration space, relies on the expansion in Gegenbauer polyno-
mials, see for instance [30] and the recent [57].

The Gegenbauer polynomials (or ultraspherical polynomials) are defined through
the generating function

oo

1
(4.3) O 2oy = > oM@y,

n=0
for |t| < 1. For A > —1/2, they satisfy

721722 (n + 2))
nl(n+ANIN\)? -~

1
@) [ V@O @) (1= P e =G
-1

We use what is known in the physics literature as the z-space method (see [30])
to reformulate the integration involved in the Feynman amplitude calculation in a
way that involves the relative chains of Definition 4.2.
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THEOREM 4.4. In even dimension D = 2\ + 2, the integral for wr of the form
(2.2) on the chain or can be rewritten in the form

7430 e)\n
(4.5) > mo/ IT .5 (Z =Dy (w, o) '%(e))) av,

,
oeQ(I) Zo ccEr to(e)

for some positive integers mo, and with volume element

dV = HdeU = Hrf)_ldrv dwy,.

PROOF. We write the integral in polar coordinates, with
dw = sin”?(¢1) sin” 3 (¢2) - - - sin(¢p_2)dey - - - dpp_1

the volume element on the sphere SP~! and dPz, = TUD ~Ldr, dw,.

In dimension D = 2\ 4+ 2, by (4.3), the Newton potential has an expansion in
Gegenbauer polynomials, so that

1 1

”xs(e) — Tt e)HQA B pZA(l + (&)2 - 2&“}3(6) . Wt(e))A

_ 7“@
ZAZ P )"C (Ws(e) - wie)),
n=0 "¢

(4.6)

where p. = max{||z,)ll, [|Ze)l|} and re = min{[|zge ], |74} and with w, €
Sh-1,

We can subdivide the integration into open sectors where, for each edge, either
Ts(e) < Ti(e) OF the converse holds, so that each term p‘;?/\ is rig))‘ (or r;(i;‘) and
each term (re/pe)" is (75(e)/Te(ey)” (or its reciprocal). In other words, let b denote
an assignment of either ryy < 7ye) OF r4) > Ty(e) at each edge, which we write
simply as b(rs(e), Tt(e)), and let

Ry = {(r,) € (Ri)vF | b(75(e), Te(e)) for e € Ep}

and Rp = Rp x (SP~1)Vr. Then we identify the domain of integration with UpRp,
up to a set of measure zero. The set Ry, is empty unless the assignment b defines
a strict partial ordering of the vertices of I'; in which case b determines an acyclic
orientation o = o(b) of T, as described in Definition 4.1. In this case, then, the
chain of integration corresponding to the sector Ry, is the chain 3, of Definition 4.2,
with pe = 7y ey and re = 7, (). Thus, the domain of integration can be identified
with Useq(r)mo Lo, Where m, is a multiplicity, taking into account the fact that
different strict partial orderings may define the same acyclic orientation. (I

The integral (4.5) can be approached by first considering a family of angular
integrals

(4.7) A(ne)GEEF :/SD N chp Ws(e) wt(e) Hdwva

labelled by all choices of integers n. for e € Ep. The evaluation of these angular
integrals will lead to an expression 4, in the n., so that one obtains a radial
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integral
(48) Z mo/ H ]: 60(6),7}0(6)) H DildT’U
0eQ(D) Yo ccEr v
where
Tso (e nc
(49) F(Tso(e) ’/‘to e) t (e) Z )

rt(

4.2. Polygons and polylogarithms. We first discuss the very simple exam-
ple of a polygon graph, where one sees polylogarithms and zeta values arising in the
expression (4.9) and its integration on the domains ¥,. In the following subsections
we will analyze the more general structure of these integrals for more complicated
graphs.

4.2.1. The angular integral for polygons in arbitrary dimension. The angular
integral for polygon graphs has the following explicit expression.

PROPOSITION 4.5. Let I' be a polygon with k edges. Then the angular integral
(4.7) depends on a single variable n € N and is given by

(4.10) A et N\ (5221
. n=|=——-———] -dim ,
' LA+ 1)(n+\) "
and H,,(S* 1) is the space of harmonic functions of degree n on the sphere S +1.
PROOF. The angular integral, in this case, is simply given by
/ C’I(L)]\)(ka ! wvl)CT(L)Q\)(w'Ul ' wvz) e Or(zi) (ka—l ' ka) H de
(sP-1)¥r VeV

which is independent of the orientation. We then use the fact that the Gegenbauer
polynomials satisfy ([11] Vol.2, Lemma 4, §11.4)

D—1
(4.11) /SD—I C,(,;\) (wy - w)C’T(L’\)(w - wo)dw = Op,m %C;{W (w1 - wa),

with Vol(§P~1) = 20 1 /T(A + 1), for D = 2) + 2. Thus, we obtain

A2 NPT
4.12 o= CM(w - w) dw,
i) 4 <m+1>> AT L, O
where n = ny; = --- = ng and where the remaining integral is just

/ O (w - w)dew = C (1) Vol(SP1).
sD—1

The value of Cy(f‘)(l) can be seen using the fact that the Gegenbauer polynomials
are related to the zonal spherical harmonics (see §4 of [64] and also [40], [56], [68])

25! (ws) by

(4.13) C,(f‘)(wl “Wg) = Cp.n Z( )(w2)

for D = 2)\ + 2, with wy,ws € SP~1, where the coefficient cp , is given by
Vol(SP~1) (D - 2)

414 =
(4.14) €D, I+ D—2
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In turn, the zonal spherical harmonics are expressed in terms of an orthonormal
basis {Y;} of the Hilbert space H,,(S”~1) of spherical harmonics on SP~! of degree
n, as
dim H,, (SP~1)
(4.15) ZW(w) = Y Yi(w)Yj(wa).
j=1

The dimension of the space H,,(SP~1) of spherical harmonics is given by

dimH,, (571 — (D—1+n> B (D—S%-n).

n n—2
Using (4.15), we then have

/ CM(w - w)dw = CDJL/ Z (W) dw
§D—1 sD-1

dlmH"(SD 1
- N d - nd H SD71 b
=c¢p Z /SD 1 \ w = cppdimH,( )
which gives C’T(L)‘ (1) = %, for D =2\ + 2. O

4.2.2. Polygon amplitudes in dimension four. We now specialize to the case
where D = 4 (hence A = 1) and we show how one obtains integrals of polylogarithm

functions
oo

Lis(z) =

n=1

PROPOSITION 4.6. Let I" be a polygon with k edges and let D = 4. Then the
Feynman amplitude is given by the integral

2
(4.16) (272 ZO: e /E D Lik_2(1:[ 7;]; ) H ry dro,

where the vertices v; and w; are the sources and tails of the oriented paths deter-
mined by o.

Zn

ns’

PROOF. We write the terms in the integrand (4.5) as

(4.17) II o> <Z(re)" CM (ws(ey 'Wt(e))> =

ecEr n pe

_ Tl \n Tk \n
(Pl"'pk) 2 Z (PT) ! (piN) r Cr(L/})(WS(m) 'wt(e1)>"'Cr(L/;\C)(WS(6k) 'wt(ek))

N1,k
and we perform the angular integral as in (4.10). In the case D = 4 we have
dim H,,(S%) = (" ! 3) _ (Z " ;) — (n+1)%.
Thus, the angular integral of Proposition 4.5 becomes
(272)*

(n+1)k—2"

We then write the radial integrand as in (4.8). An acyclic orientation o € Q(I"),
subdivides the polygon I' into oriented paths 7; such that s, = s, , and t,, =1

(4.18) A =

Yi+1
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or s,, = s,,, and t,, = t,,_,. Correspondingly, the set of vertices is subdivided
into Vp = {v; } U {w;} U{v ¢ {v;,w;}} with v; the sources and w; the tails of the
oriented paths and the remaining vertices partitioned into internal vertices of each
oriented path. We then have

f(rs(e)7rt(e)) = (27r2)k(H rig)) Z W(H %)n

n>0 7

= e (Ind 129 Y AT 2

e i Viop>1 i Wi

Since each w; is counted twice as target of an edge and the internal vertices of the
oriented paths are counted only once, we obtain

Ty,

2
r2
(4.19) H}"(rs(e),m(e)) Hridv = (2rH)F . Lik_Q(H N ) Hrvdrv.

%

4.2.3. Zeta values. After a cutoff regularization, these integrals produce combi-
nations of zeta values with coefficients that are rationals combinations of powers of
2mi. To see how this happens, we look explicitly at the contribution of an acyclic ori-
entations of the polygon consisting of just two oriented paths ~; and v with source
v and target w, respectively with k1 and ks internal vertices. The other summands
can be handled similarly. By changing variables to t = r2/r2 t; = rg/ r2 for v;
the internal edges of v; and s; = r%i /r2, for v; the internal edges of 72, we obtain

N rodr, = 221752 dry dt \ dt; A ds;.
veEV, 7

After factoring out a divergence along Ao, = X ~ A%, coming from the integration
of the r,, term, which gives a pole along the divisor A, one obtains an integral of
the form

2772k/ Lik_g(t) dt Hdtidsia
ilﬁig i

where So = 21 ﬂig with 21 = {(t,ti,si) |t S tl S S tk1,1 S 1} and 22 =
{(t, tiy i) |t < 51 <+ < 8ppy—1 < 1}. One can use the relation [36]

1 1
—— ™ML, () — —— /xmLin_l(x)da:,

4.2 ™14 =
(4.20) /x in(z) dz 1 1

to reduce the integral to a combination of zeta values. Further results on zeta values
and multiple zeta values, beyond the relations in [36], can be found in [1], [20].

We will return to discuss cutoff regularizations in §5.8 and §6, in the case of
the complexified amplitudes.
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4.3. Stars of vertices and isoscalars. To see how more complicated expres-
sions can arise in the integrands, which eventually lead to the presence of multiple
zeta values, it is convenient to regard graphs as being built out of stars of vertices
pasted together by suitably matching the half edges, where by the star of a vertex
we mean a single vertex v of valence k with %k half-edges e; attached to it. One can
then built the Feynman integral by first identifying the contribution of the star of
a vertex, which is obtained by integrating in the variables r, and w, of the central
vertex v, and results in a function of variables r,, and w,,, for each of the edges
ej. One then obtains the integral for the graph, Wthh gives a number (possibly af-
ter a regularization), by matching the half edges and identifying the corresponding
variables and integrating over them.

We first introduce the analog of the angular integral (4.7) for the case of a
graph with half-edges. While in the case of a usual graph, where all half-edges
are paired to form edges, the angular integral (4.7) is a number, in the case with
open (unpaired) half-edges it is a function of the variables of the half edges, which
we denote by A,(w), where n = (n1,...,n) and w = (w1,...,wy) are vectors
of integers n; € N, for each half-edge e;, and of variables w; € SP~1. We will
sometime denote these variables by w,;, where v; simply denotes the end of the
half-edge e;. We will equivalently use the notation A, (w) or Ay;)(wy,). In the
case of the star of a vertex, the angular integral is of the form

(4.21) Aun(w /SD ) HC(”\) wj - w)dw, with n = (n;)e,cEr, W = (Wj)e,cEr-
LEMMA 4.7. Let T’ be the star of a valence v vertex. Then the angular integral
(4.21) is given by the function

Ay (@o;) = Diny + CDmy A(nj)(wuj)»
(4.22)
A i) = 3 Vo) o) [ V0DV 0) o

where {Y( )}g 1., is an orthonormal basis of the space H,(SP~1) of spherical
harmonics of degree n, and d, = dimHn(SD_l), with the coefficients cp ., as in
(4.14).

PRrROOF. Using the relation (4.13), (4.15) between the Gegenbauer polynomials
and the spherical harmonics, we rewrite the angular integral (4.21) in the form
(4.22). O

Thus, the evaluation of the angular integrals (4.22) for stars of vertices relates to
the well known problem of evaluating coupling coefficients for spherical harmonics,

1 k

(4.23) (v Lyt = /SM Y ()Y (W) duw.

In the following we will be using the standard labeling of the basis {Ye(n)}
where, for fixed n, the indices £ run over a set of (D — 2)-tuples

(mp—2,mp_1,...,ma,mq) with n>mp_g>--->mg>|my|.
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The spherical harmonics Yé(”) have the symmetry

(4.24) v = (i,
where, for £ = (mp_s,mp_1,...,ma,m), one has
Z = (mD727mD717 <y M2, _ml)'

In the simplest case of a tri-valent vertex, these coefficients are also referred to
as the Gaunt coefficients, and have been extensively studied, see for instance [5],
[47], [61]. The Gaunt coefficients arising from the integration of three harmonic
functions determine the coefficients of the expansion formula

(4.25) y oy () — Z Kpnmtie Yo"

that expresses the product of two harmonic functions in terms of a linear combi-
nation of other harmonic functions, with the cases where some of the factors are
conjugated taken care of by the symmetry (4.24). In the more general case (4.23)
one can therefore repeatedly apply (4.25), hence we focus here on the example of
the star of a tri-valent vertex.

The Gaunt coefficients (Ye(lnl), 1/'6(2"2)1/'5(3713 )) p can be computed via Racah’s fac-
torization lemma ([5], [47]) in terms of isoscalar factors and the Gaunt coefficients
for D — 1, according to
(4.26)

(n1) y(n2) y(na)y _ [ M1 T2 13 (n}) y-(n3) y-(n3)
<Y611’Y£227Y£33>D_(n/1 ny g )DD 1 <Y€/1 ’Yﬂ“ 7Yé/33>D717

where ¢; = (n},¢;) with n, = mp_o,; and ¢; = (mp_3,,...,m1,). An explicit
expression of the isoscalar factors
ny N2 N3
4.2
(4.27) ( ny mh mg )D:Dl

is given in [5], [47]. We will discuss this more in detail in §4.4 and §4.5 below.

4.4. Gluing two stars along an edge. We now consider the effect of patch-
ing together two trivalent stars by gluing two half edges with matching orientations.

LEMMA 4.8. Let Ay ny o (w,w1,w2) and Ay g n, (W' w3, wa) be the angular
integrals associated to two trivalent stars, as in Lemma 4.7. Then the angular
integral of the graph obtained by joining the two stars at an edge is

(4.28) .A(n Vi1 wi)i=1,. Z H CDn; i WZ) Knies(n),

l; =1

with coefficients K, ¢(n) given by

dny
(4.29) K:sz, ‘ Z ”) Y(”l , €(2n2)>D . <}/Z(”)7n(3n3)7}/z(4n4)>[)
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PRrOOF. The angular integral A(,,),_, . ,((wi)i=1,..4) is obtained by integrat-
ing along the variables of the matched half edges,
4 ~
A(”i)i:ly.‘A((wi)i:17~~74) = CD,nCDJL’(H CD,M) : A(ni)izl ,,,,, 4(((411‘)1‘:1)“,,4),
i=1

where .A(n 4((wi)i:17,__,4) is given by

() ), (™ n1 na n' ng ng
/SDldeY Y;N )HY& (wl)<€ b Ay )D(f/ by Ly )D

Eél.

where we used the shorthand notation

none My ) () y(m) ()
(4.30) (6 0 £2> =YY, Y, D

Using the orthogonality relations for the spherical harmonics, this gives
4

I epm) D Vi)V (@)Y (ws) Y (wa) Kpe(n),

i=1 01,62,03,04
with the coefficients as in (4.29). O

The coefficients K,, ¢(n) are usually very involved to compute explicitly (see
(3.3), (3.6) and (4.7) of [5]). However, some terms simplify greatly in the case
D = 4, and that will allow us to show the occurrence of functions closely related
to multiple polylogarithm functions in §4.5 below. For later use, we give here
the explicit computation, in dimension D = 4, of the coefficients K, ¢(n), in the
particular case with £ = 0.

PROPOSITION 4.9. In the case where D = 4, the coefficient K, ¢(n) with £; =0
has the form
4

71_4
(4.31) <o = ) oy 1

in the range where n + n1 + no and n 4+ ng + ng are even and the inequalities
In; —nk| < n; <nj+ng hold for (n;,nj,ng) equal to (n,nq1,n2) or (n,n3,na) and
transpositions, and are equal to zero outside of this range.

PROOF. We use the fact that ([5], (4.9) and [47], (22) and (23)) the coefficients
(Yo(nl), Yo(nz), Yo(ns)> p are zero outside the range where

(4.32) an is even and  |nj — ng| <n; < ny +ny,

while within this range they are given by the expression

(4.33)
| (J+D—3) (it 2 - )T —m+ 2 -1\
1o @9+ o L D (7 oo ’

where €p is a sign, J = 3. n;, and dgf?) = dim H,, (SP~1). In the particular case
where D = 4, the expression (4.33) reduces to

ny nNg n3 _ (nz+1 1/2
(0 0 0)4_641_1 /2 4H”Z+1
7

(d®
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using again the fact that dim H,,(S%) = (n + 1)2. Thus, we obtain

(D=4) _ 2 n o nip N2 n n3 N4 _
Kniti=o() _C4="< 0 0 0 )4( 0 0 0 >4—
2Vol($3)\> 1 1 ! .y Am
— — . 1 /2 )
(5ere wrp W = e 0 ey

4.5. Gluing stars of vertices. We now consider the full integrand, including
the radial variables and again look at the effect of gluing together two half edges of
two trivalent stars. We will see that one can explicitly identify the leading term in
the resulting expression in the integrand with a function closely related to multiple
polylogarithms.

LEMMA 4.10. Consider the star of a trivalent vertex, and let D = 4. Af-
ter a change of variables t; = ry,/r, with v = r, for v the central vertex of the
star, the integrand (4.8), for an orientation o, can be written as an expression
To(r,ty,to, ts,wr,ws,ws) drdtidiadts of the form

3 3
r9 H t?i Z A(nl,nz,ns)(wlvw27w3)t?nlt§2n2t§3n3 dr H dti?

i=1 i=1

(4.34)

ni,n2,n3

where o; = 1 and ¢; = 1 if the half-edge e; is outgoing in the orientation o and
a; =3 and €; = —1 if it is incoming, and where A,(w) = A,y (wj) is the angular
integral of Lemma 4.7 with D = 4.

PRrOOF. The integrand of (4.8), for the case of a trivalent star, is of the form

3

3
H F(rs(es)s Tt(ei))T?’dT H 7“31- dry,,
i=1 i=1
with
ny na ns
Ts(ey) T's(e2) Ts(es)
-F ’rs e; art T An(ﬂ) ( ) < > < ) .
H e zl_ll e zﬂ: B Tt(er) Tt(e2) Tt(es)

When combined with the volume form as in (4.35), this can be rewritten as

ZA ( )Eml (EYW? (7;3>€3n3 dr dridradrs,

T r
where the exponents a; are given by the table

(4.35)

1,02 Q3

(4.36) reorttry?ry

Op O; O2 Og
(675} -3 3 -1 1
(5] 1 3 1 1
(%) 1 3 3 1
Qs 1 3 3 3
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where the orientation oy has all the half-edges of the star pointing outward, oy all
pointing inward, oy has e; outward and ey e3 inward and oz has e; and e, outward
and eg inward. All the other cases are obtained by relabeling of indices. After we
change variables to t; = r,, /r, we obtain dr A A3_;dr; = r3dr A A3_;dt; and (4.36)
becomes

(437) IO(T, (ti),g) = Tgt?ltg2t§3 Z‘Aﬂ((‘—d) (tl)elnl (t2)62n2 (t3)63n3 dr dt1dt2dt3.

n

O

We can now perform the gluing of two stars by matching an oriented half-edge
of one trivalent star to an oriented half edge of the other, so that one obtains an
oriented edge. This means integrating

oo
(4.38) / / / To(r,t, ty, to, w, wr, wa)Zo(r, t, ts, ta, w,ws, wy) dr dt dw.
>JsD-1

There is an overall divergent factor arising from the integration of (4.38) in the vari-
able r, which can be taken care of by a cutoff regularization. Up to this divergence,
one obtains an integrand Z(tq,tq,ts, t4, w1, ws,ws,wy), as the result of gluing two
trivalent stars by matching oriented half-edges to form an oriented edge e, which is
given by

(439) Io(thwi) = // Io(t,tl,tQ,LU,(Ul,Wg)IO(t,t?,,t4,OJ,OJ3,UJ4) dtdw)
> JSsD-1

where the domain of integration ¥ = %(ty,to,3,%4) for the variable ¢ is given by
% = Mijiten)=s(e).sen)=t(e) {1 ti ST <15}

In the following we write t = (t1,t2, t3, t4) and similarly for w, n and £.
By combining (4.28) with (4.22), we can rephrase (4.39) in terms of isoscalars.
This gives a decomposition of Z,(t;,w;) into a sum of terms of the form

tz,wz Zzoné tuwz

We denote by Zs o(t,w) the leading term

(440) Zo ,0 tu wz ZIO n,0 t’u Wz

involving only the isoscalars with all £; = 0. We have the following result computing
the terms Zg o(t;, w;).
LEMMA 4.11. In the case D = 4, the integrands Lo o(t,w) are given by

4

7ta1+eln1 dt
(440 Zoalted) = S [ eon gy [t 3 e

n i=1

where the sum over the indices n and n is restricted by the constraints n + ni + no
and n + ng + ny are even and the inequalities |n; — ng| < n; < n; + ny hold for
(ni,nj,ng) equal to (n,n1,n2) or (n,n3,n4) and transpositions.
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PROOF. Using (4.39) and (4.28), (4.29), (4.34), we obtain for Z,(¢,w) the ex-
pression

4
SOST epon Y (it ay) /E it 3 Ko sln) 7.
n £ i=1 n

The expression (4.41) then follows directly from the form (4.31) of the coefficients
IC;%:AQ (n). The factor ¢* in the integral comes from the exponents « = 1 and o = 3

of the two half edges, which have matching orientations. O

Notice that, without the constraints on the summation range of the indices
n,n;, we would obtain again an integral of the general form (4.20), involving poly-
logarithm functions Li,(¢€), with s = 3 = k — 2 as in the case of polygons analyzed
above. However, because not all values of n, n; are allowed and one needs to impose
the constraints of the form (4.32), one obtains more interesting expressions. We
first introduce some notation.

4.5.1. Summation domains and even condition. In the following we let R de-

note a domain of summation for integers (ni,...,ng). We consider in particular
the cases
R=RW ={(n1,...,m)|n;i >0, i=1,....k}
(4.42) R:R%I;)P ={(n1,...,ng) |nK > -+ >ng >ny >0}
RzRg) :={(n1,n2,n3) |n2 >ny1, nay—mny <ng<ng+ni}.
We denote by Liﬁ,...,sk (#1,...,2;) the associated series
ni Nk
.R Z DY Z
(4.43) Li% L (om) = >, Ak
nl DRI nk

(n1,...,nK)ER
In the first two cases of (4.42), this is, respectively, a product of polylogarithms
Li%P (21, 2) = [I; Lis, (2j) and and a multiple polylogarithm

S15--435k

R .
LigMP o (21505 2k) = Ligy s (2150005 21)-
We will discuss the third case more in detail below. We then define
(4.44)
:R,even 1 R R
Lig o, (#1y.0y21) = 5 (Llsl,...,sk (215 .y 21) + Lig, s, (=215, —zk))
-R,0dd 1 (T:R R
Lig s, (21, 28) = 5 (Llsl,i..,sk (z1,-+,28) — Llsly___75k(—,7:17 e, —zk)) .
The odd Liﬁ’fﬁiik (#1,...,2,) is a direct generalization of the Legendre x function,
while the even Llfleve;‘k (#1,...,2k) corresponds to summing only over those indices

in R whose sum is even,

:R,even _ Z{ll a Z}Z:lk
(4.45) Li (21, 21) = > R

81,..4,8k nil coopSk
(n1,e.ni) ER, 30, ni €2N k

More generally, one can also consider summations of the form

PALIS A
‘RyE1,Ek _ 1 Tk
(4.46) Lig oo (21,0, 28) = g e
1 k

(nl,...,nk)GR, n;€E;
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where, foreachi =1,...,k, & = 2N or £ = N\ 2N, that is, some of the summation
indices are even and some odd.

4.5.2. Matching half-edges. We now illustrate in one sufficiently simple and
explicit case, what the leading ¢ = 0 term looks like when all the half-edges of
stars are joined together. We look at the case of two stars of trivalent vertices with
the half edges pairwise joined, that is, the 3-banana graph (two vertices and three
parallel edges between them).

PROPOSITION 4.12. In the case of D = 4, consider the graph with two vertices
and three parallel edges between them. The £ =0 amplitude Zo o is given by

1
(4.47) Too = / £9 (2OLig3 7O (4, t) + 2Liga (¢, 1)) dt.
0

PROOF. There is a unique acyclic orientation of this graph, with the three

edges oriented in the same direction. Thus, there is a single variable ¢ € [0,1] = X
in the integrand of Z, o, and the latter has the form

§ : ni+nz+ng
K:Th,nz,na.t ’
(n1,n2,n3)€D

where the coefficients K, 1, n, are given by

C?I,nl 0421,11203,113 o (4’/T2)3
(n1+1D(na+1)(ng+1)  (n1+1)3(na + 1)3(ng + 1)3’
according to Proposition 4.9, and the fact that all the half-edges of the two trivalent
stars are matched. The summation domain D is given by

’Cnunmns =

D = {(n1,n2,n3) |n; > 0 |n; —ng| <n; <nj +ng, an even}.
i
We subdivide this into separate domains D = D; U Dy U D3 U Dy U D5, where

Dy ={n; =0, ny >0, n3 =nag}

DQZ{TLQZO, TL1>0, ng,:nl}

D3 ={n1 >0, no =n1, 0 <ng <2ny, n3even }

Dy={0<ng <ni, ni —ng <ng<ni+ny, >, n;even }

Ds = {0 <ni <ng, ng—ny <ng<ni+ng, »,n;even }.

We have
$n +n2+ns

t2n
> =12y~ =t Lis(t?)
3 3 3 6 '
(n1+1)3(na+1)3(n3+ 1) =in

(n1,n2,n3)ED,

nitnatng 9 t2n )
=t — =t 2Lig(t?) — 1
Z (n1 4+ 1)3(n2 + 1)3(n3 +1)3 7; nb i6(+")

(n1,m2,n3)€D2

Z tnitna2tng _ Z t?(n-‘rf)
(n1,n2,n3)ED3 (nl + 1)3(712 + 1)3(713 + 1)3 n>0,0<4<n (2€ + 1)3(n + 1)6
t2n+2+2€+1
=142 ) e
nEO,nggn( + ) ( L )
tm1+m2
6,—3 _ 6,—3T1:R ,odd,even
=-1+2% > W__1+2t Liga'® (t,1)

0<my <mg
m1 odd , mg even
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tn1+n2+n3
Z (n1 +1)3(ng + 1)3(ng + 1)3

(n1,n2,mn3)EDy

=t LTV (¢, t,1) + 1 — t2Lig(¢%)

tn1+n2+n3
2 (n1 4+ 1)2(n2 + 1) (ng + 1)°

(n1,m2,m3)€Ds

=t SLiE " (¢4, 1) + 1 — t2Lig(17),

where in the last two cases the term ¢~ 2Lig(t?) — 1 corresponds to the summation
over mg = 1, my > 1 and m3 = my (respectively, m; = 1, mg > 1, m3 = mg), with
m; = n1 + 1. The integrand has a factor of t* for each edge, as in Lemma 4.11,
which gives a power of t12 that combines with the t=3 factor in the result of the
sum of the terms above to give the ¢ factor in (4.47). O

For more general graphs, where more vertices and more stars are involved, one
gets summations involving several “triangular conditions” |n; —ng| < n; < nj+ng
around each vertex, and the integrand can correspondingly be expressed in terms
of series with a higher depth. Moreover, notice that we have focused here on
the leading terms K77 (n) only. When one includes all the other terms /Cy, ¢(n)
with £; # 0, the expressions become much more involved, as these coefficients are
expressed in terms of the isoscalars (4.27) and of the standard 3j-symbols for SO(3),
through the factorization (4.26). The isofactors are known explicitly [5], [47] so
the computation can in principle be carried out in full, but it becomes much more
cumbersome.

Next we show that the functions Liz’TS ,.55 (21, 22, 23) that appear in these Feyn-
man amplitude computations can be related, via the Euler—Maclaurin summation
formula, to some well known generalizations of multiple zeta values and multiple

polylogarithms.

4.5.3. Mordell-Tornheim and Apostol-Vu series. We consider two generaliza-
tions of the multiple polylogarithm series, which arise in connection to the Mordell-
Tornheim and the Apostol-Vu multiple series. The Mordell-Tornheim multiple
series is given by [55], [66]

(4.48) CMT,k(317~-7Sk§Sk+1) = Z nl—Sl,..nlzsk(nl_i'_..._’_nk)—slwrl’
(nl,...,nk)GRg)

with an associated multiple polylogarithm-type function

(4.49)
LiMT . _ Z Zpt e Z;?k Zz(crjrll%'%nk)
151,...,sk;sk+1(217'"’Zk’ZkJrl) - 51

Sk N
( e nj ...nkk(nl +...+nk)5k+1
MN1,y...,N P

Similarly, the Apostol-Vu multiple series [10] is defined as

(4.50) CAV’k(sl,._.’sk;skJrl): Z nf“"'ngs’“(m—i----—i-nk)_s’““,

(1,0 i) ERS,

and we consider the associated multiple polylogarithm-type series
(4.51)
ng (n1+-+ng)

nq
Z ... Z Z
LAV ) _ 1 k Pkl
Lig”  seisnnn (B1o o 285 2h41) = ) P (i e )

(nl’m,nk)ERx}')P
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4.5.4. FEuler—Maclaurin formula. A way to understand better the behavior of

the functions (4.45) with R = R? ) that appear in this result, is in terms of the
Euler-Maclaurin summation formula.

LEMMA 4.13. Let f(t) = z't~%. Then

k .
s 00 =300 (5) (TR et (e

i=0 J
Proor. Inductively, we have
k

fwm)=§:@nhﬁ@>qs+nn-@+k—j—1ﬁ*ﬁhﬂxn%@y,

=0

where s(s+1) - (s +k —j—1) = ("0 (k=)L O

The Euler-Maclaurin summation formula gives

b
Zf - ()dt+§<f<>+f<a>>

a
N

(4.53) Z f(k D(b) — f*D(a))

/ Bt =l 0 gy

where by are the Bernoulli numbers and Bj the Bernoulli polynomials. We then
have the following result.

PROPOSITION 4.14. Consider the series Li™~ (21, 29, z3) defined as in (4.43),

81,82,83
with R = R%). When applying the Fuler—Maclaurin formula to the innermost sum,
the summation terms in (4.53) give rise to terms of the form

(454) :|:FJ k(53; Zg) Ll61 $25834 (Zl, 223 2’3)
or
(455) iFj7k(83, 2’3) Li£{£3+k7j;32 (21, 223 23),
where
b (K (s+k—j—1 , _
(4.56) Fir(s,z) = i (j> ( k- >(k — ! log(z)’

PrOOF. For Lls1 59,55 (215 22, 23), With R = Rg,‘?), the summation

zZh3
(4.57) > ;3

na—ni<nz<nstni 3

can be expressed, using Lemma 4.13, through the Euler—Maclaurin summation
formula (4.53). Up to a sign, each summation term in the right-hand-side of (4.53)
is the product of a function of z3 of the form F} ;(ss, 23), as in (4.56), and a term

of the form
Zn2+n1 L2
=3 or =3
(712 + n1)33+k—ﬂ (n2 — n1)53+k—J
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When inserted back into the summation on the remaining indices ny > nq, this
gives summations of the form

ni N2 ni+nz
1 %2 %3

4.58 -
( ) nilngz (nl 4 n2)83+1€*J ’

na>n1>0
in the first case, or in the second case, after a change of variables m = ny — nq,
n = ny in the indices
n+m

(4.59) 3 21 25 2

nsimsstk—i(n 4+ m)s2’
n>0,m>0 ( + )

which are respectively of the form (4.49) and (4.51). O

4.6. Conclusion. In this section we have seen that, in the “real case” of the
physical Feynman amplitude (2.2), in dimension D = 4, one can identify a specific
contribution to the integral, which is described naturally in representation theoretic
terms as the £ = 0 (deepest) term in the SO(3) isofactors. This term contributes an
integral that is always expressible in terms of summations like Mordell-Tornheim
and Apostol-Vu series, which are ultimately expressible in terms of multiple zeta
values. Thus, even when, for sufficiently large graphs for which the Feynman inte-
gral would involve non-mixed Tate periods, this specific term remains within the
class of mixed Tate periods. We do not have, at present, a direct motivic interpre-
tation of this term.

5. Wonderful compactifications and complexified amplitudes

We move now to discuss a different problem of regularization and renormaliza-
tion of integrals in configuration spaces, based on our generalization of the Feyn-
man amplitude (2.2) given by the complexified version (2.9) introduced in §2.3.2.
As in Definition 2.6, the locus of integration is, in this case, the complex variety
XVr x {y = (y,)}, for a fixed choice of a point y = (y,), inside the configuration
space Z'T with Z = X x X.

We described in detail in our previous work [28] the geometry of the wonderful
compactifications of the configuration spaces Confr(X). We recall here the main
definitions and statements, adapted from Confr(X) to F(X,T"). The arguments
are essentially the same as in [28].

5.1. Arrangements of diagonals. A simple arrangement of subvarieties of
a smooth quasi-projective ambient variety Y is a finite collection of nonsingular
closed subvarieties S = {S; C Y, i € I} such that

e all nonempty intersections (), ; S; for J C I are in the collection S.

e for any pair S;,5; € S, the intersection S; N S; is clean, that is, the
tangent bundle of the intersection is the intersection of the restrictions of
the tangent bundles.
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5.1.1. Diagonals of induced subgraphs and their arrangement. For each induced
and not necessarily connected subgraph v C T, the corresponding (poly)diagonal is

(5.1) AP ={z=(z) € Z" | p(zy) = pl(zw) for {v,0'} = dr(e), e € Ey}.
We have the following simple description.

LEMMA 5.1. The diagonal A(WZ) is isomorphic to X"V7//v x XV and has di-
mension

(5.2) dim Al = dim X"7//» x X'* = (2Np — N, + bo(7)) dim(X)
with N = #Vr, and with bo(y) the number of connected components of .

We then observe that the diagonals form an arrangement of subvarieties. This
is the analog of Lemma 5 of [28].

LEMMA 5.2. For a given graph T', the collection
(5.3) Sr={AP |y e sGI)},

with SG(T") the set of all induced subgraphs of T, is a simple arrangement of diag-
onal subvarieties in Z'T.

PROOF. Let 71 and ~5 be a pair of induced subgraphs. If 44 N7y, = @, then
v = v U~ is in SG(T"), and the corresponding diagonal ASZ) is given by the

intersection Agf) N Ag). On the other hand, if v N2 # @, we consider the

connected components 7; of the union . Then, the intersection Agf) N Ag) can

be written as N; AE(ZW)j) where i(7;) is the smallest induced subgraph of I' containing

;. All diagonals are smooth and the ideal sheaf of intersection A(VZ) is the direct

sum of the ideal sheaves of the intersecting diagonals ASJZ,). By Lemma 5.1 of [50],
their intersections are clean. O

5.1.2. Building set of the arrangements of diagonals. A subset G C S is called
a building set of the simple arrangement S if for any S € S, the minimal elements
in {G € G : G D S} intersect transversely and the intersection is S.

A G-building set for the arrangement St can be identified by considering further
combinatorial properties of graphs. A graph I' is 2-vertez-connected (or biconnected)
if it cannot be disconnected by the removal of a single vertex along with the open
star of edges around it. The graph consisting of a single edge is assumed to be
biconnected. We then have the analog of Proposition 1 of [28].

PRroOPOSITION 5.3. For a given graph T, the set
(5.4) Gr = {AEYZ) |v C T induced, biconnected}
is a G-building set for the arrangement Sr of (5.3).

ProOOF. The intersection of a bi-connected subgraph of I' with an induced
subgraph is either empty or a union of bi-connected induced subgraphs attached at
cut-vertices. We decompose induced subgraphs into bi-connected components. The
diagonals corresponding to these bi-connected components are the minimal elements
in the collection Sp. For a pair of bi-connected induced subgraphs 1,7y, with v =

~v1 U7z, we have the following equalities due to Lemma 5.1; dim A(f) + dim A(Wf) -

dim A% = dim(XYe/mn x XV0) 4 dim(X Yo/ x XVP) — dim(X Vi x XW) =
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2dim(X)Nr = dim Z'7, with Np = #Vi. These guarantee the transversality of
the intersection A(f) N A%f). O

5.2. The wonderful compactifications of arrangements. To be able to
analyze the residues of Feynman integrals, we need a compactification Z[I'] of the
configuration space F'(X,T') satisfying certain properties. In particular, Z[I'] must
contain F'(X,T) as the top dimensional stratum, and the complement Z[I'|\ F(X,T")
of this principal stratum must be a union of transversally intersecting divisors in
Z[I']. The transversality is essential for the use of iterated Poincaré residues, which
we will discuss in §7 below.

There is a smooth wonderful compactification Z[I'] of the configuration space
F(X,T) which is a generalization of the Fulton—-MacPherson compactification [39].
The construction is completely analogous to the construction of the wonderful com-
pactifications Confr(X) considered in our previous paper [28]. Again, we illustrate
here briefly what changes in passing from the case of Confr(X) to the case of
F(X,T).

5.2.1. The iterated blowup description. As in the case of Confr(X) (see §2.3 of
[28]), the wonderful compactification Z[I'] is obtained by an iterated sequence of
blowups. The following is the direct analog of Proposition 2 of [28].

Let N = #Vr and let G, v € Gr be the subcollection
(5.5) Grr = {AE/Z) |7 € SG;(T') and biconnected} for k=1,...,N —1.

Let Yy = Z'" and let Y) be the blowup of Y;_; along the (iterated) dominant
transform of A(WZ) € GN_g+1,r. If T is itself biconnected, then Y; is the blowup

of Yy along the deepest diagonal A(FZ), and otherwise Y7 = Y. Similarly, we have
Y = Yj_1 if there are no biconnected induced subgraphs with exactly NV — k + 1
vertices. The resulting sequence of blowups

(5.6) Yyo1 ==Yy =Y, 5 2T

does not depend on the order in which the blowups are performed along the (it-
erated) dominant transforms of the diagonals ASYZ), for v € Gn_k+1,1, for a fixed
k. Thus, the intermediate varieties Y}, in the sequence (5.6) are all well defined.

The variety Yy_1 obtained through this sequence of iterated blowups is called the
wonderful compactification;

(5.7) Z[T] == Yn_1.

Note that Z[['] is a smooth quasi-projective variety as can be seen through its
iterated blow-up construction, see [50].

5.2.2. Divisors and their intersections. A flag F in the arrangement St consists
of a sequence A% C Aw c... A% of (poly)diagonals associated to disjoint unions
of induced subgraphs ~;. Recall from [50] and Definition 3.7.1 of [54] that a Gr-
nest N for the arrangement Sr is a collection {~1,...,7¢} of biconnected induced
subgraphs with the property that there exists a flag F such that A is the set of all
the Gr-factors of the flag. The Gp-factors of an element A%. of the flag are defined
as the minimal elements of the building set Gr that contain A%.

The flags F of the arrangement St are in one-to-one correspondence with the
forests of nested subgraphs 7x (Proposition 3 of [28] and Proposition 3.7.3 of [54]).
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The latter are finite collections of rooted trees, where each component is a finite
tree, where the vertices are labelled by connected induced subgraphs of I', in such
a way that, if there is an edge from a vertex v; to a vertex v; (oriented away from
the root), then the corresponding connected induced subgraphs satisfy v; C ~;.
Graphs assigned to vertices on different branches of a tree, or on different trees in
the forest, are disjoint.

Given a subgraph v C I, we denote by ¢(y) the smallest induced subgraph
containing v. By Proposition 3.7.3 of [54], given two biconnected induced subgraphs
7,7, the set N'= {A,, A/} is a Gr-nest if and only the graphs satisfy one of the
following conditions:

(1) yny =0
(2) t(yU~') is not biconnected;
(3) yCq'ory Cr.

REMARK 5.4. In [50] and in Proposition 3 of [28], the Gr-nests are charac-
terized in terms of a list of properties similar to the above, with the possibility of
t(y U~") not biconnected replaced by v N+’ = {v}, a single vertex. However, the
latter condition does not always correspond to a Gr-nest, as observed by Martin
and Sabbah, [54], [58]. This fact does not affect the results recalled below on the
strata of the wonderful compactification.

We then have the following analog of Proposition 4 of [28] and Proposition
3.8.1 of [54].

PROPOSITION 5.5. For a given biconnected induced subgraph v C T, let Dgz)

be the divisor obtained as the iterated dominant transform of A(WZ) in the iterated
blowup construction (5.6) of Z[I']. Then

(5.8) ZM\F(x,1)= |J DY.
AS,Z)EQF

The divisors D,(YZ) have the property that
(5.9) Df) n---N DSZZ) £0 < {y,...,v} is a Gr-nest.

5.3. Motives of wonderful compactifications. As in the case of the won-
derful compactifications Confr(X) analyzed in [28], one can obtain the explicit
formula for the motive of the compactifications Z[I'] directly from the formula for
the motive of blow-ups and the iterated construction of §5.2.1.

We first introduce the following notation as in [28], [49]. Given a Gr-nest N,
and a biconnected induced subgraph « such that N/ = N U {v} is still a Gr-nest,
we set

(5.10) Ty =Ty N = dim(ﬁv/e/\/’w/cfyAv/) — dim A’W
(5.11) My = {(/’L’Y)A-yegr‘ 1< py<ry—1, py € Z},
(5.12) Il =D~ hoe

A, eGr

We write here m(X) for the motive in the Voevodsky category. This corresponds
to the notation Mg, of [69].
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The following result is the analog of Proposition 8 of [28], see also [49] for the
formulation in the case of Chow motives.

PROPOSITION 5.6. Let X be a smooth projective variety. The Voevodsky motive
m(Z[[)) of the wonderful compactification is given by

(5.13) wm(Z[)=m(z'")e P P m(XVrravm e XVE)(|| ) 2] el
N€EGr-nests p€Mus

where T /ar(T) is the quotient T/oar(T) :==T//(y1 U---U~,.) for the Gr-nest N =
{y, -k

PROOF. Let Y — Y be the blow-up of a smooth scheme Y along a smooth

closed subscheme V' C Y. Then m(Y') is canonically isomorphic to

codimy (V)—1

mY)e P mV)(k)2H,

k=1

see Proposition 3.5.3 in [69]. The result then follows by applying this blow-up for-
mula for Voevodsky’s motives to the iterated blow-up construction given in Section
5.2.1. O

A simplified form of (5.13) (in the case of the Grothendieck class) was given in
Theorem 4.3.3 of [54].

We obtain from Proposition 5.6 the following simple corollary (see §3.2 of [28]).

COROLLARY 5.7. If the motive of the smooth projective variety X is mized

Tate, then the motive of Z[U'| is mized Tate, for all graphs T'. Moreover, the ex-

)

ceptional divisors DEYZ associated to the biconnected induced subgraphs v C T and

the intersections D%?) n---N DEMZ) associated to the Gr-nests {y1,...,7v¢} are also

mized Tate.

PRrROOF. This is an immediate consequence of the construction of Z[I'] since the
motive of Z[I'] depends upon the motive of X only through products, Tate twists,
sums, and shifts. All these operations preserve the subcategory of mixed Tate
motives. The reason why the intersections Dg) N---N D,(f) are also mixed Tate is
because one has an explicit stratification, as described in [28] and [50], where one
has a description of the intersections of diagonals in terms of configuration spaces
of quotient graphs and by repeated use of the blowup formula for motives. O

REMARK 5.8. One can also see easily that, if the variety X is defined over Z,
then so is Z[I'] and so are the DE,Z) and their unions and intersections. Moreover,

all these varieties then satisfy the unramified criterion of §3.5 and Proposition 3.10
of [41].

5.4. Complexified amplitude and wonderful compactifications. We now
consider the form wlgz) defined as in (2.9) and discuss its behavior when pulled back

from Z'T to the wonderful compactification Z[I'].
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5.4.1. Loci of divergence. For massless scalar Euclidean field theories, the pole
(Z) J— 3 VF 1
locus {w’ = oo} in ZVT is

(5.14) 2z = { IT 1p(zo.0)) = PP = o}.

ecEr
Since we have used the Euclidean norm in the definition of the amplitudes, rather
than an algebraic quadratic form, the locus of divergences is simply a union of
A£Z> = A, x XVT, hence we can restate the above as follows.

LEMMA 5.9. The divergent locus of the density wI&Z) of (2.9) in Z'* is given
by the union |J AP

ecEp —¢

5.4.2. Order of singularities in the blowups. Let 77 (wl(ﬂz)) denote the pullbacks

of the form wlgz) of (2.9) to the iterated blowups of ZVT along the (dominant

)

transforms of ) the diagonals ASZ , for v C T a biconnected induced subgraph.

PrROPOSITION 5.10. Let I' be a connected graph. Then for every biconnected
induced subgraph v C T, the pullback wf{(wlgz)) of wlgz) to the blowup along the

dominant transform of AP has singularities of order
¥
(5.15) ordog (3 (wr), D) = (2D — 2)#E, — 2D(#V, — 1) +2
= 2Dbi(y) —2#E,+2

along the exceptional divisors D,(YZ) in the blowup. Here bi(7y) denotes the first Betti
number of graph .

PROOF. Let m = DNr, with Np = #Vr and L C A?>™ be the coordinate

subspace given by the equations {1 = -+ = x;, = 0}, and = : A2m — A2™ be the
blowup along L C A?™. If one chooses the coordinates w; in the blow up, so that
w; = x4, for 1 = k,...,2m, and w;wy, = x; for ¢+ < k. The exceptional divisor given

by wg = 0 in these coordinates. Then, one obtains
T (dzy AdZy A - Adzg A dEy) = |[w|?FYdw, Addy A - A dwy, A diy,.

This form has a zero of order 2 (codim(L) — 1) along the exceptional divisor of the
blowup.

The codimension of the diagonal A, C X'T associated to a connected subgraph
v Cc T'is D (N, — 1), with N, = #V, On the other hand, the form wl(ﬂZ) has
singularity along ASYZ) of order (2D — 2)#E.,. Hence,

orde (7 (wlgz)), DE/Z)) = (order of co) — (order of zeros)
(2D — 2)n, — 2D(N, — 1) + 2.
with n, = #E, and N, = #V,. O

REMARK 5.11. Note that the orders of pole are different from the case of the
form wr on Confr(X), see §4.3 of [28]. In particular, note that we have order
of singularity (2D — 2)n.,, along AEYZ), with n, = #E,, because the form MIQZ) of
(2.9) is built using the Green functions of the complex Laplacian, (2.17), which has
exponent 2D — 2 instead of the exponent D — 2 of the real case. In particular, in
the real case of the physical Feynman amplitude one has the familiar log divergent
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condition for graphs, given by the relation (D —2)n, = D(N,, —1), with N, = #V,,
or equivalently n, = b1(y)D/2. In the complexified case we are considering here,
this relation is replaced by the condition (D — 1)n, = D(N, — 1), or equivalently
n, = by (y)D. This is compatible with the usual log divergent condition, since in
the complexified case D is the complex dimension.

On the basis of the remark here above, we make the following definition, which
replaces the usual definition of log divergent graphs of the real case.

DEFINITION 5.12. A graph T' is primitive C-log divergent if it satisfies the
following conditions:
(1) #Er = Dby (')
(2) all subgraphs v C T satisfy #E, > Db (7).
Lemma 5.9 and Proposition 5.10 then imply the following.

COROLLARY 5.13. Let Wl*i(wl(ﬂz)) denote the pullback of w%z) to the wonderful
compactification Z[T'|. The divergence locus of WF(wlgz)) in Z[T'| is given by the
union of divisors
(5.16) pr= |J DY.

A—(YZ)EQF

5.5. Chain of integration and divergence locus. When pulling back the
form wl(«Z) along the projection 7 : Z[I'] — Z'T, one also replaces the chain of
integration ng,y) = X'* x{y} of (2.10) with &fﬂz’y) C Z[I'| with ﬂr(élgz’y)) = Ul(ﬂZ’y),

which gives
(5.17) 5ZY) = Confr(X) x {y} C Z|I] = Confr(X) x X'7.

LEMMA 5.14. The chain of integration &lgz,y) of (5.17) intersects the locus of
divergence (5.16) in

(5.18) U D, x {y} C Confr(X) x {y}.
AP egr
PRrROOF. This follows directly from Corollary 5.13 and (5.17). d

Notice that, since Gp-factors intersect transversely (see Proposition 2.8 of [50]
and Proposition 4 of [28]), the intersection (5.18) of the chain of integration 61(12’”)
with the locus of divergence consists of a union of divisors D., inside X'T inter-
secting transversely, with D, N---ND,, # () whenever {71, ..., v/} form a Gr-nest

(see [28] and [50]).

5.6. Smooth and algebraic differential forms. Consider the restriction of

the amplitude 7f, (wlgz)) to the chain 61£Z’y). It is defined on the complement of the

divergence locus, namely on

(5.19) s | U Dyx{yt|=Cofr(xX)~| J Dy,
AP egr AP egr
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which is a copy of Confr(X) inside Z[I'|. The form =} (wﬁz)) is a closed form of
top dimension on this domain.

Our next goal is to replace the form (wl(ﬂz)) with a cohomologous form with

logarithmic poles along the divisor Dr = U DEYZ) of the compactification.

alPeg
As we see below, this could be done easily if one r(;mains within the class of C*°-
forms, by directly applying the Griffiths-Schmid theorem of [44]. However, in view
of identifying our regularized integrals with periods, we want something stronger,
namely an algebraic form with logarithmic poles. We first need to recall some
general well known facts about de Rham cohomology and forms with logarithmic

poles.

5.6.1. Forms with logarithmic poles. Let X be a smooth projective variety of
dimension m and let D be a union of smooth hypersurfaces intersecting transversely
(strict normal crossings divisor). Let &Y = X ~ D and let j : U — X denote
the inclusion. Let M*D’ » denote the meromorphic de Rham complex, namely the
complex of meromorphic forms on X with poles (of arbitrary order) along D. Let
2% (log D) denote the complex of differential forms on X with logarithmic poles
along D. We recall some general facts about cohomology classes, algebraic forms,
and forms with logarithmic poles:

(1) Grothendieck Comparison Theorem, [45]: the natural morphism (de
Rham morphism)

is a quasi-isomorphism. This implies that the de Rham cohomology
H}p(U) is computed by the hypercohomology of the meromorphic de
Rham complex. If i/ is affine, then the hypercohomology can be replaced
by the ordinary cohomology of the complex of global sections.

(2) Logarithmic Comparison Theorem, [34]: for D a simple normal cross-
ings divisor, the natural morphism

Q% (log D) — Mp »

is also a quasi-isomorphism. Combined with the previous statement, this
implies that the de Rham cohomology H}(U) is computed by the hyper-
cohomology of the logarithmic de Rham complex,

(5.20) Hip(U) ~H (X, Q% (logD)).

However, even in the affine case, it is not always possible to replace the
hypercohomology in (5.20) with ordinary cohomology and global sections,
see Example 5.15.

(3) Stein open sets (Lemma 2.5 of [26]): the Logarithmic Comparison The-
orem is equivalent to the statement that, for all Stein open sets V C X,
there are isomorphisms H*(I'(V, Q% (log D))) ~ H},(V ~\ D). Namely, the
hypercohomology in (5.20) can be replaced with ordinary cohomology of
global sections when restricted to Stein open sets.

(4) Hodge filtration, [34]: there is a mixed Hodge structure on U with
Hodge filtration given by

FPHER(U) = Im(H" (X, Q3 (log D)) — HF (X, % (log D))).
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The de Rham cohomology classes that lie in the term F™HYy(U) of the
Hodge filtration can be realized by global forms with logarithmic poles,
since there is an isomorphism

(5.21) F"H(U) = HO(X, Q% (log D)).

This follows from the degeneration at the E; term of the Frolicher spectral
sequence associated to the Hodge filtration (see Proposition 5.16 of [53],
which we reproduce below as Proposition 5.16).

(5) Griffiths-Schmid Theorem, [44]: Let Q¢ (x)(logD) denote the C*°-
logarithmic de Rham complex, with D a simple normal crossings divisor
in a complex smooth projective variety X. Then there is an isomorphism
of cohomologies H}jp(U) = H*(Qc~(x)(log D)).

EXAMPLE 5.15. The hypercohomology in (5.20) cannot, in general, be replaced
by cohomology of global sections, even assuming that U is affine. Let U be the
complement of a finite set of n points in a smooth projective curve X. Then
dim H}(U) = 2g + n — 1, while by Riemann-Roch the space of global sections of
the sheaf of logarithmic differentials has dimension g +n — 1.

Let X be a smooth projective variety of dimension n = dim X', with D a simple
normal crossings divisor with affine complement &/ = X \. D. The Hodge filtration
FPHEL(U) is induced by the naive filtration on Q% (log D).

PROPOSITION 5.16. The Hodge filtration satisfies
(5.22) F'HI(U) = HO(X, Q% (log 2)).

ProOF. Given a complex K* that comes from a double complex KP??, the
spectral sequence of a filtration F' with

FPE"™ = @r>prts=nK"™®
is given by
EP? = Grf gpta — Fpr+q/Fp+1Kp+q — KP4
P
EPY = HPTY(Gry K*) = HY(K™™)

ER = Gl HPHI(K™).
In particular, the Frolicher spectral sequence associated to the Hodge filtration
FPHY(U) has
EYY = HY (X, 0% (log D))

EPS = FPHYYU)/FPHYNU).

In particular, E}"° = HO(X, Q% (log D)) and E%° = F" H3,(U). Deligne proved in
[34] that, if D is normal crossings, then this spectral sequence degenerates at the
E; term. This gives (5.22). O
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5.7. Order of pole and Hodge filtration. It is in general difficult to es-
timate where a given class lies in the Hodge filtration. However, in the case of
meromorphic forms, one can estimate the position in the Hodge fitration in terms
of a filtration on the complex of meromorphic forms determined by the order of
pole. More precisely, if X' is a smooth projective variety and D C X a simple nor-
mal crossings divisor, and M7, o denotes the complex of meromorphic differential
forms, one defines the polar filtration by taking Pk/\/l"ﬁ, y to consist of meromorphic
m-forms with poles of order at most m — k + 1, if m — k > 0 and zero otherwise.
Deligne showed in §II.3, Proposition 3.13 of [33] and Proposition 3.1.11 of [34],
that the natural morphism

(2% (log D), F*) = (M5 x, P¥)
is a filtered quasi-isomorphism.

THEOREM 5.17. Let T' be a primitive C-log divergent graph in the sense of

Definition 5.12. Then there is a meromorphic form with logarithmic poles ,Bl(az)
such that wﬁz) can be replaced, up to coboundaries, by a form nlgz) = eﬁlgz) A BIQZ),

where € is a Sign.

PROOF. We proceed as in Proposition 5.10. It suffices to check on a local

model, with local coordinates. In A?™ with coordinates {z1,..., %2, } consider a
subspace of codimension k, given by L = {x; = -+ = x3 = 0}, for some k < m.
Consider a smooth differential form
1 k
w= H ﬁAd:ri/\d@/\Qk,
Ll

where 0y = dzpi1 A dZTgp1 A -+ Adzy, A dT,y,. The set E is a subset (with repe-
titions) of the coordinates x; with ¢ = 1,...,k. The form w can be rewritten, for
convenience, as a product w = e A @, where € is a sign and « is the meromorphic
form

k
1
a= H o /\da:i ANdxgp1 A= ANdTp,.
jeEE "7 i=1
Let m : A2 — A2?™ be the blowup of A2™ along L. On A2™ we have local
coordinates w; with w; = x; for i > k and w;wy, = x; for i < k, where {w;, = 0} is
the exceptional divisor of the blowup. The pullback gives

k k
7r*(/\ dr;) = wy ! /\ dw;
i=1 i=1

and 7 (dzg41 A - Adxy,) = dwggq A -+ A dwy,, hence the pull back 7*(w) =
em* (o) Am*(a) has a meromorphic form 7*(«) with a pole of order re — k + 1 along
the exceptional divisor, where e = #E. The form n*(«), which is of degree m and
pole of order re — k + 1 is therefore in the term P¢ of the polar filtration, with
L=m—(re—k+1)+1=m—re+k. This implies that its class is in the term of
the Hodge filtration of order at least m — re + k.

When we apply this to the form wlgz) and the blowup along a diagonal AE,Z) of
codimension k = D(Ny—1), with N, = #V,,, and withr = D—1 and e = e, = #E,,

IEZ) = ea{ﬂz) A c‘u%z), where a%Z) is a meromorphic form of degree D Nr,

we obtain w
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with poles of order (D — 1)e, — D(N, — 1) + 1 along the divisor DE,Z). Thus, the
class of the form aiﬂz) is in the term FPNr+D(Ny=1)=(D=l)ey [rDNr (14) of the Hodge
filtration, unless the pole order is lowered by cancellations due to exact forms, which

would result in a higher level in the filtration. In particular, if the graph I' is C-log
divergent, then the subgraphs v C T' satisfies D(N,—1)—(D—1)e, > 0, see Remark

5.11 and Definition 5.12. Then the meromorphic form o7 is in FPNt HPNr (4).

In this case, by the general result on the Hodge filtration and the Frolicher spectral

sequence mentioned in (5.21) above, we can replace al(ﬂz) by a global DNp-form

l(ﬂZ) with logarithmic poles along DSZ). One then checks that, if the meromorphic

form a%z) can be replaced, up to a coboundary, by BEZ), then the closed form wlgz)
can also be replaced, up to a coboundary, by nl(ﬂz) = 651(«2) A Bl(ﬂz). O

5.8. Toy model regularization. Consider the simple toy model example of
the differential form

dzNdz d dz
(5.23) = BENAZ_dzdZ
[E S 2
on G,,(C) = C*.
LEMMA 5.18. A cutoff regularization of the integral on C* of (5.23) has a
logarithmic divergence in the cutoff scale, with a coefficient expressible in terms of
a period integral of the form with logarithmic poles dz/z.

0

ProoF. Using polar coordinates z = e’ we can write w as

w:—Qi@/\dﬁ.
r

The integral on C* has divergences at both » = 0 and r — oco: integrating with

cutoffs leads to N
27 A
—2i/ d@/ dr = —4milog(—).
0 € T €

The coefficient is an integer multiple of the period of the meromorphic form with
logarithmic poles
d
(5.24) omi= | &
ST 2
O

Note that the divergent integral f«:* w also admits other forms of regularization:

(1) Gaussian cutoff:

00 2
Z.(a) = / ﬂeﬂ“ﬂ = Ei(—ae) ~ log(ae) + v — ae + (ac)

; 1 _|_’

with Ei the exponential integral function;
(2) Pauli-Villars regularization: Z(a) — Z(b) = [~ 4 (e~ — e~"") = log(%);
(3) Dimensional regularization:

> d 1
L@=i [ e = T () v sy Hlog
0 12 S u

Tl—s
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As a similar, higher dimensional, toy model, we consider the case of the 2n-form

dzy dZz dz dz
(5.25) w= AN A AN

21 z1 Zn Zn
on the torus G}}, inside the affine space A”. As before, we can regularize the integral
of w on G}, with a cutoff regularization (or with one of the other regularization

methods listed above).

LEMMA 5.19. A cutoff regularization of the integral on G,,(C)™ of (5.25) has a
logarithmic divergence in the cutoff scale, with a coefficient expressible in terms of a
period integral of an n-form with logarithmic poles n, integrated on an n-dimensional
locus X (a real torus) inside the Leray coboundary L(D) = U;L(D;) of the divisor
D = U;D; of coordinate hyperplanes D; = {z; = 0}.

PROOF. One simply applies the previous lemma coordinatewise and obtains a
product integral with one logarithmic divergence in each variable. The coefficient
of this divergence is (up to a sign) of the form 2" [ 7, where n = dz—zll A A dz%
and X =T" = S x ... x St. We view ¥ C U, L(D;) where £(D;) is the boundary
of a unit disk tubular neighborhood of D;. O

With this toy model case in mind, we see how one can approach the computation
of a regularized integral of the form BLQZ) A Bl(ﬂz) obtained in Theorem 5.17, with the
period (5.24) replaced by period integrals of iterated Poincaré residues of the form
with logarithmic poles [31(~Z), on components and intersections of components of the

divisor D%Z) of the compactification, or equivalently integrals of the form 5I€Z) along
iterated Leray coboundaries. We will discuss this procedure in the coming sections.
For the remaining of this section, we discuss how one can proceed, in the case of
graphs that are not C-log divergent, to use forms with logarithmic poles.

5.9. Cellular structures, torifications, and constructible torifications.
We now sketch a possible approach for the more general case, where the graph I is
not necessarily C-log divergent. In this case, unlike the previous result of Theorem
5.17, we cannot appeal to the Hodge filtration result to replace the meromorphic

form wl’i(al(ﬂz)) in the pullback 7f: (wlgz))

= em}: (algz)) /\71'1"2(51{“2)) with a meromorphic
form ﬁlgz) with logarithmic poles. Thus, we need to proceed in a different way. A
useful observation, for this case, is the “Stein open sets” method mentioned in
§5.6.1, based on Lemma 2.5 of [26]. More precisely, we will show that if a smooth
projective variety X has a decomposition into cells (cellular structure), or more
generally into tori (torifications, or the certain weaker structures of constructible
torifications) then the restriction of a meromorphic form « to each top dimensional
set in the decomposition can be replaced by a form  with logarithmic poles. We will
then use results of [12], [52] on the existence of (constructible) torifications on the

compactifications Confr(X), under the assumption that X has a cell decomposition.

As before, suppose given a smooth projective variety X’ with a normal crossings
divisor D, and a form w = a A @, where « is a meromorphic form on X with poles
along D. The first observation (see Proposition 5.8 of [53]) is that, if X has a
cellular decomposition, with top dimensional cells X}, then by Lemma 2.5 of [26]
the restrictions aly, can be replaced with cohomologous meromorphic forms S
on X} with logaritmic poles along D. These forms do not necessarily match on
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the boundaries of the cells, due to the existence of nontrivial Cech cocycles: the
hypercohomology cannot be replaced globally by cohomology, but it is possible
locally in the Stein open sets Xj. The regularized integral of w on X \ D can
then be replaced by a sum of regularized integrals >, [ XpD w|x,. After replacing
w|x, with Bj, A By, one can apply, within each cell X}, the regularization procedure
modeled on the toy model case of §5.8. This results in a logarithmic divergence
with coefficient a period integral f XLNE Br. The nature of this period now depends
on how the divisor D and its Leray coboundary £(D) intersect each cell X} and
the nature of the motives m(D N X}).

In order to apply this method to our situation we need a further step. Indeed,
the compactifications Confr(X) do not necessarily admit a cellular structure, even
assuming that the variety X does. However, an argument similar to the one outlined
above applies to other decompositions of the variety.

A torification of a variety X is a decomposition of X into a disjoint union of tori
T; = Gy (see [51] for more details). By the same argument as above, if T}, denotes
the subcollection of top dimensional tori, the restrictions a|r, can be replaced by
meromorphic forms with logarithmic poles along D, again by Lemma 2.5 of [26]. As
in the previous case, the forms with logarithmic poles S on T} do not necessarily
extend to a single form 7 on all of X ~ D. One can proceed, as in the case of
cellular decompositions, to compute regularized integrals on each Tj. In each case
the coefficient of the logarithmic divergence will be a period integral that depends
on the nature of the motive m(D N T},).

A further level of generality is the notion of constructible torification introduced
in [52]. In this case, one only requires that the variety X admits a decomposition
into a disjoint union of pieces that are constructible sets obtained, starting from G,,
by repeated applications of products, disjoint unions, and complements. Roughly
speaking, in a constructible torification the building blocks are complements of tori
inside other tori.

Under the assumption that X is a smooth projective variety with a cellular
decomposition (in particular, for a projective space X = P?), Lemma 8.1 of [52]
shows that the blowup of X' along a diagonal A, admits a torification. When
one iterates the blowup construction, one obtains a (constructible) torification on
Confr(X). The top dimensional pieces C} of this decompositions are, up to sets
of measure zero, complements of hypersurfaces in top dimensional tori, to which
Lemma 2.5 of [26] can still be applied. The resulting periods, which appear as
coeflicients of the logarithmic divergences in the regularized integrals on the top
dimensional pieces of this decomposition, depend on the nature of the motives

6. Regularization and residue integration

In this section, we describe a regularization of the Feynman integral

(2)
(6.1) / U
EISRANG > g
which is based on a generalization of the toy model case of §5.8, applied to the form

with logarithmic poles nlgz) = 51£Z) A BIQZ) described in the previous section. We
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present the regularization in distributional terms, using the theory of principal val-
ues and residue currents. This will show that one can express the resulting residue
integrals in the regularization procedure in terms of the iterated Poincaré residues,
or equivalently in terms of an integration along a locus in a Leray coboundary of
an intersections of divisors D,(YZ).

6.1. Iterated Poincaré residues. One can associate to a holomorphic dif-
ferential form fr with logarithmic poles along Dr a Poincaré residue on each non-

empty intersection of a collection of divisors DSZ) that corresponds to a Gr-nest

N={n,..,%n}

PROPOSITION 6.1. Let Ny = #Vr. Let Br be a meromorphic D Nr-form with
logarithmic poles along Dr. For every Gr-nest N' = {~1,...,%}, there is a Poincaré
residue R (Br), which deﬁnes a cohomology class in HPNt="(Vy/), on the complete

intersection V(Z) Dﬁf) N---N D(Z). The pairing of Ra(nr) with an (DNp —1)-
cycle Xn in V/\([ ) s equal to

1
(62) [ Rt = o [ o

where Lar(X) @8 the DNp-cycle in Z[T] given by an iterated Leray coboundary of
Y, which is a T -torus bundle over Xnr. Under the assumption that the variety
X is a mized Tate motive, the integrals (6.2) are periods of mized Tate motives.

PrOOF. As shown in Proposition 5.5, the divisors DSZ) in Z[I'] have the prop-
erty that
(6.3) V& =DPn...nDP 0 {y,..., %} isaGr—nest,

with transverse intersections.
Consider the ﬁrst divisor DEHZ) in the Gr-nest A, and a tubular neighborhood

Nr., = Nz[p](D b ) of DWIZ) in Nt . This is a unit disk bundle over D§1> with

projection m : N, — Dgl) and with o : Dgl) — Nr,, the zero section. The
Gysin long exact sequence in homology gives
- = Hy(Nry, ~ D) % Hi(Nr,y,)

% Hy 2(DIP)) 5 Hy—1(Np sy, ~ D) —

where 7' is the Leray coboundary map, which assigns to a chain ¥ in Dg) the

homology class in Nr , \ Df) of the boundary 7~ 1(X) of the disk bundle 7~1()
over ¥, which is an S'-bundle over ¥. Its dual is a morphism

R, HFPY (N, ~ D)) — HE (D)),
which is the residue map. The iterated residue map is obtained by considering the
complements Uy = Nr_, \ DE,IZ) and
Uy = DD U D)

’71 Ve 7
1<k<r

Z) Z
U, = (D nDP)~ | DI,
2<k<r
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and so on. One obtains a sequence of maps

HYUo) =3 H ') % HR 2 (1y) — -y 1 (v D)),

The composition Ry = R, o --- o R, is the iterated residue map. Because
the residue map is dual to Leray coboundary, under the pairing of homology and
cohomology one obtains

(Ra(B),E) = (B, Ln (X)),

where Ly = L, o---0 L, is the compositions of the Leray coboundary maps of
the divisors D,(Yf). The resulting Lx(X) is therefore, by construction, a T"-torus
bundle over ¥. At the level of differential forms, the residue map R, is given by
integration along the circle fibers of the S'-bundle d7~1(X) — ¥. Thus, the pairing
(Rar(B), %) contains a 27i factor, coming from the integration of a form df / f, with
f the local defining equation of the hypersurface, along the circle fibers. This means
that, when writing the pairings in terms of differential forms, one obtains (6.2). As
shown in [28], if m(X) is mixed Tate, the divisors D, and their intersections in
Confr(X) are mixed Tate motives, and so are the DEYZ) and their intersections
v{# in Z]T). O

Given a Gr-nest N = {71,...,7} let V\r = D, N---N D,, be the intersection
of the corresponding divisors in Confr(X). The residues Ras(0r) of Proposition 6.1
pair with a DN — r-dimensional cycles ¥ C Vi x {y} C VJ(\/Z), with Np = #Vr,

(6.4) Rac(pr). ) = [ Ractbr) = o [ e
S (2mi)" Jzr (s
We can then reinterpret and extend the toy model case of §5.8 in the following
way. We write nr = Br A fr (ignoring a possible sign), with r holomorphic with
logarithmic poles along Dr. We will also ignore some rational constant factors in
the computation, as they will not affect the nature of the resulting periods.

COROLLARY 6.2. Suppose given a Gr-nest N = {y1,...,7%} as above, with
Vy =D, N---ND,,.. There is a regularization of the integral (6.1), such that, its
restriction to a neighborhood of Vs is an iterated Poincaré residue.

PrROOF. When integrating the 2D Np-form nr in a neighborhood U of Vyr, we

have (up to a sign)
/UFZ/U/\@\//\BM
u u

where we can locally write the form in coordinates

dfl dfr
BN fl " fv" ’
with f; the function that locally defines the divisor D,,, and with n a (2DNp —r)-
form which is regular along Vas. The integral of S A far can be modeled as in the
toy model case of §5.8. Thus, up to a rational factor, the integral of Bar A fxr can

be regularized as in §5.8, so that it results in a periods integral

B,
T’!‘
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where the torus T" is the fiber of the Leray coboundary L£"(Vys), identified with a
T7"-bundle over Vy, while the remaining term 7 is integrated along Vs-directions.
Indeed, the chain of integration &lgz,y) = Confr(X) x {y} intersects the loci V/(\[Z) =
Vi x X'T along Vi x {y}, where the Vj are the intersections Vyr = D, NN D,
of the divisors D,, in Confr(X). Thus, ¥ = Vu x {y} defines a 2DNp — r-

dimensional cycle in Vj(vz), with Nr = #Vr, which can be paired with the form n of

degree 2D Ny —r on VJ(\/Z). Thus, we write the integral equivalently (up to a rational
factor) as an residue integral
/ nA B
L7 (Var)

O

REMARK 6.3. The reason for passing to the wonderful compactification Z[I'|
and pulling back the form wl(,Z) along the projection 7r : Z[I'] — Z'T is in order
to pass to a setting where the locus of divergence is described by divisors D,
intersecting transversely in Confr(X), while the diagonals A, in X" have higher
codimensions and do not in general intersect transversely. These transversality
issues are discussed in more detail in [28]. There is a generalization of the theory
of forms with logarithmic poles and Poincaré residues [59], that extends the case
of [33] of normal crossings divisors to more general classes of divisors, but in this
more general setting the Poincaré residue gives meromorphic instead of holomorphic
forms.

6.2. Current-regularization of complexified amplitudes. We review here
briefly some well known facts about residue and principal value currents and we ap-
ply them to reinterpret the regularization procedure described above for the integral
(6.1) in terms of currents and principal values.

6.2.1. Residue currents and Mellin transforms. Recall that, for a single smooth
hypersurface defined by an equation {f = 0}, the residue current [Zy], supported
on the hypersurface, is defined as

1

1 -
Zrl=—0
2)) = 500

This is known as the Poincaré—Lelong formula. It can also be seen as a limit

/(p—limi/ ﬁ/\gp
7 0 = f T

A generalization is given by the Coleff-Herrera residue current [31], associated to

|Adf = L,(%)logm?.
27

a collection of functions {fi,..., f-}. Under the assumption that these define a
complete intersection V = {f; = --- = f, = 0}, the residue current
=1 =1
6.5 Rf=0[—]A--ANI[—
(63 p=0lZIA- A Bl

is obtained as a limit

. ©
=1 S
Ri(v) lim i
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with Te(5)(f) = {|fx| = ex ()}, with the limit taken over “admissible paths” €(d),
which satisfy the properties

lim €.(0) = 0, lim _®) =0,

6—0 0—0 (6k+1(§))€
for k =1,...,r and any positive integer £. The test form ¢ is a (2n—r)-form of type
(n,n — r), where 2n is the real dimension of the ambient space, and the residual
current obtained in this way is a (0, r)-current. For more details, see §3 of [15] and
[67]. Notice that, while in general one cannot take products of distributions, the
Coleft-Herrera product (6.5) is well defined for residue currents, as well as between
residue and principal value currents.

Moreover, the Mellin transform

(6.6) I\ = / If(e) ' de,

+

I%(e) = L4
7@ /mf) fio fr

T de = 61\1_1 . 67):’”71 dey A -+ Nde,y,

with

and with

can also be written, as in [15], [67], as

1

® — 2(A=1)3f
(67) THO) = e [ POV A

where the integration is on the ambient variety X and where
LFPAD = | PO £ 20D and df = dfy A Adfy

When {f1,..., fr} define a complete intersection, the function A;--- )\J‘f()\) is
holomorphic in a neighborhood of A = 0 and the value at zero is given by the
residue current ([15], [67])

(6.8) Ri(#) = A1 A TF(N)a=o-
Equivalently, (6.7) and (6.8) can also be written as

1 / OfrAr A NOIf1PM
X fr"'fl

where the factor A on the left-hand-side stands for A; - -- A, as in (6.8).
The Poincaré-Lelong formula, in this more general case of a complete inter-

(6.9) )l\lir%) AT (A) = lim A,

A—0 (271'2')7’

section defined by a collection {fi,..., f;}, expresses the integration current Zy
as
(6.10) 2] = — B[] A AD =] Adf A A df

‘ = iy 'y, o "

The correspondence between residue currents and the Poincaré residues on
complete intersections, discussed above in §6.1, is given for instance in Theorem
4.1 of [4].
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6.2.2. Principal value current. The principal value current [1/f] of a single
holomorphic function f can be computed as [46], [60]

1 , ddC N dC
6.11 o :hm/ A Rk
(6.11) (ghor=tim [ 2%
where ¢ is a test function. More generally, for {fi,..., f} as above, the principal
value current is given by
1 ¢
6.12 -], ¢) = lim ,
(6.12) <[f] ) = lim v o
with ¢ a test form and with
(6.13) Ne(f) =A{lfxl > ex}.

More generally we will use the following notation.

DEFINITION 6.4. Given a (p, ¢)-form 7 on an m-dimensional smooth projective
variety X', with poles along an effective divisor D = Dy U --- D,., where the com-
ponents Dy are smooth hypersurfaces defined by equations fr = 0, the principal
value current PV (n) is defined by

(6.14) (PV(n),¢) = lim nA g,
e—0 Ng(f)
for an (m — p, m — q) test form ¢, with N.(f) defined as in (6.13).

The following simple Lemma describes how the principal value current and the
residue currents are related.

LEMMA 6.5. When the test form ¢ is modified to ¢ + O, the principal value
current satisfies

1 = 1 =1
(6.15) <[?L¢+ ) = <[}],¢> - <5[?],¢>,
where A1/ f] is the residue current Ry of (6.5).
PrOOF. By Stokes theorem, we have
L . W Y a1
—1],0¢) = lim — = lim — = = —{(0]=],v).
o=t [ =tm [ G =0

O

We now return to the case of the complexified amplitudes (2.9) and describe
the corresponding regularization and ambiguities.

6.2.3. Principal value and complezified amplitude. We can regularize the com-
plexified amplitude given by the integral (6.1), interpreted in the distributional
sense, as in §2.3.4, using the principal value current.

DEFINITION 6.6. The principal value regularization of the amplitude (6.1) is
given by the current PV(nl(ﬂZ)) defined as in (6.14),
z :
(PV(ni?), ) = lim @ n,
OINh)

for a test function ¢.
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We can also write the regularized integral in the following form.

LEMMA 6.7. The regularized integral satisfies

(2) o 2\, . 2)1, (Z.y)
(PV (), ) = lim ) | fnl |l

where n = nr is the cardinality ny = #Gr of the building set Gr and the fi are the

defining equations of the D,(YZ) in Gr

PROOF. The form UIQZ) has poles along the divisor Dr =

A(Z)eg D( ) Thus,
if we denote by f, with k = 1,...,n with n = #Gr the deﬁnlng equations of the

Dgz), we can write the principal value current in the form

N T e
A=0 J5z0) fo f1 ’
with h an algebraic from without poles and ¢ is a test function. O
6.2.4. Pseudomeromorphic currents. If {f1,..., fn} define a complete intersec-
tion V.= {f1 = --- = f. = 0} in a smooth projective variety X, an elementary
pseudomeromorphic current is a current of the form
1 1 =1 =1
6.16 Crni=[=]AA ANO[=] A AB[=],
( ) r,n [fn] [f'r‘+1] [fr] [fl]

for some 1 < r < n, where the products of principal value and residue currents
are well defined Coleff-Herrera products and the resulting current is commuting
in the principal value factors and anticommuting in the residue factors. These
distributions also have a Mellin transform formulation (see [15]) as

fk|2)\k /7\ P (|fJ]|02>\J> A .
J

6.3. Ambiguities of regularized integrals. We can use the formalism of
residue currents recalled above to describe the ambiguities in the principal value
regularization of the complexified amplitudes of Definition 6.6.

(6.17) (Crn, @) =

)\—>0

6.3.1. Complexified amplitude and residue currents. As in §6.1, consider a Gp-
nest {y1,...,7-} and the associated intersection V(Z) (Z) N---N D.(f). Also let

nr = #Gr and let fi, for k = 1,...,nr be the defining equations for the D%Z), for
~ ranging over the subgraphs defining the building set Gr. For € = (¢;), we define

(6.18) 52 =57V A N.(f),

,€

with N¢(f) defined as in (6.13). The principal value regularization of Definition 6.6
can then be written as

Z, . Z,
(PV(n{Z")), ) = lim oY,

—0 J-(Zv)
€ Ur‘ey

where the limit is taken over admissible paths.
Similarly, given a Gr-nest N' = {v1,..., 7}, we introduce the notation

(6.19) A0 = 57 N T (f) N Nve(f),
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where T (f) = {|fel = e, k = 1,....r} and Ny o(f) = {[fu] > e, k =1+
1,...,n}, where we have ordered the n subgraphs 7 in Gr so that the first  belong
to the nest N.

PROPOSITION 6.8. For a Gr-nest N' = {y1,...,%}, as above, the limit
; (Zy)
(6.20) lgr(l) iz P
Or N ,e

determines a pseudomeromorphic current, whose residue part is an iterated residue
supported on V(Z) (Z) n---N D(f), obtained as in Corollary 6.2.

PROOF. Let fi, with k =1,...,n with n = #Gr, be the defining equations of
the D%Z). We assume the subgraphs in Gr are ordered so that the first » belong to
the given Gr-nest N'. We can then write the current (6.20) in the form (C, ,,, hy),
where C,. , is the elementary pseudomeromorphic current of (6.16) and h is algebraic
without poles. Using a local coordinates model, as in Corollary 6.2 one can identify
the resulting residue current with the regularization computed there. O

6.3.2. Residue currents as ambiguities. With the same setting as in Proposition
6.8, we then have the following characterization of the ambiguities of the principal
value regularization.

(Z,y))

PROPOSITION 6.9. The ambiguities in the current-reqularization PV (n are
given by iterated residues supported on the intersections V(Z) (Z) n--. Dgf),

of divisors corresponding to Gr-nests N' = {y1,..., %}

PROOF. As above, we have

Z, . Za fn 2An .. f 21
<PV(771(“ y))7<p> — lim 9077( ) — lim |.fn] | fa

r he
=0 J5(Z) A0 J5Z fo f1

If we replace the form h¢ with a form hy + On1p, where N is a Gp-nest and the
notation dar1 means a form

éN'(l) ;:¢n...¢r+151/)r/\.../\51/)1,
for test functions ¢y, k =1,...,n, we obtain a pseudomeromorphic current

1 1 =1 =1
I A[fr+1]/\ [f'r]/\ cralg

with ¢ = 1, - - -11. Notice then that the residue part

(PV (), 000) = ([

@fr] AO[],¥) = R (¥)

is an iterated residue supported on V(Z) (Z) n---N D(Z). O

By the results of §6.1, and the relation between residue currents and iterated
Poincaré residues (see [4]), when evaluated on algebraic test forms on the varieties

V/E/Z), these ambiguities can be expressed in terms of periods of mixed Tate motives.
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7. Other regularization methods

We now discuss a regularization method for the evaluation of the integrals of
the complexified amplitudes,
z
[y T,
EIS

with the pullback 7y (wéz)) to Z[I'] as in Corollary 5.13. The chain of integration
51£Z’y) is as in (5.17), obtained from the form wl(ﬂz) and the chain Ul(ﬁz) of Definition
2.6. The geometric method of regularization we describe in this section is based on

the deformation to the normal cone.

A general method of regularization consists of deforming the chain of integration
so that it no longer intersects the locus of divergences. We first describe briefly why
this cannot be done directly within the space Z[I'] considered above, and then we
introduce a simultaneous deformation of the form and of the space where integration
happens, so that the integral can be regularized according to the general method
mentioned above.

7.1. Deformations and linking. To illustrate where the problem arises, if
one tries to deform the chain of integration away from the locus of divergence in
Z[I'], consider the local problem near a point z € Dgz) in the intersection of 51(12’”
with one of the divisors in the divergence locus of the form 7f:(wr). Near this point,

the locus of divergence is a product D, x X"T. We look at the intersection of the
integration chain 61£Z’y) with a small tubular neighborhood T; of D, x X Vi We
have

5 N 0T, = r 1 (D4) x {y},
with 7 : T.(D,) — D., the projection of the 2-disc bundle and dn*(D,) a circle

bundle, locally isomorphic to D, x S 1 Thus, locally, &l(ﬂz’y) N T, looks like a ball
B2PIVrl % {0} inside a ball B*PNr | with Ny = #Vp. Locally, we can think of the
problem of deforming the chain of integration in a neighborhood of the divergence
locus as the question of deforming a ball B2PNt x {0} leaving fixed the boundary
S§2PNr=1 5 10} inside a ball B*PMr 50 as to avoid the locus {0} x B2PN+ that lies
in the divergence locus, with N, = #V,. However, we find the following simple
topological fact.

LEMMA T7.1. The spheres S?PNr=1 x {0} and {0} x S?PN+=1 are linked inside
the sphere S4PNr—1,

PRrOOF. This can be seen, for instance, by computing their Gauss linking in-
tegral (see [62])

(7.1) Lk(M, N) = VOII(S)/M N 2258 [z, dz, y, dy]

with M = S* x {0}, N = {0} x S, S = S™, and with k = ¢ = 2D|Vr| — 1 and
n =4D|Vr| — 1, where

Qpe(a) == / sin® (0 — ) sin®(6)d6,
0

=«

a(z,y) = distgn (z,y), x€ M,y €N,
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or or oy oy
"9s. s o0 ot
with z,y the embeddings of S* and S¢ in S™ and s,t the local coordinates on S*
and S’. Then one can see (§4 of [62]) that in S™ with n = k + ¢+ 1 the linking
number is Lk(S* x {0}, {0} x S%) = 1. O

[, dx,y,dy] := det(x, —=)dsdt,

This type of problem can be easily avoided by introducing a simultaneous
deformation of the form 7 (wr) and of the space Z[I'] as we show in the following.

7.2. Form extension. We first embed the configuration space Z'T as the
fiber over zero in a one parameter family Z'" x P'. We extend the form wlg ) to
ZV" x P! using the additional coordinate ¢ € P! to alter the differential form in a

suitable way.

DEFINITION 7.2. The extension of the complexified amplitude w%z)

ZVr x P! is given by

1 _
(7.2) o = — dz, A dz, AdCAdC,
: g ([zse) = za(e) 12 + [¢) P2 Q

on the space

where ( is the local coordinate on P*.

LEMMA 7.3. The divergent locus {&J%Z) = oo} of the form (7.2) on ZVr x P!
is given by the locus UeeEFAgZ) c ZVr x {0}.

PRrOOF. The locus of divergence is the intersection of {¢ = 0} and the union
of the products A&Z) x Pt = {Zs(e) — Te(e) = 0. O

Notice that we have introduced in the form (7.2) an additional variable of
integration, d{ A d(. The reason for shifting the degree of the form will become

clear later in this section (see §7.6 below), where we see that, when using the

deformation to the normal cone, the chain of integration 01& ) ig also extended by

an additional complex dimension to Jlg W) P!, of which one then takes a proper
transforms and deforms it inside the deformation to the normal cone. In terms
of the distributional interpretation of the complexified amplitudes of §2.3.4, the
relation between the form (7.2) and the original amplitude (2.9) can be written as

(7.3)  w@ = /H (€=0) 5= /\ deoAdz, AdCAdC,

cEBr |xs(e - xt(e ||2 + ‘C' ) vEVP

where the distributional delta constraint can be realized as a limit of normalized
integrations on small tubular neighborhoods of the central fiber ( = 0 in the trivial
fibration ZVr x PL.

7.3. Deformation to the normal cone. The deformation to the normal
cone is the natural algebro-geometric replacement for tubular neighborhoods in
smooth geometry, see [37]. We use it here to extend the configuration space Z'T
to a trivial fibration Z'T x P! and then replacing the fiber over {0} € P! with the
wonderful compactification Z[I']. This will allow us to simultaneously regularize
the form and the chain of integration. For simplicity we illustrate the construction
for the case where the graph I' is itself biconnected.
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PROPOSITION 7.4. Let I' be a biconnected graph. Starting with the product
ZVr x P, a sequence of blowups along loci parameterized by the AE,Z) x {0}, with
induced biconnected subgraphs yields a variety D(Z[T']) fibered over P* such that the
fiber over all points ¢ € P* with ¢ # 0 is still equal to ZVT, while the fiber over ¢ =0
has a component equal to the wonderful compactification Z[I'] and other components
given by projectivizations P(C @ 1) with C' the normal cone of the blowup locus.

PROOF. We start with the product Z'T x P'. We then perform the first blowup
of the iterated sequence of §5.2.1 on the fiber over ( = 0 namely we blowup the locus
A{ﬂz) x {0} , with A%Z) the deepest diagonal, inside ZVr x PL. (Note that this is
where we are using the biconnected hypothesis on I', otherwise the first blowup may
be along induced biconnected subgraphs with a smaller number of vertices.) The
blowup BlA(FZ’x{o}(ZVF x P1) is equal to Z'" x (P! \ {0}) away from ¢ = 0, while
over the point ¢ = 0 it has a fiber with two components. One of the components
is isomorphic to the blowup of Z'T along A(FZ), that is, BIA(Fz>(ZVF) = Y1, with

the notation of §5.2.1. The other component is equal to P(C ;v (A(FZ)) @ 1) where
Cyvr (A%Z)) is the normal cone of A%Z) in Z'r. Since A%Z) ~ X x X' is smooth,
the normal cone is the normal bundle of A%Z) in ZVr. The two Cartier divisors
Y; and ]ID(02VF(A§—\Z)) @ 1) meet along P(C v (A%Z))). We can then proceed to
blow up the further loci Agz) with v € G,_1r inside the special fiber 771(0) in
BIA(FZ)x{o}(ZVF x P1), where

7t B1A<FZ)X{O}(ZVF xP) = Z'* x P!

is the projection. These loci lie in the intersection of the two components of the
special fiber 771(0). Thus, at the next stage we obtain a variety that again agrees
with Z'7 x (P! \ {0}) away from the central fiber, while over ( = 0 it now has a
component equal to Y5 and further components coming from the normal cone after
this additional blowup. After iterating this process as in §5.2.1 we obtain a variety
that has fiber Z"" over all points ¢ # 0 and over ¢ = 0 it has a component equal
to the wonderful compactification Z[I'] and other components coming from normal
cones. (I

Notice that one can also realize the iterated blowup of §5.2.1 as a single blowup
over a more complicated locus and perform the deformation to the normal cone for
that single blowup. We proceed as in Proposition 7.4, as it will be easier in this
way to follow the effect that this deformation has on the motive.

The main reason for introducing the deformation to the normal cone, as we
discuss more in detail in §7.6 below, is the fact that it will provide us with a
natural mechanism for deforming the chain of integration away from the locus of
divergences. The key idea is depicted in Figure 1, where one considers a variety X
and the deformation Bly (o1 (X x P). If 7 : Bly, o1 (X x P') — P! denotes the
projection, the special fiber 771(0) has two components, one given by the blowup
Bly(X) of X along Y and the other is the normal cone P(Cx(Y) & 1) of Y inside
X. The two components meet along P(Cx())). As shown in §2.6 of [38], one
can use the deformation to the normal cone to deform ) to the zero section of
the normal cone. Thus, given a subvariety Z C ) the proper transform Z x P!
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P(C(Y)®1)

FIGURE 1. Deformation to the normal cone.

in Blyy o} (X x P') gives a copy of Z inside the special fiber 771(0) lying in the
normal cone component, see Figure 1.

7.4. Deformation and the motive. We check that passing from the space
ZVr to the deformation D(Z[I]) described in Proposition 7.4 does not alter the
nature of the motive.

It is easy to see that this is the case at the level of virtual motives, that is,
classes in the Grothendieck ring of varieties.

PROPOSITION 7.5. If the class [X] in the Grothendieck ring of varieties Ko(V)
is a virtual mized Tate motive, that is, it lies in the subring Z[L] generated by the
Lefschetz motive I = [Al], then the class of D(Z[T)) is also in Z[L].

PROOF. As shown in Proposition 7.4, the space D(Z[I']) is a fibration over P!,
which is a trivial fibration over P! \ {0} with fiber Z'7. By inclusion-exclusion, we
can write the class [D(Z['])] in Ko(V) as a sum of the class of the fibration over
P! \ {0}, which is

(2" > (P* ~ {0})] = [X]**" L,
with Ny = #Vr, and the class [7~1(0)] of the fiber over ¢ = 0, with 7 : D(Z[[']) —
P! the fibration. The component [X]>"TLL is in Z[L] if the class [X] € Z[L] as
we are assuming, so we need to check that the class [771(0)] is also in Z[L].
The locus 7~%(0) is constructed in a sequence of steps as shown in Proposition
7.4. At the first step, we are dealing with the deformation to the normal cone
Bl = (ZV" x P! and the fiber over zero is the union of ¥; and P(Cyv (AP @ 1),

intersecting along P(C ;v (A}Z))). Since A%Z) ~ X x X" is smooth and a Tate
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motive, P(Cyvn (A(FZ)) @ 1) is a projective bundle over a Tate motive so it is itself

a Tate motive. So is P(Cyw (A%Z)))7 for the same reason. So is also Y7 because of
the blowup formula for Grothendieck classes [16],

codiln(AiﬂZ) x{0})—1
i) = (2] + > [APILE,
k=1
By the inclusion-exclusion relations in the Grothendieck ring, it then follows that
if the two components of the fiber over zero are in Z[L] and the class of their
intersection also is, then so is also the class of the union, which is the class of the
fiber itself. At the next step the fiber over zero is blown up again, this time along
the (dominant transforms of) ASYZ) with v € G,_1 r. Each of these is a blowup of a
variety whose class is a virtual mixed Tate motive along a locus whose class is also
a virtual mixed Tate motive, hence repeated application of the blowup formula in
the Grothendieck ring and an argument analogous to the one used in the first step
shows that the Grothendieck class of the fiber over zero is also in Z[L)]. O

We can then, with a similar technique, improve the result from the level of
Grothendieck classes to the level of motives.

PROPOSITION 7.6. If the motive m(X) of the variety X is mized Tate, then the
motive m(D(Z[T]) of the deformation D(Z[T]) is also mized Tate.

PROOF. As in the case of the Grothendieck classes, it suffices to check that, at
each step in the construction of D(Z[I']), the result remains inside the category of
mixed Tate motives. It is clear that, if m(X) is mixed Tate, then m(Z), m(Z'") and
m(Z'" x P') also are. At the next step, we use the blowup formula for Voevodsky
motives (Proposition 3.5.3 of [69]) and we obtain

m(Bly) {0}(ZVF x P')) =
codim(AP) x{0})—1
m(Z"" x PY)) @ P m(AE)) (k)[2K).
k=1

This implies that m(Bl (ZVr x P1)) is mixed Tate if m(X) is. The successive

AP x {0}
steps are again obtained by blowing up loci AS,Z) whose motive m(A%Z)) is mixed
Tate, inside a variety whose motive is mixed Tate by the previous step, hence
repeated application of the blowup formula for motives yields the result. O

The analog of Remark 5.8 also holds for the motive m(D(Z[I']).
7.5. Amplitude form on the deformation. Let LDIQZ) be the regularized
form defined in (7.2). In order to allow room for a regularization of the chain of

integration, we pull it back to the deformation to the normal cone described above.
DEFINITION 7.7. The regularization of the form wlgz) on the deformation space
D(Z]I)) is the pullback

(7.4) @),

where 7ir : D(Z[[']) — Z'* x P! is the projection and cbl(ﬂz) is the extension (7.2) of
the complexified amplitude to Z'T x P!,
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The locus of divergence {7} ((.DIQZ)) = oo} inside the deformation space D(Z[I'])
is then given by the following.

LEMMA 7.8. The locus of divergence of the regqularized Feynman amplitude
(2)

n(@77) on the space D(Z[I) is a union of divisors inside the central fiber,
(7.5) U b cr0),
Aﬁz)egr

where 7 : D(Z[T]) — P! is the projection of the fibration.

ProoF. When pulling back the regularized form (111(12) from ZVr xP! to D(Z]I)),
the poles of chgZ) along the diagonals ASZ) x {0} yield (as in Proposition 5.10 and

Corollary 5.13) poles along the divisors D.(YZ), contained in the central fiber 771(0)
at ¢ =0 of D(Z[I]). O

7.6. Deformation of the chain of integration. We now describe a reg-
ularization of the chain of integration, based on the deformation to the normal
cone.

PROPOSITION 7.9. The proper transform of the chain O_éZ,y) x Pt inside D(Z|I])
gives a deformation of the chain of integration, which does not intersect the locus

of divergences of the form 7} ((Ijl(ﬂz)).

Proor. Consider the chain 01£Z,y) = X'* x {y} of (2.10), inside Z'". Extend it

to a chain Ulgz,y) x P! inside Z'T x P'. Let U(FZ’y) x P! denote the proper transform
in the blowup D(Z[I']). Then, as illustrated in Figure 1, we obtain a deformation
of crl(ﬂz’y) inside the normal cone component of the special fiber 771(0) in D(Z[])
that is separated from the intersection with the component given by the blowup

Z[T]. O

7.7. Regularized integral. Using the deformation of the chain of integration
and of the form, one can regularize the integral by

=%~ ()
(7.6) / . C

where Z}Z’y) denotes the (2Nt + 2)-chain on D(Z[I']), with Np = #Vr, obtained
as in Proposition 7.9. As in (7.3), one also has a corresponding integral on the
intersection of the deformed chain 2(4¥) with the central fiber, which we can write
as

[ oy 710D 7).
n{#v
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7.7.1. Behavior at infinity. The regularization (7.6) described above avoids di-

vergences along the divisors Dgz) in Z[I']. It remains to check the behavior at
infinity, both in the P!-direction added in the deformation construction, and along
the locus Dy, in D(Z[I']) defined, in the intersection of each fiber 7=1(¢) with the

chain of integration Z%Z’y)7 by Ar o = XV CAPNT with Np = #Vp.
PROPOSITION 7.10. The integral (7.6) is convergent at infinity when D > 2.

PROOF. For the behavior of (7.6) when ¢ — oo in P!, we see that the form
behaves like 7=2P+2 rdr, where r = |(|. This gives a convergent integral for 2D —
3 > 1. For the behavior at Ar o, consider first the case where a single radial
coordinate r, = |z,| — oo. In polar coordinates, we then have a radial integral
py GPT2#Er rP=Ldr, where Er, = {e € Er |v € d(e)} is the valence v(v) of the
vertex v. This gives a convergent integral when (2D — 2)u(v) — D +1 > 1. Since
v(v) > 1 and 2D —2 > 0, we have (2D —2)#Er ,—D+1 > D —1, so the condition
is satisfied whenever D > 2. More generally, one can have several r, — co. The
strongest constraint comes from the case that behaves like 7~ (2P~2) 2, v(v)pDNr—1
with Ny = #Vr. In this case the convergence condition is given by (2D — 2)ur —
DNr > 0, where vr = ZUEVr v(v). Again we have vr > Np, and we obtain

(2D — 2)vr — DNy > (D — 2)Np > 0,

whenever D > 2. In this case the condition for convergence at |(| — oo is also
satisfied. O
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