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Abstract: To any graph with external half-edges and internal masses, we associate
canonical integrals which depend non-trivially on particle masses and momenta, and are
always finite. They are generalised Feynman integrals which satisfy graphical relations
obtained from contracting edges in graphs, and a coproduct involving both ultra-violet
and infra-red subgraphs. Their integrands are defined by evaluating bi-invariant forms,
which represent stable classes in the cohomology of the general linear group, on a
generalised graph Laplacian matrix which depends on the external kinematics of a graph.

1. Introduction

In the paper [Bro21] we introduced canonical differential forms on moduli spaces of
metric graphs, and showed how they provide a connection between the cohomology of
the commutative graph complex, the algebraic K-theory of the integers, and Feynman
integrals. In this paper, we extend this theory to the case of graphs with external momenta
and masses, with an emphasis on physical aspects.

Let us first recall some background on Feynman integrals. Consider a connected
graph G, with n external legs (or half-edges), i loops, and e internal edges. Every
external leg represents an incoming particle with momentum ¢; € R subject to overall
momentum conservation Y »_, g; = 0. The number of spacetime dimensions d will be
d = 2 or d = 4 in this paper. To each edge e one additionally associates one of a finite
set of particle masses m,, which are arbitrary real numbers.

For scalar theories, the parametric Feynman integral is the projective integral
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where the edges of G are numbered from 1 to e, the form Q¢ is defined by

eG
Qe =Y (—Diagday A+ Adoti A+ Adatgg,

i=1

andog = {(or1 -+ o) € P6~1(R) : ; > 0} is the coordinate simplex in projective
space. The quantity D is typically an even integer, or, in the setting of dimensional
regularisation, D = 2k — ¢, for a small positive €.

The integrand involves the ‘second Symanzik’ polynomial

Ealq,m) = P(g)+ | Y mia, | W6

ecEg

which is expressed in terms of the two more basic polynomials Vg, ®5(g), which are
homogeneous in the o, ¢ € Eg of degrees hg, h + 1 respectively. They are defined as
sums over spanning forests in the graph G with 1 or 2 connected components (see §6.1).
The integral (1.1) diverges in general and can be regularised in a variety of manners
including, for example, Laurent expansion in the parameter ¢.

For most quantum field theories of relevance for collider physics, one is led to consider
a wider class of Feynman integrals, which in parametric form (see, e.g. [Gol19]) have
the following general shape (omitting I"-factors for simplicity):

Ng
— S (1.2)
oG \IJG C‘G(qﬂ m)

where a,b € Z (or a,b € 7Z + €Z), and the numerator Ng is a polynomial in the
parameters «; with typically complicated coefficients.

Faced with the considerable difficulty in computing integrals (1.1) or (1.2), acommon
recent theme of research is to seek alternative theoretical frameworks in which the
corresponding amplitudes are simpler and more highly structured, with a long term view
to unearthing mathematical properties which are valid for general quantum field theories.
Notable examples in this direction include the amplituhedron programme [AHT14],
which organises certain amplitudes in N = 4 SYM according to geometric principles;
string perturbation theory, which studies scattering amplitudes defined on punctured
Riemann surfaces; or integrable ‘fishnet’” models [Zam80,GK16] which reduce to a
small number of Feynman graphs.

In this paper, we introduce a special class of geometrically-defined integrals of the
form (1.2), which are always finite irrespective of the graph G. They generalize [Bro21]
to incorporate masses and momenta, and satisfy symmetry properties including a family
of graphically-encoded relations. The latter involve both contraction of internal edges
and also the ‘motic’ coproduct of [Brol7] which has applications to the study of both
UV and IR divergences [BBH20, AHHM22].

1.1. Canonical forms and their integrals. Our starting point is the moduli space /\/lfgmp

of stable tropical curves of genus g, or more precisely the open locus

trop trop
(Mg ) c M
w=0
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consisting of graphs whose vertices have weight zero. The quotient (Mg()p) 0 /RZ,
is isomorphic to the quotient of Culler—Vogtmann’s Outer space O, [CV86] byu{he group
of outer automorphisms Out(Fy) of the free group F on g elements. Points in this space
are equivalence classes of connected metric graphs (with no external legs), where a
metric on a graph is an assignment of a length £, > 0 to every internal edge, normalised
so that the total length of all edges is 1.

The tropical Torelli map [BMV11] on /\/lfgmp restricts to a map

(M) = Pe/CL(@) (1.3)

w=

where Pg is the space of positive definite g x g symmetric matrices X, upon which

P € GLg4(Z) acts via X +— PT X P. The map (1.3) assigns to a connected metric graph
G the GL (Z)-equivalence class of any choice of graph Laplacian matrix A . The latter
is a g X g symmetric matrix whose determinant

det Ag = Vg

equals the first Symanzik, or Kirchhoff, graph polynomial which arises in the integrals
(1.1). The graph Laplacian may be interpreted as a tropical version of the Riemann polar-

. . . . tro;
ization form on a compact Riemann surface of genus g. Canonical forms on (M g p)
w=0

are defined as follows. The forms tr((X “lax )4"”), for k > 1, are bi-invariant under
left and right multiplication by GL, (R) and were shown by Borel to generate the stable
cohomology of the symmetric space P, /GL,(Z). Their pull-backs tr((Aald Ag)¥+h
along the map (1.3) defines a distinguished family of differential forms on the images

of cells in (Mgep) 0 /RZ,. The integrals of these forms are called canonical since
we

they do not depend on any choices, and were studied in [Bro21]. In that paper it was
shown that interesting examples of Feynman residues for vacuum diagrams (see [Sch10]
for a survey) of relevance to quantum field theory can arise as canonical integrals. A
natural question is whether general Feynman integrals with non-trivial kinematics are
also amenable to a ‘canonical’ geometrical interpretation of this kind. This is addressed
in this paper.

1.1.1. Canonical forms with kinematic dependence We consider a generalised moduli
space Mgif” > first considered in [BM19], of weighted metric graphs which have n
external legs labelled from 1, ..., n, and where each internal edge e is assigned one of
M possible particle masses. When M = 0, this space coincides with the moduli space

Mtgrf),? of n-marked tropical curves of genus g. Denote the open locus of graphs whose
vertex weights are all zero by:

trop trop
(Mg,n,M> M (1.4)
w=0
Consider in the first instance external particle momenta ¢qi,...,q, € R2 in two-

dimensional Euclidean space, which we identify with the complex numbers, and any
choice of M internal particle masses. For any choice of routing 1, of the external mo-
menta through the internal edges e of G, we consider a generalised graph Laplacian
matrix (see (5.4)) whose determinant satisfies

det Ag(w, m) = Eg(q, m). (1.5)
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The generalised Laplacian KG(M, m) is a Hermitian (g + 1) x (g + 1) matrix (note that
g+ 11is the degree of the polynomial E (g, m)). Itis the tropical version of a regularised
Hermitian polarization form on the cohomology of a compact Riemann surface with n
punctures. From this perspective, the external particle momenta are interpreted as tropical
versions of the residues of a differential form of the third kind. The case when the external
momenta lie in R* may be treated by replacing complex momenta with momenta in the
ring of quaternions Q = R*, leading to a quaternionic Hermitian graph Laplacian which
satisfies

Det Ag(w, m) = (Eg(q, m)*, (1.6)

where Det of a quaternionic matrix is the determinant of its complex adjoint. One of
our key results (§9) is that the generalised graph Laplacian admits an asymptotic de-
composition into block matrices as one approaches the boundary of the moduli space

(MEOIE ) w=0- This provides a geometric interpretation of asymptotic factorisation for-
mulae for graph polynomials which are important for the study of infra-red and ultra-
violet singularities of Feynman integrals [BBH20, AHHM22].

Define canonical forms! of the “first’ and ‘second’ kinds for all k > 1, by

4k+1
wg’”l:tr((z\gldAG) )
~ ~ 2k+1
wé"“=tr((AG<u,m>—ldAG(u,m>) ) (1.7)

when the external momenta lie in R*> = C. In the case of quaternionic momenta in
R* = Q, the definition of canonical forms of the first kind is unchanged, but the canonical
forms of the second kind are now defined for all £ > 1 by:

~ ~ 4k+1
oM = Tr ((Ac(u, m R (e m)) ) . (1.8)

where the quaternionic trace Tr is the trace of the complex adjoint. A crucial property
of canonical forms (Theorem 9.3) is that they factorise as one approaches infinity along
the boundary faces of Feynman polytopes.

When the external momenta lie in R? = C, we define a canonical form wg to be
any homogeneous polynomial in the forms (1.7). When the momenta lie in R* = Q, a

(quaternionic) canonical form, denoted a)g, is a homogeneous polynomial in w‘g‘“ and

wGQ’4k *1. For any connected graph G, and any such form wg of degree e + 1, we may
consider the integral

IG(wJLm)=/ OG- (1.9)

oG

Since it is independent of all choices which go into defining generalised graph Laplacian
matrices, we call it a canonical integral.
We prove the following facts about the integrals (1.9):

! The reader familiar with Chern—Simons theory may recognise canonical forms as a special case: for
example, the Chern—Simons 3-form tr(d A A A + %A A A A A) reduces to 7%tr((A71dA)3) upon substituting
A=A"1dA. The higher degree forms are similar.
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(1) They are always finite.

(2) They are generalised Feynman integrals of the form (1.2).

(3) They satisfy graphical relations involving both the contraction of internal edges and a
generalisation of the Connes—Kreimer coproduct which encodes not only ultraviolet,
but also infra-red phenomena.

Thus the integrals (1.9), which may be loosely interpreted as certain ‘volumes’ of
cells on a moduli space of tropical curves, pick out a distinguished class of generalised
Feynman integrals with special properties. The reader may wish to turn to Sects. 11-13
for examples of canonical integrals and their relations.

Remark 1.1. The canonical forms (1.7), (1.8) arise from the graded exterior algebras
of invariant differential forms /g, on the symmetric spaces associated to the following

sequences of classical non-compact Lie groups H,. The following table is extracted
from [Bor74], page 265, and based on results of H. Cartan:

H, Tim Iy,
P

SL, (R) Elx4p41,k > 1]

SLn (C) Elxop41, k> 1]

SLn(Q) Elxgp+1,k = 1]

where E[{x;}] denotes the graded exterior algebra generated by elements x; in odd
degrees i, and the inverse limit of the spaces of forms /p, is taken in the category of
graded exterior algebras. The generators are given by g% in the case of real and complex
matrices, and by Tr((X ~'d X)") in the quaternionic case. They always vanish when 7 is
even, and additionally for n = 3 (mod 4) in the case of R and Q.

1.2. Discussion and questions for further research. It would be very interesting to find
a momentum or position space formulation for the integrals (1.9), and to relate them
more closely to the theory of graphical functions [GPS17,BS21] in the case when all
masses vanish. The generalised graph Laplacian is a tropical version of ‘single-valued’
period integrals on a punctured Riemann sphere, which are prevalent in closed string
perturbation theory, and suggests a possible connection with string perturbation theory.
In a different direction, it was shown in [Bro21] that the canonical integrals for graphs
without kinematics are closely connected to the homology of the commutative, even,
graph complex. It would be interesting to find such a relation for the integrals (1.9) based
on Corollary 10.4, for example. See also [BK20] for related interpretations of Feynman
integrals.

We also expect the work in this paper to have applications to the motivic study
of Feynman integrals. For example, the existence of the generalised graph Laplacian
implies that the graph motives at a fixed loop order have a universal family, and the
canonical forms provide universally-defined classes in the relative cohomology of graph
hypersurface complements and the de Rham realisation of graph motives.

In particular, since canonical integrals are distinguished elements of period matrices
associated to ordinary Feynman integrals, they should be related to the latter via dif-
ferential equations and also via the motivic coaction. The Stokes’ relations proven here
should thus enable one to transfer information about differential equations, periods, and
infra-red singularities between graphs with different topologies.

Finally, it would also be interesting to study integrals of the form

hg+1 €
—~h
o6 \ Eq’ (g, m)
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in dimensional regularisation, where w¢ is canonical. They too will satisfy relations via
Stokes’ formula, but of a slightly different form to those considered here.

1.3. Contents. In §2 we recall some notations and conventions as well as some back-
ground on quaternionic matrices. In §3 we describe a moduli space of marked metric
graphs with additional edge colourings, which encode particle masses. This space was
previously introduced by Berghoff and Miihlbauer in [BM19]. After a brief discussion
in §4 of momentum routings, and complex and quaternionic momenta, we define the
generalised Laplacians in §5. In the case when momenta are quaternionic and all masses
are zero, they coincide with matrices previously considered by Bloch and Kreimer in
[BK10]. The way we arrived at the definition is explained in §14; namely by taking
the tropical analogue of the single-valued integration pairing on the cohomology of a
punctured Riemann surface. In §6 we recall the definitions of Symanzik polynomials,
and prove a formula for & in terms of spanning forest polynomials, which is used to
deduce (1.5) and (1.6). Starting in §8, we recall the definitions of bi-invariant differential
forms. A key result is a formula (§9) for the asymptotic behaviour at infinity of graph
Laplacian matrices, which is used to prove the convergence of canonical integrals in
§10, along with the Stokes relations. It could also be used to prove (1.5) and (1.6). Sec-
tions 11 and 13 provide examples of canonical integrals for some well-studied Feynman
diagrams, and §12 illustrates the general Stokes relations by deducing a graphical 5-term
functional equation for the massive box diagram in 4 spacetime dimensions.

2. Notations and Conventions

Graphs in this paper are finite, and usually connected. They have a finite number n of
external half-edges. The set of internal edges is denoted by E(G), and the set of vertices
by V(G). We write e = |E(G)| for the number of internal edges, and hg for the
number of loops of G. When an internal edge is directed, we denote by s(e) its source,
and 7 (e) its target. An edge with s(e) = 7(e) is called a self-edge or tadpole.

2.1. Reminders on quaternions. Denote the ring of quaternions by
9 = R1+Ri+Rj+RKkK,

where 1 is the unit, i = > = k> = —1,and ij = —ji=k, ki= —ik =, jk = —kj = i.
It admits a representation x : @ — M»(C) via

] 10\ . i 0 0=y 0 —i
=lo1) " lo=i) 17 \10) K7 \mio )

The ring Q has an anti-involution, denoted x > X, which is induced by Hermitian
conjugation V > (V)T on M,(C). The conjugate of x = x;1 + x2i + x3j + x4K is
X = x11 — x2i — x3j — x4k, and the square of the quaternion norm

Ix)> = xX = (¢ + x3 + x5 +x)1

coincides with the square of the Euclidean norm.
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2.1.1. Quaternionic matrices Matrices with entries in the ring of quaternions share many
properties with rings of matrices over a commutative ring (see [Zha97] for a survey). A
convenient method for studying them is via the complex adjoint representation, which
is the ring homomorphism

X+ M (Q) —> M, (M2(C)), 2.1)

induced by the representation x defined above. One shows that a matrix M € M, (Q)
has a unique left inverse (which is necessarily also a right inverse) if and only if its image
xm 1s invertible. However, the determinant of a quaternionic matrix is not defined in
general, and its trace is not a similarity invariant, meaning that tr(P~'M P) # tr(M)
for general P, M. For this reason it is customary to define the determinant and trace of
M € M, (Q) tobe Det(M) = det x»; and Tr(M) = tr x; respectively. They take values
in the complex numbers.
Two particular representations of quaternionic matrices are convenient:

(i) If one identifies M, (M>(C)) with M, (C), then the image of y is the set of matrices
(Ve My, (C):V = VI 1}, where J,, is the block diagonal matrix consisting of
n copies of yj along the diagonal.

(ii) If one identifies M,, (M, (C)) with M, (M,,(C)), then the image of x consists of block
matrices of the form:

A B
Xasip = (_E Z) . A, B e M,©), (2.2)

since any quaternionic matrix may be uniquely written A +j B, with A, B € M, (C).

Here, and later, we identify the complex numbers with R1 + Ri C Q.

Either representation may be used to compute the quaternionic trace or determinant.
We shall use (i) in the examples.
2.1.2. Moore determinant The first part of the following proposition implies the exis-
tence of the reduced Pfaffian norm Nrp [DR22,Tig99].
Proposition 2.1. Let x be the map (2.1).

(i) Let M € M, (Q) be a quaternionic Hermitian matrix, i.e., M T — M, where M
denotes its quaternionic conjugate. Then x is Hermitian and

Dei(M) = det(xu) = (F (xm))”, (23)

where F is a polynomial in the entries of xy which is invariant under complex
conjugation.
(ii) In the case when M € M, (C) C M, (Q) has complex entries

Det(M) = det(xy) = det(M)>. (2.4)

Although we shall not use it, the Moore determinant /' = Nrp(M) is a canonical solution
to (2.3) which satisfies Nrp(M) = det(M) for all M € M,,(C).

3. Moduli of Marked Metric Graphs with Masses and Momenta

We consider a moduli space of metric graphs with external legs and masses. It was
previously studied in [BM19].
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3.1. Graphs with external legs and massive edges.

3.1.1. Combinatorial masses Let M > 0 be a fixed integer. For a connected graph G,
the assignment of a mass to each internal edge e € E(G) is encoded by

M:EG) — {0,1,..., M}.

The labelling O denotes the zero mass.

3.1.2. Physical masses We fix a finite set of non-zero masses m; € R*, for i =
1,..., M, and set mg = 0 to be the zero mass, i.e., m : {0,1..., M} — R. Only
the mass squares ml2 will play a role in the theory. The mass m; denotes the mass of a
particle of type i, and there is no need for the m; to be distinct. When drawing Feynman
diagrams, our convention is to depict massless edges with a single line, and massive
edges with a doubled line.

Two cases are of particular interest, namely the ‘massless case’ M = 0, when all

edges have mass zero; and the ‘generic mass case’, when M = eg, and M : E(G) =
{1,...,eg}is a bijection.

3.1.3. Combinatorial momenta Let n > 0 be a fixed integer. If n > 1, the data of n
external legs or ‘markings’ is given by a map

n:{l,...,n} — V(G)
which can be realised combinatorially by attaching a half-edge, labelled i, to the vertex
n(i). These external half-edges will always be oriented towards their endpoint, i.e., all
external momenta are incoming. The map n does not need to be injective or surjective.

In the case when n = 0, or when the image of n reduces to a single vertex, the associated
graph is called a vacuum diagram, or momentumless.

3.1.4. Physical momenta Letd > 0. Consider n vectors in Euclidean space
0 = {qi e R? fori = 1,...,n}

which satisfy momentum conservation

Y qi=0. 3.1)
i=1

The external half-edge i represents an incoming particle carrying momentum g;. Given
such a collection of momenta, we obtain a vector at every vertex

V(G)
g=@ye(R) T where qo= Y ai (3:2)
itn(i)=v

which is defined to be O if vertex v has no external edges attached to it, and otherwise is
the sum of all incoming momenta at v.
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3.2. A category of graphs. Let us fix integers g, n, M > 0.

Definition 3.1. A marked, weighted metric graph with masses and momenta is a tuple
(G, w,n, M) where G is a connected graph, and

w: V(G) —NU{0}
n: {l,...,n} —V(G) (3.3)
M: E(G)—{0,..., M}

are the data of: a weighting w for every vertex; n external half lines ; and an assignment
M of a mass label to each internal edge of G. Its genus is

gG)=hc+ Y w)

veV(G)

where & is the first Betti (loop) number of G. Such a graph is called stable if, for every
vertex v € V(G), one has the inequality 2w (v) — 2 + d(v) > 0 where d(v) is the total
degree at v (including both internal and external half-edges).

An isomorphism of graphs (G, w, n, M) is an isomorphism of the underlying graphs
which respects the additional data (3.3).
For every edge e € E(G), the contraction

(G,w,n,M)/e = (GJe,w',n", M),

of e is defined as follows. If e has distinct endpoints, then G /e is the graph with edge e
removed and its endpoints {s(e), ¢ (¢)} identified. As usual, the weight of the new vertex
is the sum of weights w(s(e)) + w(z(e)), and n’ is the composite of n with the quotient
map V(G) — V(G') = V(G)/{s(e) = t(e)}. The map M’ is the restriction of M to the
subset E(G/e) = E(G)\{e}.

When e is a tadpole or self-edge, and its endpoints coincide v = s(e) = #(e), the
contraction G /e is simply the deletion of edge e. The weight of the vertex v in G/e is
defined to be one more than its weight in G: w’(v) = w(v) + 1. The map n is unchanged,
and M’ is defined by restriction of M to E(G)\{e} as before.

Edge contraction preserves both the genus and the property of stability.

Definition 3.2. For fixed g, n, M, let I, , » denote the category whose objects (G, w, n,
M) are connected stable graphs of genus g, and whose morphisms are generated by
isomorphisms and edge contractions.

When M = 0, it is nothing other than the category of marked stable metric graphs of
genus g with n external markings. The category I, ,, » has a final object given by the
graph consisting of a single vertex of weight g, and n external legs.

3.3. Associated moduli space. Based on ideas in [ACP22,BBC+20], one can efficiently
define the moduli space of marked metric graphs as follows.

Let 7 op denote the category whose objects are topological spaces and whose mor-
phisms are continuous maps. Consider a functor 8 : I — 7op, where [ is a finite
(diagram) category. Its realisation X is the topological space

Xs = lims(i).
iel
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A morphism froms : I — Toptos’ : J — Top is the data of a functor j : I — J,
together with a natural transformation from s to 8’ o j. Such a morphism induces a
continuous map Xs — Xg between the associated topological realisations.

Definition 3.3. Define a functor
S: IOZP’M —> Top (3.4)

as follows. To the object (G, w, n, M) it associates the closed cell

C(G) = C(G, w,n, M) =RE?,

given by the space of non-negative edge lengths £,, fore € E(G). It only depends on the
underlying graph G. An isomorphism (G, w, n, M) = (G’, w’, n’, M’) induces a bijec-
tion E(G) = E(G"), and a linear isomorphism on the corresponding cells. Contraction
of an edge ¢ € E(G) induces a natural inclusion of cells

te : C(GJe) — C(G)
upon identifying C (G /e) with the subset £, = 0.

Definition 3.4. Define the tropical moduli space to be its topological realisation

MZ,‘?EM= lim C(G).

0pp
Gelgn Y

Although the cases when g = 0 are topologically interesting, they will play no role
in this paper: in the absence of internal edges the canonical differential forms we shall
consider are identically zero and only interesting for g > O.

Similarly, one can consider the functor Ls : I, P — Top which assigns to every

object (G, w, n, M) the closed simplex

Go ={(t)e eRET Y £ =1
ecE(G)

where the edge lengths are normalised to sum to 1. If E(G) is empty, then o is defined
to be the empty set.
It defines a functor for the same reasons as above. The tropical moduli space ./\/ltrof M

is a cone whose cone point p is the cell associated to the final objectin I, , . The link

;mf w \(P}/RZ,, is isomorphic to the topological space

trop . _
LMg’n’M_ hm 0G.

o
Gely 'y m

Remark 3.5. In the case when M = 0, one retrieves the definition of the moduli space

./\/ltmp of curves with n marked points. In general, the data of masses M is not completely
anodlne since assigning distinct masses to the edges of a graph will in general reduce
the size of its automorphism group.

The functor s defined above factors through a category of rational polyhedral cones as in
[ACP22,BBC+20], which can in turn be upgraded to a category built out of affine spaces
equipped with certain linear embeddings. There is a variant for the links LS involving
projective spaces. These notions will be pursued elsewhere.
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3.4. Homology and graph complexes. The homology of the spaces Mgiﬁ a7 can be ex-
pressed in terms of complexes of graphs in the category I, , » via a variant of the
classical result which relates cellular and singular homology (see [BBC+20, Proposi-
tion 2.1], [ACP22, Theorem 4.2]). We refer the reader to [BM19] for specific results

about the homology of M;m,ﬁ y When M > 0.

4. Interpretations of Momenta

4.1. Genericity. Let G be a connected graph with external momenta ¢; € RY, and
internal masses m,.. We shall say that momenta are generic if

2
(Z qi> #0 (4.1)
iel

for all strict subsets [ of the set of external half edges [Bro17, (1.18)]. It is automatic from
our definitions that all non-trivial edge masses m, are non-zero. Note that the genericity

conditions for complex-valued momenta, which will not be considered in this paper, are
more general than the Euclidean condition above.

4.2. Momentum routing. Choose an orientation on every edge of G, such that external
edges are oriented inwards.

Definition 4.1. A momentum routing relative to the edge orientation is the data, for every
internal edge e € E(G), of a momentum vector

He € R4
such that momentum conservation holds at every vertex v € V(G), i.e.,
Dot Y pe=0, (42)
s(e)=v t(e)=v

where the first sum is over all edges emanating from v, and the second is over all edges
terminating at v. In the second sum we include external half edges, for which we write
We = g for the incoming external momentum along e.

To see that momentum routings exist, we can reformulate (4.2) as follows. Let us write
R = RY, and consider the exact sequence:

0—>H1(G;R)—>REG—8>RVG—>R—>O,

where d(e) = t(e) —s(e). The data of external momenta defines a vectorg € R V6 where
q= (qv)vevg via (3.2). The condition of momentum conservation (3. 1)1s precisely the

statement that its image under the map RY¢ — R is zero. Therefore ¢ € Im(d). A
choice of momentum routing is any element

n= (Me)ecEg € REG  guch that 8& =q.

Any two choices of momentum routing differ by an element of H{(G; R).
Note that one may always assume that u, = 0 for every self-edge or tadpole e.
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Remark 4.2. One can define a canonical momentum routing by demanding that u € REG

be orthogonal to the subspace Hi(G; R) with respect to the inner product on REG
for which the edges form an orthonormal basis. However, the canonical routing is not
respected by contraction of edges.

4.3. Complex momenta. Suppose that the number of spacetime dimensions is d = 2,
and the external momentum associated with the kth external half edge is

gr € R%. (4.3)
Having fixed a choice of square root i of —1, there is an identification
R?=C
qg=(x,y)—~q=x+iy

which is compatible with the Euclidean norm. In other words, if gz = (x, yx) and
Qx = X + iy for k = 1, 2, then the Euclidean inner product is

2g1.g2 =2 (x1x2 + y1y2) = 2Re(q1qQy) = qi1Gp + ;02 (4.4)

and |¢1]> = q1q;. We can always assume (4.3) holds when the total number of external
momenta is at most 3, since by momentum conservation, the Feynman integral only
depends on two external momenta, which lie in a Euclidean plane.

4.4. Quaternionic momenta. Suppose that G is a connected graph as above, but the
number of Euclidean dimensions is d = 4. The external momenta satisfy

1 4
G =g, ... a0 e R (4.5)
Let us denote the corresponding quaternions §2.1 by qx € O, where

1 2); 3) 4
G =g, 1+q i+q i +q "k,
which we may identify with their image in M>(C) under x (2.1). The inner product will
be written interchangably in either notation via the identity:

4
G + 9,0 = Qg -an1 =2 q/%q}". (4.6)
k=1

5. Generalised Laplacians for Graphs with External Legs

We define a generalised graph Laplacian of a connected graph G with external momenta
subject to momentum conservation, and internal particle masses. In the following, let
C be a ring, which is not necessarily commutative, equipped with an anti-commutative
involution ¢ : C — C such that its invariant subspace R = {c € C : t(c) = c} is
commutative.

Examples include:

(1) C = C the complex numbers, equipped with complex conjugation.
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(2) C = Q the ring of quaternions, with quaternionic conjugation.

(3) C = Qlue, i£,, m;] an abstract ring of kinematic variables, where ¢ is the QQ linear
map acting trivially on m;, and such that ((u,) = 1£,, t(iL,) = [Le-

4) C = QlAe, ke, Ve, Ve, mi]asin (3), where t(re) = Ae,and t(ve) = —ve, 1(Vp) = —T,.
The multiplication is given by viewing i, = A, + jv, as an abstract quaternion, or

equivalently as a 2 x 2 matrix (f; 2 )
e e

In the first instance, the reader may wish to consider only the case (1) where C = C.

The generalised graph Laplacian requires the data of:

e an external momentum vector ¢ € C"¢ subject to momentum conservation
e a vector of internal masses m € CE¢ which is invariant under .

It is defined in two stages: first we define the graph Laplacian for zero masses, and then
modify it very slightly to take into account the internal masses.

5.1. Definition of the generalised graph Laplacian. Choose an orientation on the internal
edges of G. Consider the exact sequence

0 — H(G;C) 2% cFo L Ve — ¢ —s 0,
Since the momentum vector g € C VG maps to zero, we obtain an extension
0— H{(G;C) — & —>C—0 (5.1)

where £ = {u € CEe - d(u) € Cq} and the element 1 € C in the right-hand term is

identified with g € CV6 . We shall call this the extension by momenta.
Consider the pairing satisfying

CcEe x CE6 — Clx,, e € Eg]
(e, Be')o = a1(B)xebeer. (5.2)

It restricts to a Hermitian form (with respect to the involution ¢) on £g, which we also
denote by ()o, and which may be interpreted as a C-linear map y +— (x — (y, x)o)
which we call the ‘graph Laplacian for zero masses’:

AG(1,0) : Eg — Homc ) (Eq, Clxe]).

Here, Hom , (A, B) denotes anti-linear maps ¢ : A — B satisfying ¢(Ax) =
t(M)¢ (x) for all A € C. Equivalently, (5.2) may be viewed as a C-linear map:

D¢ : CEe — Hom(c,l)(CEG, ClxeD

using which one has the identity 1~\(;(pL, 0) = ﬁ’& Dcﬁc where ﬁg c &g — CEa i
inclusion and X + X* denotes Hermitian conjugation, i.e., X* = (X )T.

The subspace H{(G;C) C &g contains the subspace H|(G; Z), which is invari-
ant under the involution . Restricting the Hermitian form ( )¢ to the space H{(G; Z)
therefore defines a symmetric bilinear form which is nothing other than the usual graph
Laplacian A g, which depends neither on masses nor momenta.
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The masses of G are encoded by a single element

m= Zmee e Cfe
e

where m, = t(m,). The norm of this element with respect to (5.2) is
Iml = (Y mee, Yy mee) = myxe
e e e

We define the mass-correction Hermitian inner product ( ), on &g to be the unique
inner product vanishing identically on H;(G; C):

(H1(G;C), EG)m = (£, HI(G;0))m =0

but for which (f, f),, = |m|? for any f € £ whose image is 1 € C under the natural
map in (5.1). Consider the sum of the two Hermitian forms

=0+ me
The associated C-linear map defines the generalised graph Laplacian

A, m) : E —> Home,y(Eg, CLx.)). (5.3)

5.2. Generalised graph Laplacian matrix. The generalised graph Laplacian may be
computed by splitting (5.1). Number the edges of G from 1, ..., N. Choose a basis
c1,...,cp of H(G; Z) and a routing of edge momenta nE Cka,

Define a matrix 7:2G with N rows, h + 1 columns and entries in C as follows. If
1 < k < h then the entries (Hg)e r count the number of times (with multiplicity) that
the oriented edge e appears in the cycle cx. Thus the first # columns consists of the usual
edge-cycle incidence matrix Hg. The final column is defined by

(HG)e,hH =pe l=e=N.
Now consider the matrix A~/10 with N rows and /& + 1 columns

~ me if c=h+1,
(MG)e,cz{ ¢ .

0  otherwise.

Thus MG is zero except for the last column, which is the vector of masses m,.
The generalised graph Laplacian matrix is defined to be

Ag(g,m) = ﬁEDGﬁG +MEDg Mg,

where X +— X* denotes Hermitian conjugation, i.e., X* = 1(X )T Since~1\71 G has entries
which are invariant under ¢, we have M, = M, g Note that the matrix M Dg Mg only
has a single non-zero entry in the bottom right-hand corner:

0...0 O
N . .

MEDG]VIG:Z OO 0

e=1 5
0...0mza,
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In general, the matrix Ag has the following block-matrix form:

ci (o, p)
Ko = Ag - (5.4)
cnla, 1)
el t(w) ... cple, ()] Xg
where Ag = Hg DH is the usual graph Laplacian matrix,
N
X6 =Y (Het (1) + my)cte, (5.5)

e=1

and where for any Z-linear combination of edges ¢ = . E(G) Pe€, We write

cla, ) = D Peltele,

ecE(G)

and c(«, t(w)) for its image under .

5.2.1. Change of edge orientations Changing the orientation of an edge does not modify
the matrix A . To see this, observe that switching the orientation of any number of edges
amounts to multiplying the matrix H ¢ on the left by a diagonal matrix E with entries in
{1, —1}: reversing the orientation of edge e results in a change of sign for the associated
momentum g.. The claim follows since E*DgE = D¢ and since Mg does not depend
on the edge orientations.

5.2.2. Change of basis The matrix Ag depends on the choice of basis for the homology
Hi(G; Z). Changing basis modifies the matrix Ag by

K =PTAGP (5.6)

where P is an invertible block matrix of the form

: (5.7)

where P € GL(H/(G; 7)) is a change of basis matrix with integer entries. In particular,
one has det(P)? = det(P)? = 1.

5.2.3. Change of momentum routing Two momentum routings iz, i’ differ by an element
of Hi(G; C). Therefore changing momentum routing (or changing a choice of splitting
of (5.1)) is equivalent to modifying the matrix A by

K =SAGS (5.8)

where § is an invertible block matrix of the form

, (5.9)

where I denotes the i X hg identity matrix and sy, ..., s, € C.
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5.2.4. Group of indeterminacy The graph Laplacian matrix Ag is therefore ambiguous
up to the action of the semi-direct product

C¢ % GLy(2) (5.10)

where P € GLg(Z) actson S € C8 via § — PS P~!. Note that it only involves
the additive structure on C, which is commutative, and not the multiplicative structure,
which may not be. The group (5.10) can be viewed as the group of automorphisms of the
extension £g (5.1) which respects the integral structure H{(G; Z) C H{(G; C). Recall
that C8 x GLg4(Z) is the set (S, P) € C8 x GL4(Z), which can be identified with the
set of matrices

: .11

equipped with the group law (S1, P1)(S2, P») = (S1P152 Pfl, P P).

5.3. Complex adjoint of the generalised graph Laplacian. Let G be a connected graph
as before, and suppose that the external momenta lie in C = Q, the ring of quaternions.
The generalised graph Laplacian Ag (i, m) is a quaternionic Hermitian form of rank
g + 1, and may be represented by a (g + 1) x (g + 1) Hermitian matrix with entries in Q.
Its image under the complex adjoint map (2.1) is a Hermitian complex matrix of rank
2g +2.

In block matrix form §2.1.1(i), one may represent a choice of complex adjoint graph
Laplacian in the form M»,(C) = M, (M>(C)) as follows:

ci(d, @) (v, a)
XAg —c1(V, &) c1(A, )
XX = : (5.12)
(@) —ci(v, Q) ... X 0
ct(v,a) ci(A, ) ... 0 X

where the quaternionic momenta are (, = A, + j v, for A, v, € C, where

Ain 0 A O
0 A1 0 A1

Ar1 O
XA = 0 A (5.13)

Agg O
0 Agyg

is the complex adjoint of the ordinary graph Laplacian Ag = (A;;);;, and

eG
X = Z (mg + hohe + veie) .
e=1

In the massless case m, = 0, these matrices were considered in [BK10].
the reader may prefer to use the equivalent matrix representation §2.1.1(ii).
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6. Symanzik and Spanning Forest Polynomials

We recall the definition of Symanzik polynomials and relate the polynomial ¢g(q) to
a sum of spanning forest polynomials relative to a choice of momentum routing. For
further background on Symanzik polynomials and some of their basic properties, we
refer the reader to [Brol7, §1], for example.

6.1. Definition of Symanzik polynomials. We recall the definition of the graph polyno-
mials which arise in Feynman integrals in parametric form, since conventions can vary
slightly in the literature. Let d > 0 be any non-negative integer. In this section, G is
any connected graph with external edges and external momenta ¢; € R?. Every internal
edge e is assigned a mass m, € R.

6.1.1. 1st Symanzik polynomial Recall that the first Symanzik polynomial (also known
as the ‘Kirchhoff” or graph polynomial), is defined by

V=) e (6.1)

TCG e¢T

where the sum is over all spanning trees of G. It does not depend on the external half-
edges of G. It is equal to the determinant of the ordinary graph Laplacian:

det Ag = V¥g. (6.2)

It is homogeneous of degree /1 and is not identically zero.

6.1.2. 2nd Symanzik polynomial The second Symanzik polynomial depends on external
momenta. It is the homogeneous polynomial of degree i + 1 defined by

o) =— Yy @"q™ [] e (6.3)

T, T,CcG e¢T1UT,
where the sum is over all spanning 2-trees of G (or spanning forests with exactly two

connected components), and g7; denotes the total momentum entering 7;. By momentum
conservation g7 +¢™> = 0.

6.1.3. Dependence on masses The ‘2nd Symanzik’ polynomial which occurs in the
(Euclidean) parametric representation of Feynman integrals is

Eclg.m)= (@) + | D aem? | ¥ (6.4)

ecEg

which is also homogenous of degree hg + 1.
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6.2. Vanishing of Symanzik polynomials.

Definition 6.1. [Brol7, §1.4] A subgraph y C E¢ is momentum-spanning if all non-
zero external momenta ¢, of G meet vertices v which lie in a single connected component
of y. It is called mass-spanning if it contains all massive edges of G.

It is called mass-momentum spanning (or m.m. for short) if both hold.

It is shown in [Brol7, §1.6] that if y C E¢ and genericity (4.1) holds, then

Ec(q,m) = Eg/y(q,m) (6.5)
a,=0,ecy

is identically zero if and only if y is an m.m. subgraph. In this paper we work in the
Euclidean region (loc. cit. §1.7) which implies that the coefficients of every monomial
in the variables «; in E¢ are non-negative (this would not be true in Minkowski space).
If y is not m.m. then G/y has a scale and one shows that

Eg/y(g,m) >0

in the region o, > 0, forall e € Eg/y, = EG\E).

6.3. Spanning forest and Dodgson polynomials. The second Symanzik can be expressed
using spanning forest polynomials, which were defined in [BY11].
6.3.1. Spanning forest polynomials

Definition 6.2. Let P = P; U --- U P, be any partition of a subset of vertices of G into
disjoint sets. The associated spanning forest polynomial is defined by

¢g = Z 1_[ Qe
F ecE(G\F

where the sum is over spanning forests 7 = T1 U - - - U T,. of G with exactly r connected
components 7; such that

VTH)NP =P, for 1<i<r

In other words, each tree 7; contains the vertices in P; and no other vertices of P. Trees
consisting of a single vertex are permitted. We set ¢g = 0 if the sets P; are not all
disjoint.

6.3.2. An identity for the 2nd Symanzik polynomial

Proposition 6.3. Let G be as in the previous paragraph. For any choice of momentum
routing, the second Symanzik polynomial satisfies:

Dg(q) = Z He-the e WVG e + Z Pe-Jd f Qe f

ecE(G) e, feE(G)
e#Ef
<¢{Gs(e),s(f)},{t(e),t(f)} . ¢g(e),t(f)},{s(f),t(e)}> ’ (6.6)

where we recall that ¢g‘ P2 s zero if PN P, is non-empty. Note that the second summand

is symmetric in e and f and therefore each term is counted twice.
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Proof. Let T = T1 U T be a spanning forest in G with two connected components
T1, T>. By momentum conservation (4.2), the momentum flowing into 77 equals

g ==q"= ) pe— D e (6.7)

t(e)eT s(e)eT

where each sum is over all internal edges e € E(G) such that e U T has no loops, and
is hence a spanning tree of G. In particular, e has one endpoint in V (77) and the other
in V(T3).

Suppose that e is an edge with distinct endpoints. It follows from (6.7) that the
coefficient of (. e in —qu .qT2 is life UT) U T, is atree, and O otherwise. By (6.3),
the coefficient of it..1, in P (q) is therefore equal to

2 [Tee

T '¢T

where the sum is over the set of spanning forests 7 with two connected components
such that T U e is a tree. The map T +— T U e is a bijection between the latter and the
set of spanning trees which contain e, which in turn are in one-to-one correspondence
with the set of spanning trees in G /e. We conclude that the coefficient of jt..u. in the
formula (6.3) is precisely . WG/, (Which also equals o, Wg /).

In the case when e is a loop, W . vanishes. By (6.7), i, does not contribute to gh
and therefore does not appear in ® ¢ (g). This establishes the first line of (6.6).

Now consider two distinct edges e, f and assume first of all that they have in total
four distinct endpoints. Formula (6.7) implies that ..u ¢ does not arise in —gh gT
unless both T U e and T U f are trees. In this situation the coefficient is 1 if s(e), s(f)
lie in the same connected component of 7', and —1 if they lie in different components.
In the former case, this means precisely that 7 = T U T3 is a spanning forest with 2
components such that the vertices of one component V (77) contains {s(e), s(f)} and
the other, V (T3), contains {z(e), 7(f)}. In the latter case, V(T}) contains {s(e), 7(f)}
and V (T») contains {s(f), t(e)}, or vice-versa. From (6.3), it follows that the coefficient
of fe.py in @i (g) is exactly

Qa0 <¢g(6),5(f)},{t(e)»t(f)} _ ¢g(6),t(f)},{5(f),t(€)}> ) (6.8)

It remains to check that (6.8) remains true in the cases when {s(e), s(f), t(e), t(f)} has
3 or fewer elements. The reader may verify this in every situation (e.g., s(e) = s(f),
s(e) = t(f), etc), using a similar argument and the fact that d)g"Pz vanishes if P; and
P are not disjoint. Note that if e or f is aloop (i.e., s(¢) = t(e)) then u, does not occur
in (6.7), and indeed, both of the spanning forest polynomials in (6.8) are defined to be

zero in this case. a

6.3.3. Spanning forests and minors of graph Laplacians The difference of spanning
forest polynomials occurring in Proposition 6.3 can be interpreted as a ‘Dodgson poly-

nomial’ \I—fg’f . We will make frequent use of the following well-known lemma.

Lemma 6.4. Let G be a connected graph with directed edges. Suppose that ey, . . ., ey
are distinct edges such that G\{ey, . .., ey} is connected. Then h = hg > n and we may
choose cycles ci, . .., ¢, € ZEG representing a basis for H\(G; Z) such that:

(HG)L,I.’CJ. =34;; forall 1 <i<n,1<j<hg.
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In other words, for each 1 < i < n, the edge e; appears in cycle c; with coefficient 1
and occurs in no other cycle.

For a matrix M, let M/ denote the matrix with row i and column j removed.
Lemma 6.5. Let G be a connected graph with directed edges.

(1) Lete € E(G) be an edge such that G\{e} is connected (i.e., e is not a bridge). Choose
cycles cy, ..., cp asin the previous lemma and let A g be the graph Laplacian matrix
with respect to this basis. Then we have

1,1
detAg =Yg\,

(i1) Let ey, e2 € E(G) be two edges such that G\{e1, e>} is connected, and choose cycles
Ci, ..., cCp asin the previous lemma. Then

1,2 RARGE ) {52,
detAG -+ (¢{GS1 o)t} d’gl 0}, {s2 t|}) '

where s; is the source of the directed edge e;, and t; its target, fori =1, 2.

Proof. (i) The variable «, only occurs in the matrix Ag in a single place, namely the
top left entry (Ag)1,1. A row expansion shows that the coefficient of 1 in det(Ag)

equals det(Agl). On the other hand, the coefficient of «y in W¢ is precisely We\e,
by the contraction-deletion identity Vg = a1 Wg\e + YG//e-

(ii)) By the same argument as in (i), we have det(Al(’;’) = Yg\ fori = 1,2 and
det(Ag’lz) = WG\ fe|,e,}- Now the ‘Dodgson identity’

2
(det(AE))” = Yore Wore = Yor(er.e Vo

implies that det(Agz) is equal, up to a possible sign, to the ‘Dodgson polynomial’

\I/é;’2 which satisfies the identical identity (but is defined using the graph matrix,
and not the Laplacian). An expression for the latter in terms of the requisite forest
polynomials follows from [BY11, §2]. O

7. Determinants of Generalised Graph Laplacians

Let G be a connected graph as in §5 with internal particle masses and external momenta
lying in 2-dimensional Euclidean space R? = C.

Theorem 7.1. Let K(;(u, m) be a generalised graph Laplacian for any choice of mo-
mentum routing 1. € CEG. It satisfies

det Ag(u,m) = Eg(q, m). (7.1)
Now let G be as above with external momenta in R* = Q.

Theorem 7.2. Let IN\G(,u, m) be a generalised quaternionic graph Laplacian with re-
spect to a choice of momentum routing ju € QFG. It satisfies

Det Ag (. m) = (Eg(gq, m))*. (1.2)
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Remark 7.3. The right-hand side of (7.1) or (7.2) only depends on external kinematics. It
follows that the determinant of the generalised graph Laplacian with generic momentum
variables (. only depends on the quantities

My = Z He — Z Me
s(e)=v t(e)=v
where the sum is over all internal edges incident to a vertex v € V(G).

We first prove Theorem 7.1 and use it to deduce Theorem 7.2. It is instructive to prove
Theorem 7.1 by direct computation of the determinant of the left-hand side, making use
of Proposition 6.3. An alternative approach could exploit the asymptotic factorisation
identities proven in §9, which were shown in [Brol7, §4] to determine Eg (g, m) essen-
tially uniquely.

7.1. Preliminary reductions. Itfollows from the presentation (5.4) of A G (i, m) inblock
matrix form that

det ZN\Gm, m) = (XN: a,m%) det Ag + det 1~\(;(,u, 0)
i=1
Since det(Ag) = Vg, it is enough by definition of Eg (g, m) to prove (7.1) in the case
when all masses are zero. Thus, Theorem 7.1 is equivalent to:
det Ag (1, 0) = D(q). (7.3)
Now recall that KG (i, 0) takes the form:
ci(a, p)

~ Ag oo (a, p)
Ag(u,0) = )

— — N : p—
c1(@ D) ea(, 70) |0y i T

By §5.2.2, its determinant does not depend on the choices of cycles c¢;. To verify (7.3),
we use Proposition 6.3 and compare the coefficients of i, 7t,, on both sides of (7.3).
First we treat the case e] = ey = e.

Lemma 7.4. Let e be an edge of G, then the coefficients of p.[t, on the left and right
hand sides of (7.3) agree.

Proof. Consider the coefficient of . t, in det Kg(u, 0). If e is a bridge, then we can
find cycles cq, ..., cp € VA represerlting a basis of H(G; Z) which do not involve e
at all. In this case, u, only appears in Ag(u, 0) in the bottom right hand corner, and the
coefficient of p. 1, is

det(Aglae = Vgae = Vg j/ete.

If e is not a bridge, then choose cycles cy, ..., c, as in Lemma 6.4. There are two
possible types of terms in an expansion of the determinant which can involve p.,,
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namely those involving the top right and bottom left corners ¢ (o, 1) and ¢ (¢, 1t), and
those involving the bottom right hand corner as before. In total they contribute

a.det(Ag) — 0!3 det(Al;’l) =, (‘-IJG — O!e\IJG\e) = o, VYG /e

The minus sign on the left comes from (== = —1; the first equality is
a consequence of Lemma 6.5(i); and the second equality is the contraction-deletion
identity: WG = aeWG\e + YG//e. In all cases, we conclude that the coefficient of .1z,
in det Xg(u, 0) is e W /e, in agreement with (6.6). O

Before proceeding to the case e, e, distinct, we consider some boundary cases.

Lemma 7.5. Let e be a tadpole in G. Then

det Ag (. 0) = e det Ao (12, 0)

Proof. By Lemma 6.4, choose the first cycle in a basls Cl,...,cpof H(G)tobec) = e,
and all other ¢; to be independent of e. The matrix Ag (i, 0) has the form
o 0 . 0 e lhe
0 cala, w)
Ag(p,0) = Ag\e
0 cnla, 1)
QT |2, ) .. en(oe, | SN aipiT

The result follows by subtracting ix, times the first row from the final row, and performing
an expansion of the determinant along the first column. O

Next we verify that the theorem is true in the massless case for ‘banana’ graphs, i.e.,
graphs with exactly two vertices joined by > 3 internal edges.

Example 7.6. Let G have two vertices vy, v2, and n > 3 edges. Orient them so that
they all have source vy and target v;, except for e,, which has source v, and target v;.
Consider the basis of cycles:

cr=eil+te, co=ex+e, ..., CchpL=¢e,_1+e,

where h = n — 1. With these conventions, the graph Laplacian is

o, o ... ap
o, 4o, ... oy,
Ag =
o, ce. Oy Oy Fay

It follows from the explicit description of 7\(; (., m) in the form (5.4) that the coefficient
of i, indet Ag (i, 0) is ojorp det Aé;’z, where

oy Ay ... oy
op o3+ ... oy

Op ... Op Qp_1+a,
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By subtracting the first row from all other rows, we see that det Agz = a3---ay, and
therefore the coefficient of w17t, in det(Ag(u, 0)) is o - - - . By symmetry, the same
holds for any ;i ;, where i # j. This agrees with the coefficient of u; it ; in G (q), by
its definition (there is only one spanning two-tree). The case when i = j follows from
Lemma 7.4, and it follows that det Ag (i, 0) = ®5(g) as claimed.

7.2. Proof of Theorem 7.1. Now let e, ex € E(G) be two distinct edges and consider
the coefficient of ., it,, in det(Ag(u, 0)). Suppose first of all that one of the edges,
say eq, is a bridge. By the argument given above, no terms in the matrix 1~\(;(u, 0)
depend on pt, except for the bottom right-hand corner, and so the coefficient of i, &,
in det(1~\(;(,u, 0)) is zero. Now since e is a bridge, it follows that e, lies in just one of
the two connected components of G\ej, and therefore:

¢{GS(€1),S(62)},{I(61)J(Ez)} _ ¢{GS(€|),1(62)}»{1(61)»‘(62)} —0.

Now suppose that neither e; nor e; is a bridge, yet G\{e1, e2} has two connected com-
ponents. In particular, e; is a bridge in G\ {ej}. In this case we may choose the cycles
c1,...,cp such that ¢, ..., ¢, are cycles in G\{e;} which do not depend on e;. Thus
we can assume that only cycle c¢; involves either e or e, and furthermore we can direct
the edges ey, e> in such a way that their coefficient in ¢y are both 1. In this case, the
coefficient of ji, 1L, in det(Ag(u, 0)) is

(=DM (=1 g e, det A5" (11, 0) = —0te, e, WG (1)

Since the sources of e, e; lie in different components of G\{e1, ¢2}, we have

¢{GS(€1),S(ez)},{t(m),t(@)} —0.

There is a one-to-one correspondence between the set of spanning forests with two
components 77 U T3 such that {s(e1), #(e2)} C V(T1) and {t(ey), s(e2)} C V(T2), and
the set spanning trees 7 = T1 U T U e3 of G\{e;}. This implies that
¢g(€1),t(€z)},{S(€1),l(€2)} = Qe 0o, WG [e)
and again the coefficient of e, ft,, in det(Xg(M, 0)) and & (g) are in agreement.
Finally, consider the case when G\{e1, e2} is connected. Choose cycles cy, ..., ¢,
as in Lemma 6.4. By expanding det Ag(u, 0), its coefficient of ., 1t,, is

o, e det(Agz) =t e, <¢{GS(€1),5(62)},{1(61),1(62)} _ ¢g(€1),S(ez)},{f(€1)~,f(€2)}) ’

by Lemma 6.5. By Proposition 6.3, the coefficient of w., 1t,, in det Ag (1, 0) is equal to
that of ie, .1te, in PG (g) up to a possible sign. It remains to determine the sign.

If the coefficient of ., it,, vanishes in det Ag (g, 0) then there is nothing to prove.
Otherwise, it is enough to select a single non-zero monomial m in the coefficient of
Mey e, in det Ag(u,0), and compare with the corresponding coefficient in ®g(q).
Such a monomial corresponds to a unique spanning forest 7 = 77 U T» via the formula
m = ]_[e¢ F a. The signis determined by setting all a, to O for e € F, which corresponds
to contracting all edges in F. Since

A ,0) = Ag(u, 0 ,
G/F(w, 0) G(u )ae:O,eE]:
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it therefore suffices to prove the identity for the graph G’ = G/F. Because F has two
components, G’ has exactly two vertices. We can assume that G’\{ey, 3} is connected
since we have already considered the disconnected case. By Lemma 7.5, we can remove
all tadpoles from G’, and thus assume that G’ is a banana graph with two vertices. The
result then follows from Example 7.6.

7.3. Quaternionic case (proof of Theorem 7.2). It follows from Proposition 2.1 that
there exists a well-defined polynomial F in the «;, m; and the components A., v, of the
momenta L, = A, + jVe, and their conjugates, such that

Det(Ag (1t m)) = detxz o um) = F-

2

By inspection of (5.12), the middle term is at most quadratic in the mass squares m;,

and therefore ' may be written in the form

F=Fy+ Z m2F,.

ecEg

More precisely, by expanding det(x3 . (,.)) using the representation (5.12), one sees
that the quadratic terms in the mass squares all arise from the term

X2 det xa, = (X det(Ag))?

using Proposition 2.1(ii). By comparing terms in m?, it follows from this that

Z m?Fe = Z m%ae det (Ag) = Z m%ae (o¥e!

ecEg ecEg e€EG
and therefore
Det(Ag (1, 0) = F.

We are thus reduced to proving the case when all masses are zero.

By inspection of the matrix (5.12), the determinant is of degree at most four in the
momentum components A,, Ve, e, Ve, and therefore F is of degree at most two in them.
It suffices to check that for any two edges e, f, the coefficient of ek f (orvevy, etc) in
F coincides with that of ®;(g). Since F does not depend on the choice of momentum
routing, we can assume that the momenta through edges e, f are purely complex, since
they lie in a copy of R* = C inside R* = Q. In other words, we may assume that
ve = vy = 0 is zero. Since the coefficient of Aok r in F does not depend on the other
momentum variables, we can assume that the latter are complex as well. Now if v, = 0
for all edges e, the complex adjoint Laplacian x3 (, ) 18 simply the image under x
of the generalised Laplacian with complex momenta. Thus Theorem 7.2 follows from
Theorem 7.1 and Proposition 2.1(ii).

8. Invariant Forms Associated to Graphs

We define invariant differential forms associated to generalised graph Laplacians.
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8.1. Invariant forms. Let us define a graded exterior algebra

Bean = /\ @ @ ﬂ2k+]

k>1

in which each element 82*! has degree 2k + 1. It is a graded-commutative Hopf algebra
with respect to the coproduct

Acan @ Bean —> Bean ® Bean (8.1)

’32k+1

for which the generators are primitive:

Acan (’62k+1) -1 132k+1 +’32k+1 ® 1.

We shall call a primitive element odd or even depending on whether k is odd or even.
The Hopf subalgebra generated by the even forms ,B‘”‘Jrl was denoted by Qcan C Bean
in [Bro21]. Let R = @nzo R be a graded-commutative, unitary, differential graded

algebra with differential d : R" — R"*! of degree 1.

Definition 8.1. For any invertible matrix X € GLj(Rp), let us denote by

2k+1
§k+1=tr<(x—1dx) ) e R,

By taking exterior products, we can define Sx for any 8 € Bcgy.

We briefly recall properties of these forms. Self-contained proofs of these facts, which
are classical, may be found in [Bro21].
(1) The forms ﬁg(k“ are closed: dﬂ)z(k“ =0

(2) One has ﬂ)z(k;l = (- l)k ,3)2(1‘“. In particular, the odd primitive forms vanish on the

space of symmetric matrices.
3) The forms 2k+1 are bi-invariant:
X

2k+1 _ p2k+1
IBAXB - IBX

for any matrices A, B € GLj(Rp) which are constant, i.e., dA = dB = 0.

(4) The primitive forms are additive: ﬂ)zfl‘lgxz = ﬁ)z(]j” + ,8)2(];*1 with respect to direct

sums. It follows for general 8 € By, that

/ "
ﬂxl@XZ = Zﬂxl /\IBXZ

where we write Acanf =Y. 8 ® 8.
(5) Let A € (R°)™ be invertible. Then

Bix = Bx forany B € B
(6) If X has rank 4, then

=0 if k>nh
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8.2. Canonical forms associated to graphs. The canonical forms introduced in [Bro21],
which do not depend on kinematics, will henceforth be called ‘of the first kind’ since
their denominators involve the first Symanzik polynomial.

Definition 8.2. Let w € Bcqay. For any connected graph G with internal particle masses
and external momenta in R? = C, define:

(1) The first canonical form to be
WG = WAg, (8.2)

where A is any choice of graph Laplacian matrix.
(ii) Define the second canonical form to be

@G (1, 1) = OF g om) (8.3)

where ZN\G (u, m) is any choice of generalised graph Laplacian matrix. It depends a
priori on the external momenta /. and particle masses mi,.

(iii) Define a mixed canonical form, or simply canonical form to be any polynomial in
the canonical forms wg, wg of the first or second kinds.

The case when momenta lie in R* is discussed below.

Since the graph Laplacian A g is symmetric, odd canonical forms of the first kind are
identically zero. This is not the case for the forms of the second kind. A mixed canonical
form is abstractly represented, therefore, by an element of

Ucan =Ben ® Qcam (8'4)

The following theorem summarizes some basic properties of these forms.

Theorem 8.3. The primitive canonical graph forms are well-defined, projectively in-
variant closed differential forms of the shape:

Ni(o, da)
4kel _ pake1 _ N1,
oG =B, = Pk
G
w2 (g my = g Na(o, da, me, Qu, )
¢ Acum) Eg (g, m)+!

where N1, No are polynomials with rational coefficients. Let
X = V(¥6) U V(Eg(g, m) C PFO

denote the generalised graph hypersurface. For any canonical form @ € Ucan of degree
n, wg is a closed, projectively invariant form of degree n:

wg € Q" (PEG\ X))

which, under the assumption of generic momenta (§4.1), is smooth on the open coordinate
simplex oG C PEG(R) defined by ay, . . ., Qe > 0.
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Proof. The fact that the forms are closed and well-defined follows from bi-invariance
§8.1, as does projective invariance. It is clear from the definition that their denominators
only involve a power of the determinant: the order of this power follows from [Bro21,
Theorem 5.2], and the expression for the determinant as a graph polynomial follows
from Theorem 7.1. The numerator N is a priori only a polynomial in the momentum
routing /., but again by bi-invariance, it is independent of the choice of momentum
routing, and hence only depends on external momenta g, g,,. The fact that  is smooth
on the open simplex follows from the assumption that kinematics are generic, and hence
Eg (g, m) and W are strictly positive on 0. O

Remark 8.4. For any Hermitian matrix X, one has

ﬁ§k+l — (_1)k13§(k+1 . (85)
As a consequence, wék“ is real if k is even, and imaginary if k is odd. In the case when

k is even, w¢ will be arational function of the inner products ¢;.q; of external momenta.

In the case when & is odd, wék” may also depend on the quantities

Lij =9;q; —q,q; = iZm (8.6)

Remark 8.5. If G has only two external momenta g1 = —¢o, Kc(u, m) is equivalent to
a symmetric matrix because we can find a momentum routing so that the w, lie on the

real line spanned by ¢;. In this case, wék“ vanishes when k is odd.

8.3. Further properties of canonical forms. The following properties of canonical forms
are almost immediate from the definitions.

Lemma 8.6. (i) Let w be an automorphism of G. It acts on R® by permutation of the
edge variables x,. For any canonical form of mixed type @ € Ucan,

JT*a)G = WG
(1) Let y C G be any subset of edges such that y neither contains a loop, nor is mass-

momentum spanning. Then

wG = wg
L, /v

where L, C PEG denotes the linear subspace defined by a, = 0 for e € y.

Proof. The proof for a general canonical form are essentially the same as for the first
canonical form [Bro21, §6.2]. o

8.4. Additional form in degree 1. The bi-invariant form
By = tr(X~'dX) = dlogdet(X)
is excluded because it is poorly behaved. In particular, the forms

L\ Z¢

d - dE6(q.
wf = dlogdet(Ag) = . and w; = dlogdet(Rg(u, m)) = 4 E(q. m)

Eglg,m)
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are not projectively invariant since 8wlc = hg and aw(l; = hg + 1, where 0 denotes the
Euler vector field. Nonetheless, the combination

oL = d(ws A @) = hewlt — (h + 1) wh (8.7)

is projectively invariant since 3> = 0, which provides an additional form in degree one.
However, it has poles at infinity and so products of canonical forms involving (ZSIG often
give rise to divergent integrals, and will be excluded on this account. See however, §11.1,
for an example of a convergent integral associated to szs(l;.

Remark 8.7. The significance of the form ng is that it appears in the connection which
defines the twisted cohomology underlying dimensional regularisation. For example,
one may consider the Mellin transform

h+1 N
[ &) o
oG EG(% m)h

where the form wg in the integrand is to be viewed as a cohomology class with respect
to the twisted connection V(w) = —sq% Aw+do.

8.5. Quaternionic forms. Let G be a connected graph with external momenta in R*,
which we identify with quaternions via §4.4.

Definition 8.8. For any w € Q°", define the quaternionic canonical form of the second
kind associated to G to be
Q —
[OFe) (n, m) = a)XXG(;L.Wl)
where x3 . (..m) 1S the image under (2.1) of any choice of quaternionic Laplacian.
Remark 8.9. Since the quaternionic graph Laplacian is Hermitian, its complex adjoint
X = X& G (em) satisfies the following identity, where J,, was defined in §2.2,
X=J"'x"y,
and is therefore similar to its transpose. For any such matrix ,3)2("“ = 0 if k is odd. For
this reason only the even canonical forms are relevant here.

The quaternionic forms of the second kind have very similar properties to the complex
case. We briefly summarise these properties in the following theorem.

Theorem 8.10. Every quaternionic canonical form of degree n of the second kind is a
well-defined, closed, projectively-invariant differential form

wd(u.m) e QPEO\X)

which is smooth on the open simplex oG when momenta are generic (4.1). It is invari-
ant with respect to automorphisms of the graph G and compatible with contraction of
subgraphs which have no loops and are not mass-momentum spanning.

Remark 8.11. The primitive quaternionic forms may be defined directly using the quater-
nionic trace instead of passing via complex adjoints, using the identity:

Te(M~'dM)") = tr((xy, dxw)™) = BY,

This uses the fact that M € M,,(Q) is invertible if and only if y; € M5, (C) is invertible
§2.2.
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9. Canonical Forms at Infinity

This section consists of technical results concerning the asymptotic behaviour of canon-
ical forms in the limit when the generalised graph Laplacians become singular.

9.1. Asymptotic behaviour of generalised Laplacian matrices. Let I C E¢ denote any
subset of the set of edges of G. Consider the map

s7: Qlae, e € Egl — Qlz, e, e € Eg]
sji(e) = za, if e€l,
sj(ae) = . otherwise . 9.1)

Suppose that G has internal masses and external momenta in R* = C, for the time being.
Recall that £; was the extension defined in (5.1).

Lemma 9.1. i). Let y C Eg be a subgraph. Then, writing matrices in block matrix form
with respect to a choice of splitting

&6 = Hi(y; C) ® &gy

the rescaled generalised graph Laplacian satisfies:
X _ (zAy zZB
s3 K (., m) = ( D ) 9.2)
where B, C, D are matrices with entries in Clz, a., e € Eg] and

D = Agy(u,m) (mod z).

ii). Now let y C E¢g be a mass-momentum spanning subgraph. If we write matrices
in block matrix form with respect to a splitting

Ec = HI(G/y; C) @&y,
then the rescaled generalised graph Laplacian satisfies:

A zB

* N — ~ =
syAG(,u, m) = (ZC &, (s m)) where A = Agj, (mod z) (9.3)

for some matrices A, B, C with entries in C[z, «,, e € Eg].

Proof. i). The short exact sequence
0— Hi(y;Z) — Hi(G;Z) — H\(G/y;Z) — 0

defines a filtration 0 C H;(y; Z) C H(G; Z). We may choose representatives ci, . . .,
cg € ZF¢ for a basis of Hi(G;Z) with the property that cy,...,c, C ZEr rep-
resent a basis for Hi(y; Z). A choice of momentum routing p defines a splitting
Ec = H1(G; C) & C of (5.1), and hence we may write

Ec=Hi(G;O@C=H(y;O)@ Hi(G/y; )@ C= Hi(y; C) & Egyy -
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The statement (9.2) follows from the general form (5.4) of the matrix Kg(,u, m) using
the fact that s;ci (a0, w) = zci(a, p) for 1 <i < h, and the fact that

s*A ,m =A m =A m
y NG, m) 0 G (u, m) we—0.ccy Gy (u, m)
ii). Now let y be mass-momentum spanning. As above, a choice of momentum routing
1 defines a splitting £ = H1(G; C) @ C, and we may write

Ec = HI(G/y;C)®E,.

Letcy, ..., cg beasystem of representative cycles for abasis of Hy(G; Z), adapted to the
filtration H(y; Z) C H1(G; Z). Consider the form (5.4) of the matrix KG(/,L, m) with
respect to this basis. Since y is momentum spanning, one has by definition s} c; (e, u) =
zci(o, ) forall 1 < i < g. Since y is mass and momentum spanning, one has
s; X¢ = zX,, where X, is defined by formula (5.5). The statement therefore follows

from S;XG(“’m)L:o = Ag/y. O

Remark 9.2. By taking the determinant and using Theorem 7.1, the previous lemma
gives an interpretation of the ‘asymptotic’ factorisation formulae

Ec(g,m) ~ ®,Eg,y(q,m) if y C Eg notm.m.
Eclg,m) ~ By(g,m)®gy, if y C Eg mm.

stated in [Brol0, Theorem 2.7] for generic kinematics. This observation leads to an-
other proof of Theorem 7.1 since the above factorisation formulae determine Eg (g, m)
essentially uniquely [Bro10, Proposition 4.8].

Note that in the case when y is mass-momentum spanning, both Egs. (9.2) and (9.3)
are simultaneously valid. Since in this case G/y is scaleless, Ay, (10, m) has vanishing
determinant and (9.2) is not relevant.

9.2. Reminders on motives for graphs with generic kinematics. We assume generic
kinematics (4.1) throughout this section. Let us denote by

Xg = V(¥6) UV (Eg(g, m)) C PEG

the union of graph hypersurfaces. By blowing up linear subspaces as in [BEK06] cor-
responding to motic subgraphs (the notion of a motic subgraph is defined in [Brol7,
Definition 3.1]), one obtains a space [Bro10, Definition 6.3]

g : P¢ — PEe (9.4)

which contains a distinguished simple normal crossing divisor D whose image under
7 is the union of coordinate hyperplanes. The irreducible components of D are of two
types: exceptional divisors D, corresponding to y a motic subgraph of G, and divisors
D, where e is an edge of E¢, which are strict transforms of the coordinate hyperplanes
o, = 0. We denote the strict transform of X¢ by Y C PO,

Every exceptional irreducible component D,, of D admits a canonical isomorphism
D, = PV x PS/Y which induces an isomorphism

DD, NYe) = (PY\Y,) x (P97 \Yop). 9.5)
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9.3. Canonical forms along exceptional divisors. For any canonical form 7, denote its
pull-back to PG\(YG U &) along (9.4) by

nG = 7;(nG)s
where £ denotes the exceptional divisor of 7. It could a priori have poles along &, but
the following theorem shows that in fact it does not.
Theorem 9.3. Let ng € UL, be any canonical form. Then 7 has no poles along D
and extends to a smooth form on PG\YG, ie.,

e € Q"(PO\Yo).
Its restriction to an irreducible boundary component D, of D satisfies:
6| p, = G/e

if D, is the strict transform of the hyperplane L, = V (a,) corresponding to a single
edge e of G. The restriction of ng to exceptional divisors depend on its kind. For sim-
plicity, assume that ng € {wg, wg} is primitive (the general case follows by multiplying
primitive forms together), and that y C G is motic and e,, > 1.

(1) Suppose that ng = wg is of the first kind. Then

5G|Dy=53’/\1+1/\56/7 (9.6)

if v is a core (bridgeless but not necessarily connected) subgraph, and @g | p. van-
ishes if D, is the exceptional divisor corresponding to a m.m. subgraph which is not
core.

(ii) Suppose that ng = @¢ is of the second kind. Then

5G|D =w, N +1A@Dg) if y core not m.m.
Y
BG|p, =By AL+ 1ABGy If yismm. 9.7)

Proof. The argument in [Bro21, Theorem 7.4] proves the case when 7 is of the first
kind and y is a core subgraph. The general result follows in an identical manner from
a local description of the blow-ups in affine coordinates, combined with the asymptotic
formulae of Lemma 9.1. The essential part of the argument is the calculation (loc. cit.)
of the behaviour of the bi-invariant form g% where X is a matrix which is asymptotically
block-diagonal as in (9.2) or (9.3). |

Remark 9.4. Aninteresting feature of Eq. (9.7) is that the right-hand side involves canon-
ical forms of both the first and second kinds. In particular, if @ is primitive of degree
n = 3 (mod 4) then the corresponding form of the first kind wg vanishes, and the
right-hand sides of (9.7) reduce to a single term.

The case of a non-primitive form is easily deduced from Theorem 9.3 by taking
products. For example, for a general form w, Egs. (9.6), (9.7) take the form

~ _ ~/ ~1 .
“)G|Dy = Za)y A @), if y is core,
@G|, = ZE&; NG/, if y is core and not m.m.,
Y
~ _ ~/ o~ o
wG|Dy = Z w, Nwg, if yismm, 9.8)

where Acagnw = Y @' ® o” is the coproduct of .
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Remark 9.5. The differential form QslG in general has poles along boundary divisors. Let
G be as above, and consider a core subgraph y C E¢. Then by the partial factorisations
for the first Symanzik polynomial (or by Lemma 9.1(i)), one has:

d
s;ja)}; = s, dlog Vg = h),?z +dlog ¥, +dlog Vg, + O(2)
* 1 * — dz -
8, WG =5, dlogEg = hy? +dlogV¥, +dlog Eg/y + 0(2).

It follows that

dz
ShoG = —hy— = ), + 9, + 0(2)

and so QslG has a simple pole along the exceptional boundary divisor D,, (which is given
by z = 0 in local coordinates) and its residue depends only on the loop number of y. A
similar argument shows that QIG also has poles along exceptional divisors D,,, when y is

mass-momentum spanning. Differential forms of the type ;z)é; A1, where 7 is canonical,
will therefore in general have poles along the divisor D, and will not be considered here.
They naturally arise, however, when considering Stokes’ formula for canonical forms
in dimensional-regularisation.

9.4. Quaternionic case. The above arguments similarly apply to the case of a canonical
form of the second kind wGQ associated to a quaternionic generalised Laplacian, by

replacing A, m) with the complex adjoint matrix xz ., m)- Theorem 9.3 holds
verbatim (with the only difference that odd canonical forms of the second kind vanish

in the quaternionic setting). In particular, wGQ has no poles along D and extends to a

smooth differential form on P9\ Y ©. Its restriction to irreducible components of D are
given by (9.8).

10. Canonical Integrals and Relations from Stokes Theorem

Throughout this section we assume generic (Euclidean) kinematics (4.1).

10.1. Canonical integrals. Let G be aconnected graph with an orientationej A- - -Aey €
( N ZE (G)) *. It induces an orientation on the simplex o .

10.1.1. Complex momenta Suppose that external momenta lie in R> = C.

Theorem 10.1. Let v € Ucan be a canonical form of degree N + 1 and let G be a
connected graph with N edges. Then under assumption (4.1), the integral

Ig(w,q,m)zf wG (10.1)

oG

is finite and defines an analytic function of the external kinematics.
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Proof. This is a corollary of Theorem 9.3. Let 65 = TG ! (o) denote the closure in the
analytic topology of the pull-back of the open simplex o to P. One has

Ic(w,q,M)=/ wc=/: G-
oG oG

The right-most integral converges because of the fact [Bro17] that &, which is compact,
does not meet Y, which is where the poles of wg are located. |

Reversing the orientation on G reverses the sign of the canonical integral (10.1).

Furthermore, if 7 : G — G’ is an isomorphism of oriented graphs (with external legs
and masses, etc), then since T*wg = wgr, we have:

Ig(w,q,m) = Ig(w, q, m).

Thus the integrals (10.1) are invariants of isomorphism classes of oriented graphs.

10.1.2. Quaternionic case The previous theorem, and comments which follow, hold
verbatim for graphs with momenta in 4-dimensional Euclidean space with

Ic;(a),q,m)zf a)g

oG

The only difference is that in this case we must assume @ € Qcap iS even, since odd
quaternionic canonical forms vanish by Remark 8.9.

10.2. Stokes’ formula. In [Brol7], it was shown that one can extend the usual Connes—
Kreimer coproduct to an enlarged coproduct

AG)=) y®Gly
14

where the sum is over all motic subgraphs of G. It has two types of terms: if y C G
is a core subgraph which is not m.m., then y is considered to be scaleless, and encodes
ultraviolet divergences of the graph. If y C G is m.m. then G/y is scaleless, and y
encodes certain kinds of infrared divergences of G.

10.2.1. Complex momenta

Theorem 10.2. Let w € Ucyy be a canonical form of degree k. Write its coproduct in the
form Acanw =), 0! @ . Suppose that G is a connected oriented graph with external
kinematics as above with k + 2 edges. Then

wG/e+ZZ/ (w;)y/ @Gy (10.2)
iy Y% oGy

where the rightmost sum is over motic subgraphs y C G not including G itself (which
are not necessarily connected) such that e, = deg a)l’. + 1 > 1, and the orientations on
0G/es Oy X 0G/y are induced from those on og.

Proof. 1dentical to the proof of [Bro21, Theorem 8.5], using Theorem 9.3. O
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Note that in the case when w € B*" is purely of the second kind, one has

=3 [ oot 3

ecEg Y 9G/e i ycore YOy

.y "

(w,-/)y/ (@)G/ys (10.3)
i ymm.Y% 9G/y

@)y [ @y
9G/y

where we have decomposed the set of motic subgraphs y of G, suchthat1 < e, < eg
into two types according to whether y is m.m. or not.

Note that the Stokes’ formulae above remain valid by analytic continuation to a larger
region of kinematic space wherever the integrals are finite.

10.2.2. Quaternionic case The statement is identical on replacing w with ®.

Remark 10.3. In [Bro21, Theorem 8.5], the Stokes’ formula is not quite correct as stated
in the case when a graph G has a tadpole y. In that case, the corresponding term was
counted twice: once in the term G /e, where e = y, and again in the form y x G/y. The
condition imposed above, that e,, > 1, fixes this problem.

Similarly, if y is an m.m. subgraph which has only a single edge, then it only con-
tributes a single term in the formula (10.2), which is counted in the left-most summation
over all edges, and not in the right-hand double sum.

10.3. Canonical forms of compact type. Let h > 1. Let us say that a canonical form
w € B is of compact type relative to A if it is divisible by the primitive form "~
of degree 2h — 1, 1i.e., w = w*"~! A n for some n € B, It follows from the property
(6) stated in §8.1, that w vanishes on all matrices of rank < A.

Corollary 10.4. Let G be as in Theorem 10.2 and let @ € B* be of the second kind of
degree e — 2, and of compact type relative to hg + 1. Thus w = w6+ Ay for some
n € B of the second kind. If G is core, then formula (10.3) reduces to

0= > DG e (10.4)

ecEg 9G/e

Proof. Lety C G be a strict motic subgraph with at least two edges. Suppose that y is
not m.m. and therefore core. We need to check that a term of the form

/ 4 w!
Y Gly
Y Gly

vanishes in the right-hand side of (10.3). Either o’ or @” is of compact type relative to

h¢ + 1.1f the former, then @}, = ), vanishes since hy, < h¢ + 1. 1f " is of compact

% vanishes if hg/, + 1 < hg + 1. This inequality holds since

AGry
hy +hg;, +1 =hg +1,and hy, > 0 because y is core.
Now suppose that y is m.m.. We need to check that any term of the form

/w// o
G
y 1% Gy /v

type, then @} =@
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q1 q2 < > :
G
Fig. 1. The two metric graphs of maximal dimension in MT";Z

vanishes. If o’ is of compact type, then w/ = a)/;\« vanishes if 7, + 1 < h¢ + 1. Since

4 Y
y is a strict subgraph, this follows from s, < h¢ since G is core. If ®” is of compact
/! _ /! s s
type, then DGy = Ong)y vanishes since hg/y, < hg + 1. O

11. Examples of Canonical Amplitudes (Complex Momenta)

For a graph G with edges numbered 1, ..., N, we write

N
Qg =Z(—l)iaidozl/\«~-/\c707,~/\-~~/\daN.
i=1

We consider canonical differential forms in low degrees and their integrals. For now, we
consider only the case when external momenta lie in R? = C.

11.1. Digression: the divergent form ¢'. The integrals involving the differential form
¢! diverge, and for that reason are not considered to be ‘canonical’ forms according to
our definitions. However, this form provides some interesting first examples, which may
on occasion lead to convergent integrals.

Graphs which pair with ¢! have two edges. Consider the moduli space ./\/ltlmzp 5 of
metric graphs with 1 loop, 2 external legs, and 2 distinct non-zero masses. It has two
metric graphs of maximal dimension (see Fig. 1). The one on the right has a non-trivial
subdivergence and so the integral of ¢! is logarithmically divergent. Therefore, consider
the graph G on the left. It is important that its edge masses m1, my be distinct, for
otherwise, this graph has a symmetry which induces an odd permutation of its set of
edges, implying that its canonical integral vanishes.

Orient and number the edges as shown in the figure. A representative for a generator
of the homology H(G; Z) is ¢1 = e] + e2. Momentum conservation implies that g, =
—g1 € R? = C. Any momentum routing is given by a solution to:

q1 = U2 — K1
The generalised graph Laplacian matrix with respect to these choices is:

A, m) = (

a] +ay n101 + po02
Hion + oo ar (i +m3) +aa(ofty +m3)

The relevant graph polynomials are given by
Vs =det(Ag) = a1 +ap

Dg(g) = 6112051@2
Eg (g, m) = det(Ag (i, m)) = giaas + (mia) + mian) (e +a2),
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q4 q1

q3 q2

Fig. 2. Massive box graph

where we write q12 for the Euclidean norm, which equals q;q;, where q; is ¢ viewed
in C. Using (8.7), the exceptional form of degree 1 is

86 = w — 204 = dlogdet(Ag) — 2d logdet(Ag) = d log (M) :

G

Thus the associated integral is

o0 = ,m
Ic(¢1,q,m)=/ ¢};=/ dlog (#)
oG 0 lI’G

where the last equality follows by computing the projective integral on the affine chart
ap = 1. The integral reduces to

1 2g@.m ] m’
IG(;D ,q, m) = log \Il—z = IOg —
G a1=0,ap=1 m;

which is an agreement with the renormalised amplitude for a massive bubble. As ex-
pected, it vanishes when m| = m for the symmetry reasons mentioned above.

doq

ar=1

11.2. Canonical amplitudes associated to w3. We now turn to bona fide canonical
amplitudes, whose integrals are always finite by Theorem 10.1. The canonical form of
smallest degree is o> € Bean. It pairs with connected graphs which have 4 edges, and
vanishes for graphs with fewer than 1 loop. Thus there are 3 cases:

e hg=1,v5=4
e hg =2,v6=3
[ ] hG=3,UG=2

which we consider in turn for the maximal number of masses.

11.2.1. Mtlrfzf? 4 The massive box diagram (Fig. 2) is the unique graph which gives a cell

. . . . tro
of maximal dimension in M, 4p 4

Choose any complex numbers ., for each edge e such that momentum conservation
(4.2) holds: pij+1 — ni = q;, where ¢g; € R2, corresponding to g; € C, is the external
momentum at vertex ¢ subject to momentum conservation d; + --- + g4 = 0, and
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Fig. 3. LEFT: The dunce’s cap has a non-trivial divergent subgraph given by the subgraph spanned by edges
3, 4. RIGHT: A double bubble graph, upon which the canonical form vanishes

where we write us = 1. The generalised graph Laplacian with respect to the cycle
cr=e;+---+e41is

< N o] +op+o3+oy m1og + oo + (33 + 40y
Ag(u,m) = | _ — = — — 2 — 2
o + Loap + 33 + faog (Ui +mypog + -+ (Uafly + my)oy

The associated graph polynomials are:

\11(; =] toy +03 +0oy
2 2 2 2 2 2
D6(q) = giaron + gyana3 + g3azas + gjasa + (g1 + q2) a1a3 + (g1 + q4) ooy

— 2 2 2 2
Eg(g,m) = Og(q) + (mjo; + m5ap + m3az + myas) Ve

The canonical form wé is proportional to the Feynman differential form:

o (g, m) =3Ng L
o E(q.m)?
where the numerator has the symmetric form:
1 1 1 1
Ng = det ad K2 K3 Ha
231 2% “3 22}

m3 + (1L m3 + oy M3 + U3 My + pafls
It can be re-expressed as a function of the external momenta:
. ) = 2 = 2 = 2 = =
NG =2iIm (Q2CI3 my — Q3Qqmj +Qaq m3 — QiGy my + Q1Q3QQQ4) :
In conclusion, we find that

3 _ 3_ S
Ig(@”,q,m) = o @ = 3Ng — 3
Ler,(:E4 oG ‘:‘G(Q1 m)

which is proportional to the Feynman integral for the massive box graph (viewed in
D = 4 spacetime dimensions).
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11.2.2. Examples from ./\/t2 3.4 Figure 3 depicts cells of dimension 4 on Mg"f 4

The graph on the right is an example of a 1-vertex join. There is a similar graph in
which the central vertex has no incoming momentum, and the left-most vertex has two
incoming vertices. In both cases, the graph Laplacian has the form

aj +on 0 niay + w20

0 az +oy U303 + 4oty

— _ — — 2
a1 + ey 303 + fgos o (ifk; + m;)a;

and one verifies that z 3 vanishes for this matrix. Therefore the only non-zero contribu-
tion is from the dunce’s cap, depicted on the left of Fig. 3. It is one of the first examples
of a graph with a non-trivial subdivergence (given by the subgraph spanned by edges
3, 4), so the associated Feynman integral diverges. By contrast, the canonical integral is
necessarily finite and it is instructive to see why.

Since there are only 3 external legs, we can always assume that the momenta are
complex numbers qy, g2, g3 subject to momentum conservation q; + g + 3 = 0. For
the basis of cycles given by ¢; = e| +e3+e¢2, ¢ = e4 — e3, and the orientations of edges
as shown in Fig. 3, the generalised graph Laplacian takes the form:

o] +oy+ 03 —03 oy +oouy +a3us

Ag = —o3 a3+ oy [k = 033
— J— J— — — 2 J—
10 + o0 + 13003 [ha0ts — 303 Y iy o (m? + [LiTL)

where (4.2) takes the form:

M1 —p2 =01
M3+ g —pp =02
M3+ s —p2 =01 +q = —Qs.

One finds that

Ve = (a1 +az)(as +aq) + a3y
Dg(g, m) = qiq; (d10203 + a10204) + 020,01 03004 + Q303020304.

A computation shows that the canonical form of the second kind in degree 3 is

— _ Q
g =3@G — 60y (3m] —admi) —— o
=G N

where we note that the factor q19, — 020; = 9q3q; — 9103 is indeed symmetric, by
momentum conservation. The numerator vanishes at ¢z = a4 = 0, to compensate the
pole arising from the vanishing of 2 (g, m) along this locus. Note also that if m3 = m4
then the integral of wé will vanish, due to the fact that interchanging edges 3 and 4
induces an odd permutation on the edges of G. In conclusion, for a suitable choice of
orientation of G one has

/ ¢ = 3(Q10, — 20)) / (“§m3 “im@ ,-‘L

oG oG e ye! (g, m)

It is interesting to compare this to the renormalised amplitude associated to the graph
G, which was discussed in [BK13].
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Fig. 4. Some graphs with 6 edges for which w(s; vanishes

q q4

5
a5

a2 a3

Fig. 5. The box-triangle graph

11.2.3. The space Mgozp 4 The associated graphs have at most two external momenta. By
momentum conservation, they lie on a real line and so we may choose a real momentum
routing for which the generalised Laplacian A (g, m) will be symmetric. Therefore wé

vanishes, and there are no non-zero canonical integrals.

11.3. Canonical amplitudes in degree 5. In degree 5 there exist canonical forms @° and

@ of both kinds. There is a unique vacuum diagram, namely the wheel with 3 spokes
and no external legs, which pairs non-trivially with the former. Its amplitude is 6¢(3),
and is discussed in detail in [Bro21].

Henceforth we shall focus on the form . Since 7 vanishes on matrices of rank
< 2, the form zzrg is zero unless hg > 2. There are several graphs G with 6 edges and
two or more loops which could potentially pair non-trivially with z ¢, but we shall only
focus on a couple of examples for reasons of space.

11.3.1. Examples on ./\/ltzroSp ¢ One shows by direct calculation that the two graphs de-
picted in Fig. 4 satisfy wé =0.

There is a single potentially non-zero canonical integral on MgOSPé, given by the
box-triangle graph depicted in Fig. 5. A computer calculation shows that

N Q
@G = <H—1 - 5N2> H—Gz
Eg(q,m) Ec(q,m)

where N is a certain polynomial in the ml2 and ¢;, g;, and the polynomial N; factorises
into a product of two terms

Ny = f(a1, a2, a3, q)g(as, as, ag, g, m)

where f is a homogeneous linear form in o, @z, o3 which does not depend on the
masses and g is of degree 2 in the «;.

The integral corresponding to the term N, is the usual Feynman integral in 4 space
time dimensions. It would be interesting to know if the canonical integral admits a natural
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Fig. 6. Massive pentagon diagram

interpretation in terms of Feynman integrals via integration by parts identities, or if it
may be obtained from the usual Feynman integral by application of a natural differential
operator in the external kinematics.

12. Example of a Stokes Relation for the Massive Box Diagram

Consider the massive pentagon diagram with arbitrary masses m,...,ms € R and
external particle momenta in qg, ..., gs € RZx=C subject to momentum conservation
(Fig. 6). Contracting each of its edges leads to five massive box diagrams (Fig. 7).
Since w3 is of compact type for 1-loop graphs, we may apply Corollary 10.4 to
deduce a five-term relation for the massive box diagram. Indeed (10.4) implies that

5
ZIG;(w3,q,m) =0 (12.1)

i=1

where G1, ..., Gs are the five diagrams pictured in Fig. 7. This relation can easily be
checked in the massless case using Panzer’s Hyperint [Pan15].

Since the canonical integrals for massive boxes are proportional to their Feynman
integrals, we deduce a 5-term relation for massive box Feynman integrals. It is known
[DD98] that the latter are expressible as a linear combination of a number of dilogarithms.
The graphical relation above is presumably equivalent to Abel’s 5-term equation for the
dilogarithm. This functional equation should, in addition, be compatible with the motivic
coaction which was computed in [Tap21].

13. Example of a Canonical Amplitude in the Quaternionic Case

13.1. A canonical amplitude for @>. Let G be the one-loop hexagon diagram with 6

external momenta in R*, and 6 masses. The generalised graph Laplacian is

6
R m) = Z (u M,u,:rnﬁ)
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qa q1 + 495 g3 +qa as q4 + g5 q1
ms ms mi
my m m3 mi my m2
m3 ma m3
q3 q2 q2 q1 q3 q2
q4 a5 qs5 q1
mg my
my mi ms ma
m3 my
a3 q1 + q2 q4 q2 + g3

Fig. 7. Five-term relation from pentagon diagram

where p; € Q is a quaternionic momentum routing. Its complex adjoint may be repre-
sented by

6 1 0 Ai Vi

B _ 0 1 —V; Ai

XK um) = Zai X,‘ —V; )L,'X,‘ +V;V; +I’l’li2 0
i=l Vi A 0 A,-Xi +v;V; + I’I’ll2

where we write u; = A; + jv;. We find by computer calculation that

Q

Eg(g,m)

where Ng is the determinant of the following matrix:
1 1 1 1 1 1
A Ao A3 v As A6
A Ao A3 A As A6
V1 1%) %] V4 V5 V6
V1 Vo V3 V4 Vs Ve

2 2 2.0 2 2 2
m3 + |1 ]? m3 + |2l > m3 + 1|psl> m3 + |pall> m2 +|psl> mZ + || el

where we write || /,L,'||2 = AjA; + v;7;. Thus the canonical integral associated to the
massive hexagon is proportional to the usual Feynman integral (viewed in 6 spacetime
dimensions). Stokes’ formula applied to a massive quaternionic heptagon diagram leads
to a 7-term functional equation for these integrals.

14. Tropical Single-Valued Integration on Curves

In this section, which is not required for the paper, we provide some motivation for
the definition of the generalised graph Laplacian by analogy with smooth projective
algebraic curves with a finite number of punctures.
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14.1. Periods on smooth algebraic curves. Let X be a smooth compact curve over a field
k C C,and let ¥ C X(C) denote a finite set of points. Consider the Gysin (residue)
sequence in Rham cohomology

0 —> Hlp(X) — HJp(X\X) Res HI%(2)(=1) —> Hip(X)

and suppose that we are given an element (‘external momentum’):
a, € ker (HQR(E)(—l) — HjR(X)) ® C,

which may be interpreted as a divisor of degree O on X with coefficients in C supported on
3. By pulling back the above sequence along the copy of C(—1) C H[?R(Z)(—l) Qi C
spanned by «,, we obtain a simple extension over C:

0 — H}p(X) @ C — Ex —> C(=1) —> 0. (14.1)
Since FIC(=1) = C(=1), it splits if and only if the sequence
0— F'HIR(X) @ C —> F'€x — C(=1) — 0
splits. Such a splitting is given by an element (‘momentum routing’)
o Flég (14.2)

whose image in C(—1) is cy. In other words, Res & = . Since HO(X, Q}((log %)) =
gr}p(H 0} r(X\X)), we can assume that u is represented by a differential of the third kind
with only logarithmic poles along X. It is uniquely defined only up to adding a linear
combination of holomorphic forms:

8
n— @+ Z)w'wi
i=1

where wy, ..., 0, € H(X, Q%) = F'H}(X) and A; € C.
We wish to consider a Hermitian form Q on F!Ex defined formally by:

Q:F'éx®@Fléy — C
1
memn %/ AT (14.3)
X

Alas, the integrals on the right are not always convergent. There are three cases:

(1) 11 = w;, and N2 = w; are holomorphic. Then the restriction of Q to H [} g (X) is given
by the convergent integrals

1 _
a),-®a)j|—>% Wi \Nw;j

from which one retrieves the Riemann polarisation form. If k is real, then this actually
defines a symmetric quadratic form on H dl r(X.
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2

3)

N1 = w; is holomorphic, and 17, = w is of the third kind (or vice-versa). Then the
singular integral

1 _
Ci(,u)=%/wi/\ﬂ
X

is convergent since it defines a single-valued period of H [} & (X\X). To see this, note

that FLH(X, ¥) S FYHY(X) is an isomorphism and since w; vanishes along
it may canonically be viewed as an element of H'!(X, ¥). The integral above is an
instance of the single-valued pairing [BD21, §6.4]:

S:HJp(X, %) ® Hix(X\E) — C
Only in the case n; = n2 = u does one have an ill-defined integral:

1
- AL
2mwi AR

It is singular in a neighbourhood of a point o € X, since the integrand may be
expressed in local polar coordinates z = pe'? based at o in the form

d
UATL =X —'Ode + regular terms,
0

for some A € C, which is not ‘polar-smooth’ in the terminology of [BD21]. One can
regularise these integrals around each point of ¥ by a number of methods (see also
[BD21, Remark 3.22]). The method used is unimportant for this discussion but the
value of the integral will in general depend upon it. In any case we may simply put

1 reg

— AR =X
i HA R m

where x,, is any real and positive number of our choosing. The possibility of choosing
Xxm relates to the presence of masses in Feynman graphs.

Thus, with respect to the basis wi, ..., wg, u of Ex, the form Q is represented by a

Hermitian matrix

Qo Ci (ﬁ)

"'Ci(u)"" Xm

This is precisely the form of the generalised Laplacian matrix (compare (5.4)).
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14.2. Tropical analogy. Let G be a connected graph (with no external half edges in the
first instance). Choose an orientation on its edges. According to [MZ08], a differential
form on G is a linear combination

w= Z Lede

ecEg

where A, € Z such that for all vertices v one has Y (), ke = D_; ()= *e- Thus the

space of differential forms 2 é; on G lies in an exact sequence
O—>QIG—>ZEG—>ZVG—>Z—>O
and may be identified with H;(G; Z). The inner product on Z£6 is given by
(dei,dej) = xidij,

and restricts to a positive definite quadratic form on 2 lG
Now suppose that G has external half-edges, and that we are given an element q €
ker(ZV6 — 7) ® C. As in §5.1, we deduce an extension QG satisfying

0— QLeC— QL — qC—0
and the above inner product (extended C-linearly) restricts to a Hermitian form
§1G Rr EZ]G — C
memn — 0,n) (14.4)

which is a tropical analogue of (14.3). The generalised graph Laplacian matrix Ag (q,0)
for zero masses is precisely the matrix of this Hermitian form with respect to a splitting
of L., which is given by any differential form

V= Z,uede
e

which satisfies the ‘residue’ equation ) s(e)=v > Z,(e) » Ae = Qy for all vertices v.
The presence of masses corresponds, as above, to modifying only the value of (v, V)
in the bottom-right hand corner, and from this perspective, we see that the generalised
graph Laplacian (5.4) is a tropical analogue of the regularised single-valued integration
pairing discussed in §14.1.
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