Séminaire Lotharingien de Combinatoire 70 (2014), Article B70c

COMBINATORIAL HOPF ALGEBRAIC DESCRIPTION OF THE

MULTI-SCALE RENORMALIZATION IN QUANTUM FIELD THEORY

THOMAS KRAJEWSKI!, VINCENT RIVASSEAU? AND ADRIAN TANASA3

ABSTRACT. We define combinatorial Hopf algebras on assigned Feynman graphs and on
Gallavotti—Nicolo trees, which we then prove to underly the multi-scale renormalization
in quantum field theory. Moreover, homomorphisms between these Hopf algebras and
the Connes—Kreimer Hopf algebras on rooted trees and on Feynman graphs are given.
Finally, we show how this formalism can be used to investigate some algebraic properties
of the effective expansion in multi-scale renormalization.
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The interplay between combinatorics and physics has been very fruitful for both re-
cently, and it leads to the new and emerging interdisciplinary field of combinatorial physics.
For instance, combinatorial tools have been used successfully for a better understanding
of the algebraic structures underlying quantum mechanics (see [3], [14] and references
therein), and the interplay between combinatorics and statistical physics or integrable
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systems has been extensively studied both by combinatorialists and theoretical physi-
cists.

In quantum field theory (QFT), a similar success story is the elegant description of the
combinatorial backbone of perturbative renormalization via the combinatorial Connes—
Kreimer Hopf algebra on Feynman graphs (see the original paper [8] as well as Section 1.6
of the book [11])'. The Connes—Kreimer Hopf algebra allows one to recover the ana-
lytic expressions of a renormalized Feynman amplitude and the usual forest structure of
the subtraction operators, e.g., in the Bogoliubov—Parasiuk—Hepp—Zimmermann (BPHZ)
renormalization, by using the recursive computation of the antipode, which automatically
generates all Zimmermann forests with their correct weight.

This elegant point of view and its relationship with other mathematical problems such
as the Riemann—Hilbert problem [9, 10] has made renormalization a popular subject of
mathematics. But there is a drawback: it has become so famous among mathematicians
that it may have obscured for some of them the true physical meaning of renormalization.
Indeed, the key physical notion in renormalization, namely the notion of scale, is absent
or hidden in the Connes-Kreimer formalism.

It is the goal of this paper to attract the attention of the mathematics community
to this point, and to propose a possible compromise, by supplementing the Connes—
Kreimer algebra with discrete scale assignments. The corresponding algebra is generated
by assigned graphs, which are ordinary Feynman graphs supplemented with the assignment
of an integer to each edge. This integer physically represents the resolution scale of that
edge or propagator.

As a matter of fact, the modern version of renormalization, namely the renormaliza-
tion group discovered by Wilson and followers [37], tells us that the main purpose of
renormalization is not to remove divergences from Feynman amplitudes, nor to hide them
into unobservable infinite bare parameters®. Renormalization is much more general and
powerful. It explains why and how, for physical systems with many coupled degrees of
freedom, the laws of nature change with the observation scale [38]. This fundamental
aspect of renormalization is captured mathematically by a multi-scale analysis.

For general systems, the Wilsonian slicing into scales can be implemented technically
in many ways (block-spins, wavelet analysis, etc.). The most convenient technique in the
context of QFT slices the propagator of the theory according to a geometric sequence
of cutoffs. Each slice represents a particular energy scale, and has a particular spatial
resolution power; it has an ultraviolet and an infrared cutoff with constant ratio between
both. The renormalization group then performs many times the same step, namely a
functional integral over a slice or fluctuation field and the computation of the resulting
effective action for the remaining sum of fields of lower slices, called the background field
(38].

The need for such a discrete multi-scale analysis of QFT was quite independently also
discovered by mathematical physicists such as J. Glimm, A. Jaffe, and their followers in
the constructive field theory program [35]. They called it the phase space expansion. Over

Let us also mention here that a Hopf algebraic description was also used to describe the combinatorics
of perturbative renormalization on noncommutative Moyal space scalar QFT (where graphs are replaced
by ribbon graphs, or combinatorial maps) [34], [33]; moreover, Connes—Kreimer-like Hopf algebras have
been defined for quantum gravity spin-foam models [25], [32].

2This is particularly clear in the case of asymptotically free theories, such as quantum chromodynamics,
the theory of strong interactions, for which the bare coupling tends to zero at a high ultraviolet scale.
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the years this constructive program, in which perturbative QFT is summed, effectively
merged completely with the Wilsonian renormalization group approach and became its
mathematically rigorous version®. Constructive analysis comes at a high price: many ele-
gant perturbative tools in QFT such as dimensional regularization, dimensional renormal-
ization, and differential (rather than finite-difference) renormalization group equations,
had to be discarded by the constructive community in favor of discrete multi-scale analy-
sis, which remains up to now the only tool with proven constructive power. For a general
presentation of these views and of multi-scale renormalization, see [27].

Returning to the more limited and specific context of perturbative renormalization of
Feynman amplitudes, multi-scale analysis was first developed systematically in [16] and
[19]. Initially, these authors were motivated by the desire to understand and simplify the
proof of uniform bounds on renormalized amplitudes implying “local Borel summability”
[13], which had been soon followed also by the construction and Borel summability of
planar asymptotically free renormalized theories, such as “wrong sign” planar ¢} [31, 26].

Multi-scale analysis evolved over the years into a versatile technique to understand and
analyze renormalization and the renormalization group in new contexts. It was suitably
generalized to the condensed matter case in which the Fermionic propagator is sliced into
a sequence of scales pinching closer and closer the Fermi surface [1, 17]. This technique
provided the backbone for the rigorous analysis of correlated quantum Fermions at low
temperature, such as Fermi and Luttinger liquids in one, two, and three spatial dimensions
(see [28] and the many references therein for a recent review of this large, active, and
mature field of mathematical physics).

More recently, the multi-slice analysis has been used to prove perturbative renormaliz-
ability at all orders for radically new quantum field theories, in which the interaction is
non-local, and the usual intuition of zero momentum subtraction around local parts fails.
Such new models include the first examples of renormalizable noncommutative quantum
field theories (see [30], [22], [21], [36], and [20]) and of tensor group field theories [2, 6].
The latter models might be relevant for the long term goal of quantization of gravity [29],
but also for the more concrete analysis of statistical physics in random geometry [4] or
with long range interactions, such as spin glasses [5].

Multi-scale analysis is characterized by the fact that the contraction and subtraction
operations that implement renormalization are not effectuated blindly. They make physi-
cal sense only for so-called high subgraphs, i.e., connected subgraphs which have all their
internal scales higher than any of their external scales. It is solely for such subgraphs
that the comparison of their amplitudes to a local part makes sense®. It is this distinction
which in its turn launches the renormalization group flow, hence the motion of effective
constants with scale. Assigned graphs allow one to rigorously define such subgraphs which
need to be renormalized, while general graphs do not; hence we feel they should become

3Let us remark at this point that (contrary to a belief sometimes heard in the mathematics community)
the residues or the individual renormalized Feynman amplitudes do not correspond to any physical
observables in QFT. Indeed, any measure always involves not a single Feynman amplitude but the infinite
sum of such amplitudes compatible with a given set of external legs hence also with a certain resolution
power. Only the value of this infinite sum, which is what constructive theory is after, has physical
meaning.

4Physically this is nothing else but the trivial observation that objects with a certain size look local
only when observed through probes that do not distinguish their internal structure.
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part of the combinatorial Hopf algebra framework used by mathematicians to describe
renormalization.

In this paper, we therefore define a new Hopf algebra, which is meant to describe the
combinatorial soul of this discrete multi-scale renormalization technique. In order to do
that, we define assigned graphs as Feynman graphs together with a scale assignment of
their edges. The desired combinatorial Hopf algebra is then defined on the space freely
generated by these assigned graphs. The coproduct has then to take into account the
supplementary scale information of the assigned graphs: we only sum over the particular
class of high subgraphs. For example, in the case of the scalar ¢* model, we do not need
to sum over all subgraphs with two- or four-external edges, as is done in the standard
definition of the Connes—Kreimer coproduct.

Let us also mention that in this paper we deal with the ¢* model, even though our
results can be generalized in a straightforward manner to more general renormalizable

QFTs.

2. FEYNMAN GRAPH EXPANSION AND MULTI-SCALE RENORMALIZATION

In this section, we give a short overview of Feynman graphs and multi-scale expansions
in quantum field theory.

2.1. From path integrals to Feynman graphs. In its most general acceptance, QFT
can be defined as the study of quantum (or stochastic) dynamical systems involving
continuous degrees of freedom. In the Euclidean path integral approach, one has to define
the path integral representing the expectation value of an observable, heuristically written

as
_ [ du(¢) O[¢] exp —S[9]
J du() exp —S|[¢]
The integration is over a suitable space of fields ¢ : R? — R, S[¢)] is the action and O
an observable.

In the simplest case (the so called ¢ Euclidean field theory), the action can be written
as

(0) (2.1)

stol = [ | ava {Gola) (— &+ m)ota) - 0 . 2.2)

with A the Laplacian and m and A two positive real numbers, identified with the mass and
the coupling constant® of the theory. The observables are usually taken to be products of
the fields at different space-time points, O[¢] = ¢(z1) - - - ¢(x,,), whose expectation value
defines the n-point correlation function.

In the free field case A = 0, the path integral is Gauflian and is readily computed using
Wick’s theorem. With a suitably normalized measure, the expectation value of a product

of fields reads

0, if n is odd,
[ et oty =3 3 Clrnsra) - Clang ), iniseven, (o
?1,2,..8.;,71}

®In order to simplify notation, we have introduced a minus sign in the coupling constant. Therefore
the physical coupling constant is negative.
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where the covariance C(z,y) is the kernel of the inverse of —A + m?.

In the non-Gaussian case, we expand the integrand as a formal power series in A and
perform all the integrals using Wick’s theorem. Each term we obtain in this way is called
a Wick contraction. Wick contractions naturally define graphs, called Feynman graphs.
Collecting Wick contractions that correspond to the same graph, we obtain an expansion
of the correlation functions as a sum over graphs,

[dnc@ota)-o) = 3 2L AG) . m) (2.4)
G graph with
n external edges
The Feynman graphs have n labelled univalent vertices (associated with the variables
T1,...,7,) and v(G) N-valent vertices corresponding to the interaction monomial ¢ (x).
The edges incident to two N-valent vertices are called internal edges and the other edges
are called external. Because of the variables x1,...,z,, there are labels on the external
edges, while the internal ones are unlabelled so that we are summing over isomorphism
classes of graphs with fixes external edges. This is accounted for by the symmetry factor
0(G) defined as follows.

When expanding the path integral, we label the vertices, and for each vertex we also
label the half-edges emanating from it, so that the half-edges are labelled by pairs (v, p).
Then a Wick contraction is just a partition of the indices of half-edges into pairs, and the
symmetry factor o(G) is the subgroup of the group of permutations of all these labels
of the internal edges that preserve this partition, with GG the corresponding isomorphism
class. In the general case, there are v(G)! (N!)*(®) labellings of the internal half-edges, so

v(G) . .. . . . . .
that there are ”(G);((—]g))c Wick pairings associated with a given isomorphism class.

From an analytic point of view, we have to remember that the kernel C'(z,y) is a
distribution, and the Feynman graph amplitudes are not well defined since they involve
products of distributions. In order to overcome this problem, we first regulate the theory,
replacing the distribution by some function C,(x,y) depending on a regulator p, in such
a way that we recover C(z,y) by letting p tend to infinity, C(z,y) = lim, o C,(z,y).
Then, for the so-called renormalizable theories ¢}, 3, ¢S, ..., a recursive operation is
performed on the Feynman graph amplitudes in such a way that they are well defined in
the limit p — oco. For graphs without subdivergent graphs, this operation is additive but
otherwise we have to first renormalize the subdivergences. The corresponding operation
is polynomial and involves a sum over all the forests of the graphs, as will be made more
precise later. We refer to [7] for a detailed overview of perturbative renormalization and
the Bogoliubov—Parasiuk—Hepp—Zimmermann (BPHZ) forest formula.

Even if very successful, the BPHZ forest formula has an important drawback: it does
not implement Wilson’s idea that path integrals must be computed by first integrating
over small distance degrees of freedom. To implement this idea, it is convenient to use
multi-scale analysis.

2.2. Multi-scale renormalization in a nutshell. As mentioned in the introduction,
the multi-scale analysis of renormalization, which is at the core of the Wilsonian approach,
relies on a geometrically growing sequence of discrete scales. There are two main technical
ways to create the sequence of scales:

e block spinning of the field variables in direct space, that is, defining ¢ = ¢¢ + ¢,
where the background field ¢y is the local average of ¢ with respect to a lattice
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of cubes of side length M, and ¢, the fluctuation field, is simply the difference
between the field and the background field;

e slicing the propagator C' as Cy + C, where Cy has both infrared and ultraviolet
cutoff with fixed ratio M, and C} has only an ultraviolet cutoff, which is the
infrared cutoff of C'y; in that case, the slicing induces an orthogonal decomposition
of the field as ¢ = ¢+, where ¢y is distributed according to Cy and ¢, according
to Cb.

The first technique is more general and can apply to any statistical mechanics system,
but requires a discretization through lattices. The second technique is the most elegant
and clearly best adapted to perturbative renormalization theory around a propagator with
non-trivial spectrum. More precisely, an excellent compromise for a propagator with a
positive spectrum is the parametric slicing.

Definition 2.1 (PARAMETRIC SLICING). Let C' = 1/H be the propagator of the theory.
The parametric slicing is

C = / e *Mda =Y "C",  with (2.5)
0 =0
M—26-1) o
C' = / e~ da, C° = / e “Mda. (2.6)
M2 1

The natural ultraviolet cutoff on the theory is then
P
C,=> C (2.7)
i=0

for finite and large integer p. In the case of the Laplacian plus mass on R? we get the
following slices:

M—20-1)
Ci — / e—mza—i‘“ﬁgl2 da , (2.8)
M—2i Oéd/z
0 __ e 7m2a7 |17y‘2 dOé
Cc” = [ e da m (29)

a being dual to p?, one should consider each propagator C* as corresponding to a theory
with both an ultraviolet and an infrared cutoff. They differ by the fixed multiplicative
constant M, the momentum slice “thickness”.

The decomposition (2.8) is the multi-slice representation. From the general definition
of Gaussian measures follows an associated decomposition of the Gaussian measure dy,
of covariance C, into a product of independent Gaussian measures du' with covariance
C". Similarly, the random field ¢, distributed according to du, is the sum of independent
random variables ¢ distributed according to du':

Gp=>_ 0" dpy(,) = X dui(¢') (2.10)
=0 =0

This independence of the fields at each scale in the perturbative analysis of the cor-
responding functional integral leads in its turn to a sum over assigned graphs, that is,
graphs which have an integer associated with each edge, namely its scale.
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Definition 2.2. A scale assignment p for a Feynman graph with labelled internal edges
is a list of positive integers iy, £ = 1,..., F, associated with the internal edges of the
respective Feynman graph (where E is the number of internal edges of the graph).

FIGURE 1. A Feynman graph with a scale assignment; it has 10 internal
edges and 4 external edges.

Let us emphasize here that the integers in the definition above are bounded by the
discrete cutoff p. Furthermore, we make the following definition.

Definition 2.3. An assigned graph (G, p) is an isomorphism class of pairs formed by
the one-particle irreducible (1PI) edge labelled Feynman graph G together with a scale
assignment .

In physics, a 1PI graph is a graph that cannot be disconnected by cutting an arbitrary
edge. In the mathematics literature, it is called 2-edge-connected.

Remark 2.4. Assigned graphs correspond to graphs whose edges are labelled by the scales.
They can be seen as a particular class of decorated graphs.

Definition 2.5. An assigned subgraph (g,v) of a given assigned graph (G, u) is con-
structed in the following way (see the previous section). Consider a subgraph g of the
Feynman graph G, in the usual QFT way. The scale assignment v of G is given by the
restriction of the scale assignment p to the internal edges of g (which are also internal
edges of G). Moreover, the external edges of g which are internal edges of G have the
scale assignment which is attributed to them by p. The same holds for the external edges
of g which are external edges of G.

Furthermore, we can define the usual graph theoretical notions (number of edges, ver-
tices, (independent) loops, etc.) of an assigned graph (G, p) as the respective notions of
the Feynman graph G. Moreover, we call (G, ) an N-point assigned graph if G is an
N-point 1PI Feynman graph.

We then define the internal and external index for a subgraph (g,v) of an assigned
graph (G, u) as:

iy () = inf (1), (2.11)

leg

W)= sw (), (2.12)

| external edge of g

(with the p-dependence sometimes omitted for shortness).

Definition 2.6. Let (G, ) an assigned graph. We say that a subgraph (g,v) is a high
subgraph, if
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e ¢ is connected;
e the internal index of ¢ is higher than its external index:

eg(pe) < ig(p) (high condition). (2.13)

With a connected assigned graph (G, 1), we associate the Gallavotti-Nicolo tree T{q, ),
which is defined in the following way (see the book [27] for more details).

Definition 2.7. The Gallavotti-Nicolo tree T{g ) is a rooted tree whose vertices at a
distance ¢ from the root are decorated with the connected high subgraphs G’ with scales
> i and whose arrows join the vertices decorated with G% and G if and only if G? is a
high subgraph of G .

In order to represent the Gallavotti—Nicolo tree, it is convenient to adopt a phase space
representation with positions on the horizontal axis and scales on the vertical axis. The
phase space representation of the graph in Figure 1 and its Gallavotti—Nicolo tree can be
found in Figure 2.

Scales
Scales

> 7 O
; - 0
. . -
L > ? < >
, I < 0>
N > < - = D>
Space Space
a) Phase space representation. b) Gallavotti-Nicolo tree.

FiGURE 2. Phase space representation of the graph of Figure 1 and the
associated Gallavotti-Nicolo tree

High subgraphs are partially ordered by inclusion. An essential result is that they form
a (Zimmermann) forest in the following sense.

Lemma 2.8. Let (G, u) be a fized graph and scale assignment. The set of high subgraphs
is a forest, in the sense that, if g1 and go are both high, we have either g, C go, or g2 C g1,
or g1 N gy = 0.

Proof. Suppose we find S; and Sy with a non-trivial intersection; in this case S; would
have an external edge in Sy and conversely; but the scale of any of these two edges must
be both strictly larger and strictly smaller than the other, which is impossible. O

Usually, the final graph G is connected, and this inclusion forest of high subgraphs
forms a tree which is nothing else but the celebrated “Gallavotti-Nicolo” tree [19].



COMBINATORIAL HOPF ALGEBRAIC DESCRIPTION OF MULTISCALE RENORMALIZATION 9

3. HOPF ALGEBRAS ON ASSIGNED GRAPHS AND THE COMBINATORICS OF
MULTI-SCALE RENORMALIZATION

3.1. Some algebra. In this section we briefly recall, following [34], the definitions of the
algebraic notions that will be used in the sequel.

Definition 3.1 (Algebra). A unital associative algebra A over a field K is a K-linear
space endowed with two algebra homomorphisms:

e a product m: A® A — A satisfying the associativity condition
mo (m®id)(G) = mo (id @ m)(G), for all G € A®?, (3.1)
e a unit v : K — A satisfying
mo(u®id)(1®G)=G=mo (id®u)(G®1), forall G € A. (3.2)

Definition 3.2. A (coassociative, counital) coalgebra C over a field K is a K-linear space
endowed with two linear homomorphisms:

e a coproduct A : C — C ® C satisfying the coassociativity condition
(A®id) o A(G) = (id® A) o A(G), for all G € C, (3.3)
e a counit € : C — K satisfying
(e®id) o A(G) =G = (id®¢e) o A(G), for all G € C. (3.4)

Definition 3.3. A bialgebra B over a field K is a K-linear space endowed with both an
algebra and a coalgebra structure (see Definitions 3.1 and 3.2) such that the coproduct
and the counit are unital algebra homomorphisms (or, equivalently, the product and unit
are coalgebra homomorphisms):

Aomg=muepo (A®A), A(lp) = 15® 1g, (3.5a)

comg=mgo(e®e), (1p) = 1. (3.5b)

Definition 3.4. A graded bialgebra is a bialgebra graded as a linear space,

B=B", (3.6)
n=0

such that the grading is compatible with the algebra and coalgebra structures:
BB C B and AB™ € @5 B* @ B (3.7)
k=0
Definition 3.5. A connected bialgebra is a graded bialgebra B for which B©®) = u(K).

Definition 3.6. A Hopf algebra H over a field K is a bialgebra over K equipped with an
antipode map S : H — H obeying

mo (S®id)oA=uoe=mo (id®S)oA. (3.8)

We end this section by recalling the following result.
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Lemma 3.7 ([24]). Any connected graded bialgebra is a Hopf algebra whose antipode is
given by S(1y) = 1y and, recursively, by any of the two following formulas for G # 14:

S(G)=-G =) S(G)G", (3.9a)
(G)
S(G)=-G - G'8(G"), (3.9b)

(@)
where we used Sweedler’s notation.

It turns out that commutative Hopf algebras naturally lead to a group structure on the
space of characters.

Definition 3.8. A character of a commutative Hopf algebra is a linear map « from H to
the ground field K such that a(G1G2) = a(Gr)a(Gy) for any G, Gs € H.

The group structure on the set of characters is given by the convolution product.

Proposition 3.9. The set G of characters of H is a group for the multiplication law
ax*xf=(a®fp)A (3.10)

b = oo S and unit e.

with verse o~

For graded connected Hopf algebras, characters form a Lie group, whose Lie algebra is
made of infinitesimal characters, defined as follows.

Definition 3.10. An infinitesimal character § is a linear map from H to K such that
5(G1G2) = E(Gl)é(Gg) + 5(G1)€(G2) for any Gl, GQ eH.

Infinitesimal characters define a Lie algebra G with bracket [y, d3] = 1%y —da%d;. This
Lie algebra is the Lie algebra of the group of characters. The correspondence between G
and G is given by the convolution exponential

n times

——
O %+ %0

&= eXp*<5) - Z n! n times

n A

if and only if 0 =log, = Z(_l)nil (Oé - 6) ke ok (a — 6).

n<l1

n

The Hopf algebra H can be understood as the algebra of functions from G to K.
For further details on this topic, the interested reader is referred to [23] or [12], for
example.

3.2. Hopf algebra structures on the Gallavotti—Nicolo trees.

Proposition 3.11. Let T(g ) be the Gallavotti-Nicolo tree associated with the assigned
graph (G, ).
(1) The root of Ti, .y is decorated with G itself.
(2) The leaves of Ti,u all are at distance p from the root, with p the ultraviolet cutoff.
(3) If the scales j and k are such that the scales i with j < i < k do not appear in
(G, ), then any vertex whose distance from the root is i, with j < i < k, is of
degree 2.
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Proof. The items above follow as a direct consequence of the definition of the Gallavotti—
Nicolo trees given in Definition 2.7. O

In order to define the Hopf algebra underlying multi-scale renormalization on the
Gallavotti—Nicolo trees, it is useful to introduce the following terminology. If 7" is a
subtree of T(q ), we define its completion T =T, (arw) to be the Gallavotti-Nicolo tree
associated with its root (G’, i’). Furthermore, we define an admissible cut C' to be a non-
empty subset of |C| arrows of T{¢,, that join vertices decorated by two different graphs,
the graph farther from the root having two of four external edges and such that any path
from the leaves to the root contains at most one arrow in C'. Removing the arrows in C|,
we get a subtree T that contains the root and trees 7% that do not contain the root.

Proposition 3.12. The free commutative algebra Hon generated by all Gallavotti—Nicolo
trees is a graded Hopf algebra whose counit and coproduct are defined on generators T by
e(T) =0 and

Am =Ter+ier+ Y (] T)eT (3.11)
C

1<n<|C|
admissible cut

Its grading is given by
n(T) = #{arrows joining vertices decorated with different graphs} + 1.

Remark 3.13. Let us observe that the number n(7") above is simply the number of vertices,
counting those decorated by the same graph only once per connected component.

Proof. The only non-trivial assertions to check are the coassociativity of the coproduct and
the existence of the grading and the antipode. The proof of coassociativity is analogous
to the proof of the coassociativity of the coproduct in the algebra of rooted trees, see [8].
The assertion pertaining to the grading is easy to check as any cut reduces the number of
arrows joining vertices with different graphs by the number of cut edges. Finally, for any
graded commutative bigebra there is a recursive construction of the antipode, as given in
[18]. O

3.3. Operations on assigned graphs. In this section, we define several operations
which we need in the rest of the paper.

We define (G, p) to be the set of assigned graphs formed by high subgraphs of the
assigned graph (G, ) whose connected components are 1PI and have two or four external
edges. An external edge of a subgraph is an edge of GG attached to a vertex in g which is

not an internal edge of g.

Definition 3.14. Let (g, ) be a two- or a four-point assigned subgraph inside an assigned
graph (G, p). The shrinking of (g,v) inside (G, u) is obtained by shrinking the subgraph
g inside the Feynman graph G in the usual QFT way, i.e., each connected component
of the subgraph is replaced by a vertex (the internal structure of g vanishes); we obtain
the cograph G/g. The scale assignment /v of the cograph G/g is given by the initial
scale assignment p, where we have erased the scale assignment of the internal edges of
g. If two external edges are added when shrinking a two-point function, they are always
assigned a scale which is lower than any internal scale. We call the resulting assigned
graph (G/g, u/v) an assigned cograph.
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Remark 3.15. The shrinking operation corresponds to the wave function or mass renor-
malization for a two-point subgraph, or to the coupling constant renormalization for a
four-point subgraph. In the case of a wave-function renormalization, a decoration indicat-
ing the two derivative couplings of the Laplacian must be added to the shrinked two-point
vertex to distinguish that renormalization from the mass renormalization.

Definition 3.16. The gluing data o for the insertion of a two-point (respectively four-
point) assigned graph (g,v) on an edge e (respectively vertex v) of an assigned graph
(G, p) is given by a bijection between the external edges of g and the two half-edges of G
defining e (respectively four have edges of GG incident to v). It is defined only if the external
assignment indices for (g, v) coincide with the internal indices of the corresponding edges
of (G,p). In that case, the scale assignment of the resulting graph is obtained in the
following way. The scale assignment for the internal edges of g is given by v; the scale
assignment for the external edges of g, identified through this operation with the internal
edges of G, is given by their common value in (G, ) and (g, v).

3.4. The assigned graph combinatorial Hopf algebra. In this section, we define a
Hopf algebra on assigned Feynman graphs. Subsequently, we exhibit the relation between
this structure and the combinatorics of multi-scale renormalization.

Consider the unital associative algebra H freely generated by the assigned graphs,
including the empty assigned graph, which we denote by 14.

The product m((g1, 1), (g2, 2)) = (g, p) is given by the operation of disjoint union
of assigned graphs. This means that the resulting 1PI Feynman graph g is given by the
disjoint union of graphs, and each disjoint component g; keeps its scale assignment u;,
i = 1,2, the latter providing the resulting scale assignment p. As in the case of the
Connes—Kreimer product, this product is bilinear and commutative.

As we have already mentioned in Section 2.2, the integers of the scale assignment p are
bounded by some integer cutoff p. We have H, C H,41 C --- C Hoo. Since we do not
deal here with distinct cutoffs, we abbreviate H, as H in the rest of the paper.

We define the coproduct A : H — H ®@ H as

AG) = (G @1y + 1@ (G, + Y (9.0) @ (Glg, p/v). (3.12)
(gv)C(G.p)

Note that, in this definition, the high subgraphs g are not necessarily connected. The
coproduct can be written explicitly as

26w =Guors Y ([MoweGn) /M +19 G, @1)

(givi)C(Gp) ~ @
9iNg;=0

where the sum runs over divergent and disjoint high 1PI subgraphs, excluding G itself.

In order to illustrate the definition of the coproduct, let us list all the connected 1PI
high superficially divergent subgraphs (i.e., high 2- or 4-point subgraphs) of the graph of
Figure 1:

{1,2,3,4},{7,8,9,10},{3,4},{7,8}
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Therefore, omitting the explicit expression of the scale assignment, the coproduct reads,
AG)=G®1y+13®G+{1,2,3,4,7,8,9,10} ® G/ {1,2,3,4,7,8,9,10}
+{1,2,3,4} ® G/{1,2,3,4} + {7,8,9,10} ® G/ {7,8,9,10}
+{1,2,3,4,7,8} ® G/{1,2,3,4,7,8} + {3,4,7,8,9,10} ® G/ {3,4,7,8,9, 10}
+{3,4}® G/ {3,4} +{7,8} © G/ {7,8} + {3,4,7,8} ® G/ {3,4,7,8}
For example, the reduced graph GG / {7,8,9,10} is illustrated in Figure 3.

FIGURE 3. The reduced graph G/ {7,8,9,10}

Observe that the vector space H is graded, as in the usual Connes—Kreimer case, by
the number of independent loops, number of edges, or by the number of vertices minus
one.

Let us recall the following result, which holds true for the combinatorial Connes—
Kreimer Hopf algebra of Feynman graphs.

Lemma 3.17 (LEMMA 3.2 OF [34]). Let G be a 1PI Feynman graph. Provided
(1) for all G € G, G' € G, the graph G /G’ is superficially divergent,

(2) for all G1,Gs such that G1 and Gy are superficially divergent, there exist gluing
data such that (Gy o Gs) is superficially divergent,

the coproduct is coassociative,

AG=Go1+1®G+A'G, (3.14a)
NG=) goG/g (3.14D)
geG

where we have denoted by 1 the empty graph (the unit of the vector space freely generated
by 1PI ®* Feynman graphs). Moreover, the notation G stands for the set of superficially
divergent subgraphs of G (i.e., the two- and four-point subgraphs of G, which are not
necessarily connected but with connected components which are 1PI).

This result (naturally) extends to assigned graphs.

Lemma 3.18. Let (G, u) an assigned graph. Provided

(1) for all (g,v) € (G, ), (¢',V") € (g,v), the assigned cograph (G/G',v/V") is a two-
or four-point high assigned graph,

(2) for all (g1,11), (g2, v2) such that (g1,v1) and (g2,vs) are two- or four-point high
assigned graphs, there exists gluing data such that (g1 © g, vy © 113) is a two- or
four-point high assigned graph

the coproduct given by formula (3.12) is coassociative.

Proof. The proof of Lemma 3.2 of [34] generalizes in a straightforward manner. l
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Furthermore, we define the counit ¢ : H — K as

Finally, the antipode is given recursively by
S:H—-H (3.16)
(gv)€(G.p)

This antipode can be computed as the inverse of the identity map for the convolution
product. In the case of the Connes-Kreimer Hopf algebra of trees, this was done in [18].
For the graph algebra defined here, an analogous computation leads to

ZZ G ) (—(GD, 1)), (3.17)

where

A"™(G, p) ZC 1 ’Ml Q- ® (GS—)i-h:us-)&-l) (3.18)
and the cgf)’s are the appropriate combinatorial coefficients obtained from the explicit
coproduct computation. Observe that, from the explicit definition of the unit and of the
counit map, one can prove that the sum over n in (3.17) has a finite number of terms,
equal to the number of independent cycles of the respective graph, denoted here by L.
The non-recursive formula (3.17) is then equivalent to the sum over Zimmermann forests
of high superficially divergent graphs.

We can now state the main result of this section.
Theorem 3.19. The quadruple (H,A,e,S) is a Hopf algebra.

Proof. We first prove the coassociativity of the coproduct (3.12), using Lemma 3.18. Let
us first check the first condition of this lemma. The fact that the resulting cograph has
two or four external edges (the only thing to check in the usual Connes—Kreimer case) is
trivial (since the shrinking does not affect the external structure of g, see Definition 3.14).

Let us now check in detail how the situation stands for the scales assignments. We
denote by i, the minimum of the scale assignments of the edges of ¢’, and by e, the
maximum of the scale assignments of the edges of ¢’. Similarly, we denote by i, the
minimum of the scale assignments of the edges of g, and by e, the maximum of the
scale assignments of the edges of g. We also denote by 4./, the minimum of the scale
assignments of the edges of the cograph g/g¢', and by ez, the maximum of the scale
assignments of the external edges of the cograph g/¢’.

Since the external edges of ¢’ are internal edges of ¢, using Definition 3.14, this means
that

ig/g () > €g/qr (1) = €g(p), (3.19)

because, as mentioned above, the shrinking does not affect the external structure of g.
We have thus checked the first condition of Lemma 3.18.

The second condition of Lemma 3.18 is checked similarly, using Definition 3.16. This

concludes the proof of the coassociativity of the coproduct. Since H is graded (see above),
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connected, coassociativity of the coproduct (3.12), Definition (3.16) of the antipode, and
Lemma 3.7 lead to the result. U

Let us notice that another way to prove the coassociativity (in a direct manner) is by
the simple use of the isomorphism with the span of Gallavotti-Nicolo forests (see the
following subsection).

Just as in the Connes—Kreimer case, there is a straightforward pre-Lie algebra struc-
ture, given by the operation of insertion of assigned graphs. Antisymmetrization of this
operation leads to a Lie algebra of assigned graphs. Consider now the graded dual of the
universal enveloping algebra of this Lie structure. This gives the renormalization Hopf
algebra defined in this section.

3.5. Combinatorial Hopf algebras homomorphisms. We observe that the Gallavot-
ti-Nicolo tree algebra is isomorphic to the algebra H.

Proposition 3.20. The algebra homomorphism m : H — Hgn defined on the generators
by man(G, 1) = Tia,w is a Hopf algebra isomorphism.

Proof. The proof is done by a direct verification. U

On the other hand, the Hopf algebra of Gallavotti—Nicolo trees is a refinement of the
Hopf algebra of rooted trees Hgrr, as defined in [8]. Indeed, for any Gallavotti-Nicolod

tree T', let us define T as the rooted tree obtained by contracting all the arrows joining
vertices decorated with the same graphs and removing all the decorations.

Proposition 3.21. The algebra homomorphism defined on the generators of Han by
mrr(T) =T extends to a surjective Hopf algebra homomorphism from Hgn to Hgr.

Proof. The proof is done by a direct verification. O

In [9], a graph renormalization Hopf algebra Hck was introduced. The relation between
this Hopf algebra and the one presented here is the following.

Proposition 3.22. For every p € Z,, the algebra homomorphism defined on the genera-
tors of Hek by

k(@) =Y (G, p) (3.20)

lul<p

extends to a Hopf algebra homomorphism from Hck to 7:Z, where H is identical to H as an
algebra but equipped with a coproduct that extracts all assigned graphs with 2 or 4 external
edges, not only high subgraphs.

Proof. The proof is done by a direct calculation. O

For example, for the “sunset” graph below, the homomorphism formula above leads to:

TCK <@> =6
0<21<22<13<p
+3
O<z1<zg<p O<z1<12<p 0<z1<p
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Remark 3.23. This homomorphism allows us to evaluate Feynman amplitudes with cut-off
p as

AP(G) = Aoy (G). (3.21)

4. MULTI-SCALE RENORMALIZATION COMBINATORICS

4.1. Multi-scale forest formula as a Hopf coaction. We now exhibit the relation
between the Hopf algebra of the previous subsection and the combinatorics of multi-scale
renormalization. This extends the relation between the Connes—Kreimer Hopf algebra
and renormalization to multi-scale renormalization.

We first recall the Feynman rules. Given an assigned graph (G, pu), we associate a
space-time variable in R* to each vertex and a covariance Ci(xs(l), Y1) to an edge with
scale i joining the vertices s(l) and #(l). Then we integrate over all space-time variables
but the ones attached to external edges to define the unrenormalized amplitude,

A(G,u):/ I de ] ' mo). (4.1)

internal vertices internal edges

These are the Feynman rules formulated in position space, as is usual in multi-scale
analysis. Obviously, the evaluation of a disconnected graph is the product of the evaluation
of its connected components, so that the evaluation map A : H — A which sends an
assigned graph to its value A(G, u), with A a suitable commutative algebra depending
on the variables z1, ..., x, attached to the external edges, is a character. The connected
n-point correlation functions with cut-off p are computed as a sum over all connected
Feynman graphs with n external edges and scales less than p,

w( ) > > AG, )l ) G (4.2)

Tiyeony Tp) = J )T, ] ———, :
o(G, p)

G connected assigned graph |u|<p
with n external edges
with A the coupling constant and (G, i) the symmetry factor of the assigned graph (G, )
(cardinality of the automorphism group of G preserving the scale assignment).

In order to simplify the analytic discussion and focus on combinatorics, from now on
we restrict ourselves to the class of ¢* graphs with at least four external edges that do
not contain any non-trivial subgraph with two external edges. Following the terminology
of [27], we call these graphs “biped-free graphs”. Then, the multi-scale renormalization
of biped-free graphs can be formulated in terms of Hopf algebras as follows.

We define the (useful) counterterms Cy recursively by

CU(G> ,LL) = _TA(Gv :u) o Z TA(G/G/7 :u/:u/) CU(Gla :u/)7 (43)

(G"w")e(G,p)

where the sum runs over all, not necessarily connected, high subgraphs whose connected
components are biped-free quadrupeds (where a “quadruped” means a graph with exactly

four external edges). A function of n variables F(xi,...,x,) that is invariant under
translation, that is F(x; +a,...,x, +a) = F(xy,...,z,) for any a € R”, thus becomes
a function of only n — 1 variables F(x1 — z,, 22 — Xy, ..., Ty — ). We define 7F as

TF = / dxy - dr, 1 F. (4.4)
(Rél)nfl
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We may integrate over any subset of n — 1 variables to define 7F, and the result is a
constant.

We observe that Cy(G, i) does not depend on the space-time variable x attached to the
external edges because of translation invariance, so that it is a constant function. It is also
easy to see that it is multiplicative over disjoint unions and thus defines a character of H.
For graphs with bipeds, 7 involves a Taylor expansion at order 2 so that the construction
is more involved.

Let K, be the vector space spanned by connected assigned Feynman graphs with n
labelled external edges, and denote by I the direct sum K = @), KC,,. We define a linear
map A: K - H®K by

AGw=Cmels Y (H@i,w)@@,u)) /mgz-,m, (15)
(gi,l/z')%fgvi)g(au)

7

where the sum runs over divergent and disjoint high subgraphs, and G is the Feynman
graph obtained from G by erasing the labels on the external edges. A is a Hopf coaction
of Hon K, ie, mo(e®id)od=1id and id® A)od = (A ®id) o A.

Furthermore, let D,, be a vector space of suitable distributions on (R”)™ in which the
Feynman amplitudes take their values, and let V,, be the space of linear maps from /C,, to
D,,. The previous coaction allows us to define an action of the group of characters of H
onV=, Vobya-f=mo(a® f)oA.

The multi-scale renormalization of biped-free graphs (see above) can then be formulated
in terms of Hopf algebras by the following proposition. In the context of multiscale reno-
malization, only some counterterms are needed. These are called “useful counterterms”
[27].

Proposition 4.1. The usefully renormalized biped-free amplitudes are obtained as

Apyp = Cy- A, (4.6)
where the useful counterterms are defined by
Cy=(tA)™"™ = (1A)08S. (4.7)

This reformulation of multi-scale renormalization simply relies on the fact that

S(G,p) = Z H (= (G, i), (4.8)

(Gipi)eF

where the sum runs over all dangerous forests, i.e., forests made of high subgraphs with
four external edges.

Remark 4.2. Tt is crucial that 7A is a character, which follows immediately from the fact
that it is a constant function. For graphs with bipeds, 7 involves a Taylor expansion at
order 2 so that the construction is more involved and requires the introduction of new
vertices of degree 2.

Remark 4.3. Let us emphasize that (4.8) is not the usual BPHZ forest formula. Indeed,
the latter involves a sum over all forests, whereas the forests F in (4.6) are such that,
if G C G’ in F, then all edges of G have higher scales than those of G (the high scale
condition, see above). The extra forests appearing in the BPHZ formula lead to new
divergencies, called “renormalons,” that no longer affect individual Feynman amplitudes
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but the convergence or Borel summability of the power series in the coupling constant as a
whole. This “renormalon” problem is cured by the multi-scale expansion at the expense of
using multiple coupling constants known as the effective coupling constants, as discussed
in the next subsection (see [27] for more details on this issue).

4.2. Effective expansion. The unrenormalized n-point connected correlation functions
are expressed as a sum over connected Feynman graphs with n labelled external edges.
Thus, the bare correlation functions read

AG, )|z, ... xp v
Abf(xla s axn) = Z ( U)([Gl ) ] ()‘p) (G)v (49)
(Gpo) < is

n labelled external edges

with v(G) the number of vertices of G and o(G, u) its symmetry factor. Observe that
we sum over assigned graph whose scales are bounded by p. The latter plays the role
of an ultraviolet cut-off and we are ultimately interested in the limit p — oo. Because
of the divergence of the sum over scales in (4.9) when p — oo, one has to renormalize
the Feynman graph amplitudes and expand the correlation functions into powers of the
renormalized coupling constant, conventionally denoted by A_;. Then, the correlation
functions become

Ar(G )z, )
Ape(1, ..., 7) = 3 il :()gl ) ol (\ e (4.10)
(G lul<e i

n labelled external edges

Here, Ar(G, p)[z1, . .., x,] denotes the renormalized Feynman graph amplitude, involving
a sum over all forests, not only those made of high subgraphs. The renormalized coupling
constant A_; is computed as a sum over all graphs with four external legs,

A=At Y NGB g @ @)

@ o oG
), [Bl<p,ic (i) >i
biped-free with four external edges

As usual, o(G, p) is the symmetry factor (cardinality of the automorphism group), while
N(G, p) is the number of inequivalent labellings of the external edges. These numbers do
not depend on the scale assignment since they involve transformations that preserve the
latter.

However as discussed above, the renormalization group formalism requires to expand
the correlation functions not in a single coupling constant A_;, but in a series of p 4 2 ef-
fective coupling constants Ay, A,—1,..., A1, one for each slice. This sequence interpolates
between the bare coupling A, and the renormalized one A_;. This is formulated in the
context of Hopf algebras as follows.

For every character o of H, let define p + 2 formal power series in p + 2 variables by

' N(G, u ,
AN A =N+ > 0((G u)) a(Gop) [T Aewgws i€ {1000 p},
(Gw); |pl<psic (1) >i ’

biped-free with four external edges

v vertex

(4.12)
where we recall that ig(u) is the lowest scale of the internal edges of (G, 1) and e, (i) the
highest scale on the edges attached to v in (G, u). The inclusion of this combinatorial
factor is necessary because the graphs in (4.12) do not carry labels on their external edges.
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In particular, we always have X, = ), since there are no assigned graphs with ig(u) > p,
while N~ involves a sum over all assigned graphs.

Theorem 4.4. The map ¥ : G — Gformar associating the formal power series )\;()\p, R
A_1) with the character « is a group antihomomorphism from the group of characters G
of H to the group of invertible formal power series in p + 2 variables

U(B)o¥(a)=V(ax*}f). (4.13)

Proof. Let us first notice that it is sufficient to prove the result at the Lie algebra level.
Indeed, any character of H can be written in a unique way as the convolution exponential
of an infinitesimal character in the Lie algebra of the group of characters (see Section 3.1).
Therefore, there are infinitesimal characters 0 and 7 such that @ = exp,d and g =
exp, n. Then, the group homomorphism follows from the integration of the Lie algebra
homomorphism using the Campbell-Baker-Hausdorff formula. Since, for infinitesimal
characters in the Lie algebra, the group antiautomorphism relation is linear, it is sufficient
to check it for characters with 6(G,pu) = 1if (G, p) = (G1, 1), n(G,n) = 1if (G, p) =
(Ga, p2), and which vanish otherwise.
At the infinitesimal level, the relation (4.13) reads

S M) N (G, ), (G (0)12), (o)) TT e
G

U(G7 /’L> UEV )
N(Gy, NG, py) 9 (G2, pi2)
e — )\e 2) (4.14
Gl,,ul ( H v) . Z 6>\’L< G271U“2 H o ) )
veV(Gh) (Zel) (p1)>1 veV (G

where all graphs are biped-free connected quadrupeds (G, p) such that (Gl, 1) is a high
subgraph of (Ga, i2), and N((G1, ), (Ga, pia), (G, i) is the number of subgraphs of (G, p)
isomorphic to (G, p1) with (G, p)/(G1, 1) isomorphic to (G, p12). The assertion of the

theorem then follows from the combinatorial lemma given below. U
Lemma 4.5. We have
N(G) N(G1) N(Gs)
E N(G1,Gy,G) = v(G 4.15
o(@) NG 628 =G () (4.15)

(4N (@ y(G)! N(G)
o(G)
tractions leading to the graph G in the expansion of the path integral (2.4), where N(G)

accounts for the number of labellings of the external edges. Then,

(4)"u(G) N(G) _ N(G1) N(G2)
Z () N(G1,G2,G) = mmv(@)

is the number of Wick contractions leading to graphs G with a distinguished subgraph
isomorphic to G such that G/G; is isomorphic to Gj.

Equivalently, we can start with v(G) = v(G;) + v(Gg) — 1 vertices and construct Gy.
(W(G1)+v(G2)—1)! (@) CVV(G)IN(G) YWick
(G (v(G2)—1)! o(G1)
contractions leading to G;. Next, we consider G; as a single vertex and construct G,
(4Nv(G2)=1y(Ga)! N(Ga)

o(G2)
ing involves (4!)"(@2~Vy(Gy)! instead of (4!)"(“2)y(G5)! because of the labels of the external

Proof. To prove this lemma, first recall that is the number of Wick con-

G

There are ways of choosing the vertices of G and

which y1elds Wick contractions leading to G;. Observe that the count-
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edges of G1. Accordingly,

> <4!>U<G>§Eg)>! NG N6, G )
G
B (v(Gy) +v(Ge) — 1)! (4!)”(G1)U(G1)! N(G) (4!)U(G2)_1U(G2)! N(Gs)
N v(G)! (v(Ge) — 1)! o(Gq) o(Gs) ’
which establishes the lemma. O

It is instructive to illustrate the combinatorics of the lemma in a simple example in-
volving ordinary graphs. With two vertices, there is a single biped-free quadruped,

>©< with o(}X) = % and N(}XX) = 3.

N(x<_A) = 3 corresponds to the following three inequivalent labellings of the external

edges:
1 3 1 2 1 2
2 47 3 -’1’ 4 3
At order 3, we have two biped-free quadrupeds, namely

K X A with o ()xT) = }l N () = 3, and N (A A K A) =2

)@ with U()@) = %, N()@) =6 and N()()(,)()(,)<Q) = 1.

In this case, the combinatorial lemma, Lemma (4.15), reads

3 6 3 3
224220 o
P CeTg T g

To alleviate the notations, we have proven this lemma for ordinary graphs, not for
assigned ones. In the case of assigned graphs, all goes through except that we have to
take the condition that (G, 1) is a high subgraph of (Ga, ) into account, which restricts
the possible insertions of (Gy, p1) into (Ga, 12).

and

Corollary 4.6. As power series in \,, we have

AG ey, xn] e
3 (G (Ao)

(G,p)lpl<p
n labelled external edges

_ Z AUR(GHU’)[xla---axn] H )‘ev<,u)a (416)

G
(o) lul<p o(G, )

n labelled external edges

v vertex

where the effective couplings \; are computed using V(T A) evaluated at the bare coupling
N(G,
MO =N e G0, (@17
(G il <p i

biped-free with four external edges
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Proof. To derive this result, first compute the effective couplings A; in terms of \, using
the homomorphism W(7A). Then, substitution of the effective couplings A; in terms of A,
on the right-hand side amounts to an action of 7A. However, the usefully renormalized
amplitudes are precisely obtained by an action of the useful counterterms Cy = (7A)~1*.
Thus, the action of (TA)™"* due to renormalization precisely cancels the action of TA due
to the change of coupling constants. U

Remark 4.7. The counterterms defined by Cy = (7A)~!* correspond to a given renor-
malization scheme which amounts to Taylor subtraction at zero momentum in Fourier
space. This procedure renders the Feynman graph amplitude finite but this goal may be
achieved by any other prescription. Indeed, at each step of the recursive definition of the
counterterms, one can add a finite contribution «(G, 1) to each Feynman graph ampli-
tude. This amounts to applying the counterterm transformation Cy — «a * Cy, which in
turn may be compensated by the change of effective couplings induced by ¥,,.
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