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Abstract

We provide a self-contained formulation of the BPHZ theorem in the Euclidean
context, which yields a systematic procedure to “renormalise” otherwise diver-
gent integrals appearing in generalised convolutions of functions with a singu-
larity of prescribed order at their origin. We hope that the formulation given in
this article will appeal to an analytically minded audience and that it will help to
clarify to what extent such renormalisations are arbitrary (or not). In particular,
we do not assume any background whatsoever in quantum field theory and we
stay away from any discussion of the physical context in which such problems
typically arise.
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1 Introduction

The BPHZ renormalisation procedure named after Bogoliubov, Parasiuk, Hepp
and Zimmerman [BP57, [Hep66, Zim6g] (but see also the foundational results
by Dyson and Salam [Dys49a, |[Dys49b, Sal51b, Sal51a]]) provides a consistent
way to renormalise probability amplitudes associated to Feynman diagrams in
perturbative quantum field theory (pQFT). The main aim of this article is to provide
an analytical result, Theorem [3-1] below, which is a general form of the “BPHZ
theorem” in the Euclidean context. To a large extent, this theorem has been part of
the folklore of mathematical physics since the publication of the abovementioned
works (see for example the article [FMRS85|] which gives rather sharp analytical
bounds and is close in formulation to our statement, as well as the series of
articles [CKg8, [CKoo, ICKo1l]] which elucidate some of the algebraic aspects of
the theory, but focus on dimensional regularisation which is not available in the
general context considered here), but it seems difficult to find precise analytical
statements in the literature that go beyond the specific context of pQFT. One reason
seems to be that, in the context of the perturbative expansions arising in pQFT,
there are three related problems. The first is to control the small-scale behaviour of
the integrands appearing in Feynman diagrams (the “ultraviolet behaviour”), the
second is to control their large scale (“infrared”) behaviour, and the final problem
is to show that the renormalisation required to deal with the first problem can be
implemented by modifying (in a scale-dependent way) the finitely many coupling
constants appearing in the Lagrangian of the theory at hand, so that one still has a
physical theory.

The approach we take in the present article is purely analytic and completely
unrelated to any physical theory, so we do not worry about the potential physical
interpretation of the renormalisation procedure. We do however show in Sec-
tion [33] that it has a number of very nice mathematical properties so that the
renormalised integrals inherit many natural properties from their unrenormalised
counterparts. We also completely discard the infrared problem by assuming that
all the kernels (“propagators”) under consideration are compactly supported. For
the reader who might worry that this could render our main result all but useless,
we give a simple separate argument showing how kernels with algebraic decay at
infinity can be dealt with as well. Note also, that contrary to much of the related
theoretical and mathematical physics literature, all of our arguments take place
in configuration space, rather than in Fourier space. In particular, the analysis
presented in this article shares similarities with a number of previous works, see
for example [EG73), dCR82, FMRS84]| and references therein.

The approach taken here is informed by some results recently obtained in the
context of the analysis of rough stochastic PDEs in [Hai16,[ BHZ16,/CH16]. Indeed,
the algebraic structure described in Sections and 2-4] below is very similar to
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the one described in [Hai16, BHZ16[], with the exception that there is no “positive
renormalisation” in the present context. In this sense, this article can be seen as a
perhaps gentler introduction to these results, with the content of SectionZroughly
parallel to [BHZ16], while the content of Section[g]is rather close to that of [CH16].
In particular, Section2is rather algebraic in nature and allows to conceptualise the
structure of the counterterms appearing in the renormalisation procedure, while
Section [3] is rather analytical in nature and contains the multiscale analysis un-
derpinning our main continuity result, Theorem [3-1} Finally, in Section g, we
deal with kernels exhibiting only algebraic decay at infinity. While the conditions
given in this section are sharp in the absence of any cancellations in the large-scale
behaviour, we do not introduce an analogue of the “positive renormalisation” of
[CH16], so that the argument remains relatively concise.
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2 An analytical form of the BPHZ theorem

Fix a countable set £ of labels, a map deg: £ — R, and an integer dimension
d > 0. We assume that the set of labels has a distinguished element which we
denote by 0 € £ satisfying degd = —d and that, for every multiindex k, there is
an injective map t — t* on £ with t© = t and such that

(t®)O — (k+0 deg t* = degt — |k| . (2.1)

We also set £, = £\ {6® : k& € N} and we assume that there is a finite set
£o C £ such that every element of £ is of the form t* for some & € N and some
t € £y. We then give the following definition.

Definition 2.1 A Feynman diagram is a finite directed graph I' = (7', €) endowed
with the following additional data:

e An ordered set of distinct vertices £ = {[1],...,[k]} C ¥ such that each
vertex in & has exactly one outgoing edge (called a “leg”) and no incoming
edge, and such that each connected component of I' contains at least one
leg. We will frequently use the notation 7, = 7 \ £, as well as €, C €
for the edges that are not legs.

e A decoration t: € — £ of the edges of I' such that t(e) € £, if and only if
eE€eé,.
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We will always use the convention of [HQ15] ]
that e_ and e are the source and target of an edge ~ / \
) o—

e, so that e = (e — ey). We also label legs in -
the same way as the corresponding element in &, X /

i.e. we call the unique edge incident to the vertex
[7] the jth leg of I". The way we usually think of ~ FIGURE 1: A Feynman diagram.
Feynman diagrams is as labelled graphs (74, 6,)
with a number of legs attached to them, where the legs are ordered and each leg
is assigned a d-dimensional multiindex. An example of Feynman diagram with 3
legs is shown in Figure [, with legs drawn in red and decorations suppressed. We
do not draw the arrows on the legs since they are always incoming by definition.
In this example, |7'| = 7 and |7;| = 4.

Write now S = R?, and assume that we are given a kernel K: S — S for every
t € £,, such that K exhibits a behaviour of order deg t at the origin but is smooth
otherwise. For simplicity, we also assume that these kernels are all compactly
supported, say in the unit ball. More precisely, we assume that for every t € £,
and every d-dimensional multiindex k there exists a constant C' such that one has
the bound

|IDFK(x)| < Clz|* M1 ,,, VreS$. (2.2)

We also extend K to all of £ by using the convention that K5 = d, a Dirac mass
at the origin, and we impose that for every multiindex & and label t € £, one has

Kaw = DK, . (2.3)

Note that (z2) is compatible with (1) so that non-trivial (i.e. not just vanishing
or smooth near the origin) kernel assignments do actually exist. To some extent
it is also compatible with the convention K5 = ¢ and degd = —d since the
“delta function” on R? is obtained as a distributional limit of functions satisfying
a uniform bound of the type (=) with degt = —d. Given all this data, we would
now like to associate to each Feynman diagram [" with % legs a distribution III" on
Sk by setting

(HF)(SD) = /7/ H Kt(e)($e+ — T )y, - - - ) do (2.4)

S ecE

Note that of course III' does not just depend on the combinatorial data I' =
(V,€,Z,1), but also on the analytical data (K)ce,. We sometimes suppress
the latter dependency on our notation in order to keep it light, but it will be very
useful later on to also allow ourselves to vary the kernels /{;. We call the map Il a
“valuation”.

The problem is that on the face of it, the definition does not always make
sense. The presence of the (derivatives of) delta functions is not a problem: writing
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v; € Y, for the unique vertex such that ([7] — v;) € € and ¢; for the multiindex
such that the label of this leg is 6, we can rewrite as

(IIT) () = / [ Koo, — 2. )(Df - DEQ) @, w)da . (2.5)
€6,

T
S e

The problem instead is the possible lack of integrability of the integrand appearing
in (Z3). For example, the simplest nontrivial Feynman diagram with two legs is
given by I' = >-e—'—>e-"- which, by (273), should be associated to the distribution

(1) () = /S Ky = yo)eyo, ) dy - (2.6)

If it happens that degt < —d, then K is non-integrable in general, so that this
integral may not converge. It is then natural to modify our definition, but “as little
as possible”. In this case, we note that if the test function ¢ happens to vanish near
the diagonal y; = ¥, then the singularity of K does not matter and (2.6) makes
perfect sense. We would therefore like to find a distribution I1I" which agrees with
(2.6) on such test functions but still yields finite values for every test function .
One way of achieving this is to set

k
(1) () = / Ki(y1 — o) (w(yo, DEEEDY %D’S ©(Yo, yo)) dy .
52 || +-deg t<—d :
(2.7)
At first glance, this doesn’t look very canonical since it seems that the variables 1
and y; no longer play a symmetric role in this expression. However, it is an easy
exercise to see that the same distribution can alternatively also be written as

(4o —y)*

(IIT) () = . K(y1 — wo) (SD(?Jo, Y1) — Z X

|k|+degt<—d

le@(?/l, yl)) dy .

The BPHZ theorem is a far-reaching generalisation of this construction. To for-
malise what we mean by this, write K for the space of all smooth kernel assign-
ments as above (compactly supported in the unit ball and satisfying (23)). When
endowed with the system of seminorms given by the minimal constants in (22),
its completion K, is a Fréchet space.

With these notations, a “renormalisation procedure” is a map K + IT1¥ turning
a kernel assignment K € ¥, into a valuation IT¥. The purpose of the BPHZ
theorem is to argue that the following question can be answered positively.

Main question: Is there a consistent renormalisation procedure such that, for
every Feynman diagram, III' can be interpreted as a “renormalised version” of

@2)?
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As stated, this is a very loose question since we have not specified what we mean
by a “consistent” renormalisation procedure and what properties we would like a
valuation to have in order to be a candidate for an interpretation of (2-4). One
important property we would like a good renormalisation procedure to have is the
continuity of the map K + II¥. In this way, we can always reason on smooth
kernel assignments X' € K and then “only” need to show that the procedure
under consideration extends continuously to all of ¥, . Furthermore, we would
like TI¥ to inherit as many properties as possible from its interpretation as the
formal expression (2-4). Of course, as already seen, the “naive” renormalisation
procedure given by itself does not have the required continuity property, so
we will have to modify it.

2.1 Consistent renormalisation procedures

The aim of this section is to collect and formalise a number of properties of
which then allows us to formulate precisely what we mean by a “consistent”
renormalisation procedure. Letus write I for the free (real) vector space generated
by all Feynman diagrams. This space comes with a natural grading and we write
I, C T for the subspace generated by diagrams with k legs. Note that Iy ~ R
since there is exactly one Feynman diagram with 0 legs, which is the empty one.

Write Sy, for the space of all distributions on S* that are translation invariant in
the sense that, for n € 8, h € S, and any test function ¢, one has 1(p) = n(¢ o 73)
where 7,(Y1, ..., yx) = (Y1 +h, ...,y +h). We will write S,ic) C 8y, for the subset
of “compactly supported” distributions in the sense that there exists a compact set
£ C S*/S such that 7() = 0 as soon as supp ¢ N & = .

Remark 2.2 Compactly supported distributions can be tested against any smooth
function ¢ with the property that for any = € S¥, the set {h € S : (7,(1)) # 0}
is compact.

Note that §; ~ R since translation invariant distributions in one variable are
naturally identified with constant functions. We will use the convention §; ~ R
by identifying “functions in 0 variables” with R. We also set 8 = @, ., Sk, s0
that a valuation II can be viewed as a linear map I1: § — S which respects the
respective graduations of these spaces.

Note that the symmetric group Sy, in k elements acts naturally on Jj, by simply
permuting the order of the legs. Similarly, &, acts on §; by permuting the
arguments of the test functions. Given two Feynman diagrams ['; € 9 and
'y € 9, we then write ['; @ 'y € ., for the Feynman diagram given by the
disjoint union of I'; and I's. Here, we renumber the ¢ legs of I'y in an order-
preserving way from k + 1 to k + ¢, so that although I'; e I'y # I'; @ I'y in general,
one hasI'y e I'y = oy, ((I'y @ I'y), where o1, o € Gy is the permutation that swaps
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(1,...,0)and (¢ + 1,...,¢ + k). Given distributions 17, € 8 and 1, € §;, we
write 1), ® 15 € Sy, for the distribution such that

(1 @ 172) (1 @ @2) = M (PIN2(P2) -

Similarly to above, one has 7, @72 = 0, (12 ®11). We extend e by linearity to all of
J and S respectively, thus turning these spaces into (non-commutative) algebras.
This allows us to formulate the first property we would like to retain.

Property 1 A consistent renormalisation procedure should produce valuations 11
that are graded algebra morphisms from J to 8 and such that, for every Feynman
diagram " with k legs and every o € Gy, one has llo(I") = o(III"). Furthermore
T € 8 if T is connected with k legs.

Similarly, consider a Feynman diagram I" with £ > 2 legs such that the label
of the kth leg is 0 and such that the connected component of I' containing [k]
contains at least one other leg. Let Delj I' be the Feynman diagram identical to
I, but with the kth leg removed. If the label of the kth leg is 6™ with m # 0,
we set Del, I' = 0. If we write ¢, for the natural injection of smooth functions on
S¥=1 to functions on S* given by (t,0)(x1,...,21) = ©(z1,...,Tt_1), We have
the following property for which is very natural to impose on our valuations..

Property 2 A consistent renormalisation procedure should produce valuations 11
such that for any connected I with k legs, one has (11 Dely, I') () = (IIT")(tx ) for
all compactly supported test functions p on S¥1.

(Note that the right hand side is well-defined by Remark 22 even though ¢,
is no longer compactly supported.) To formulate our third property, it will be
useful to have a notation for our test functions. We write &, for the set of all
€ functions on S* with compact support. It will be convenient to consider the
following subspaces of @,. Let of be a collection of subsets of {1,...,k} such
that every set A € o contains at least two elements. Then, we write %ﬁ) C Dy, for
the set of such functions ¢ which vanish in a neighbourhood of the set Af@ -l
given by

AP =y eS8 FAcdwithy, =y; Vi,j € A}. (2.8)

Because of this definition, we also call a collection o as above a “collision set”.
Note that in particular one has 9),(9@ = Dy.

A first important question to address then concerns the conditions under which
the expression converges. A natural notion then is that of the degree of a
subgraph of a Feynman diagram. In this article, we define a subgraph I' C T to
be a subset € of the collection &, of internal edges and a subset ¥ C %, of the
internal vertices such that %/ consists precisely of those vertices incident to at least
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one edge in €. (In particular, isolated nodes are not allowed in I'.) Given such a
subgraph I, we then set

degT' =) "degt(e) + d(| 7| — 1) . (2.9)

ecé

We define the degree of the full Feynman diagram I in exactly the same way, with
€ and 7 replaced by &, and ¥;. One then has the following result initially due
to Weinberg [Wei6ol]. See also [HQ15, Thm A.3] for the proof of a slightly more
general statement which is also notationally closer to the setting considered here.

Proposition 2.3 If I' is a Feynman diagram with k legs such that degT > 0 for
every subgraph I’ C I, then the integral in ([23) is absolutely convergent for every
© € Dy. O

We will henceforth call a subgraph I' C T divergent if deg’ < 0. A virtually
identical proof actually yields the following refined statement which tells us very
precisely where exactly there is a need for renormalisation.

Proposition 2.4 Let I" be a Feynman diagram with k legs and let A be a collision
set such that, for every connected divergent subgraph T' C T, there exists A € dl
such that every leg in A is adjacent to T. Then (23) is absolutely convergent for
every o € 9)1234) .

Remark 2.5 Here and below we say that an edge e is adjacent to a subgraph rcr
(possibly itself consisting only of a single edge) if e is not an edge of I, but shares
a vertex with such an edge.

Proof. Since the main idea will be useful in the general result, we sketch it here.
Note first that we can assume without loss of generality that, for every A € d, the
vertices of ¥, to which the legs in A are attached are all distinct, since otherwise
(=3) vanishes identically for € D™ .

The key remark is that, for every configuration of points 2 € S” we can find a
binary tree 1" with leaves given by 7/, and a label n,, € N for every inner vertex u
of T"in such a way that n is increasing when going from the root to the leaves of
T and, for any v, v € ¥, one has

C712™™ <oy — o] < C27™, (2.10)

where u = v A U is the least common ancestor of v and ¥ in T". Here, the constant
C only depends on the size of ;. (Simply take for 7" the minimal spanning tree of
the point configuration.) Writing T = (7', n) for this data, we then let Dy C S”* be
the set of configurations giving rise to the data T. By analogy with the construction
of [Hep66], we call Dy a “Hepp sector”.
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Remark 2.6 While the type of combinatorial data (7, n) used to index Hepp
sectors is identical to that appearing in “Gallavotti-Nicolo trees” [?, ?] and the
meaning of the index n is similar in both cases, there does not appear to be a direct
analogy between the terms indexed by this data in both cases.

Remark 2.7 Thanks to the tree structure of 7', the quantity dy given by dy(v, v) =
27" as above is an ultrametric.

Writing n(e) for the value of n,, with e’ = e_ A e, the integrand of (Z3) is
then bounded by some constant times [] ., 27" Identifying T" with its
set of internal nodes, one can also show that the measure of Dy is bounded by
[Ler 2~ Finally, by the definition of 92,291), there exists a constant /Vy such that
the integrand vanishes on sets Dy such that sup ., nyt > Ny, where AT is the
least common ancestor in 7" of the collection of elements of 7, incident to the legs
in A. Writing

Ty ={(T,mn) : supnyr < Ny},
Aedl

we conclude that (Z73) is bounded by some constant multiple of

Z H 27 n=d+ Z 1.+ degt(e) . (2.11)

TeTy ueT e€Bx

We now note that the assumption on o guarantees that, for every node u € T, one
has either > .. 1, > 0, or there exists some A € o such that u < A", In the latter
case, n,, is bounded from above by Ny. Furthermore, as a consequence of the fact
that each connected component of I' has at least one leg and the kernels K are
compactly supported, (2-3) vanishes on all Hepp sectors with some n,, sufficiently
negative. Combining these facts, and performing the sum in @I11) “from the
leaves inwards” as in [HQ15, Lem. A.10], it is then straightforward to see that it
does indeed converge, as claimed. O

In other words, Propositionz-7]tells us that the only region in which the integrand
of (Z:3) diverges in a non-integrable way consists of an arbitrarily small neighbour-
hood of those points z for which there exists a divergent subgraph I' = (7, )
such that x,, = z,, for all vertices u,v € . It is therefore very natural to impose
the following.

Property 3 A consistent renormalisation procedure should produce valuations
IT that agree with for test functions and Feynman diagrams satisfying the
assumptions of Proposition

Finally, a natural set of relations of the canonical valuation IT given by
which we would like to retain is those given by integration by parts. In order
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to formulate this, it is convenient to introduce the notion of a half-edge. A half-
edge is a pair (e,v) with e € € and v € {e,,e_}. It is said to be incoming if
v = e, and outgoing if v = e_. Given an edge e, we also write e, and e_, for
the two half-edges (e, e_) and (e, e;). Given a Feynman diagram I', a half-edge
(e,v), and k € N¢, we then write 8{“@7U)F for the element of I obtained from I" by
replacing the decoration t of the edge e by t*) and then multiplying the resulting
Feynman diagram by (—1)I*! if the half-edge (e, v) is outgoing. We then write
0J for the smallest subspace of I such that, for every Feynman diagram I, every
i € {1,...,d} and every inner vertex v € ¥, of ', one has

Z 8?;,U)F €097 , (2.12)

e~V

where e ~ v signifies that the edge e is incident to the vertex v and J; is the
ith canonical element of N°. By integration by parts, it is immediate that if the
kernels K are all smooth, then the canonical valuation satisfies I10F = 0.
It is therefore natural to impose the following.

Property 4 A consistent renormalisation procedure should produce valuations 11
that vanish on 09 .

Setting # = F /0T, we can therefore consider a valuationas amap I[1: # — S.
Note that since 0 is an ideal of I which respects its grading, 7 is again a graded
algebra. Furthermore, since 0 is invariant under the action of the symmetric
group, &y, acts naturally on #;,. In particular, Property @ can be formulated in #
rather than I and it is not difficult to see that the deletion operation Del,, introduced
in Property 21also makes sense on 7. This motivates the following definition.

Definition 2.8 A valuation [1: # — § is consistent for the kernel assignment /'
if it satisfies Properties @, @ and [3}

2.2 Some algebraic operations on Feynman diagrams

In order to satisfy Property [3, we will consider valuations that differ from the
canonical one only by counterterms of the same form, but with some of the factors
of corresponding to divergent subgraphs replaced by a suitable derivative of
a delta function, just like what we did in (277).

These counterterms can again be encoded into Feynman diagrams with the
same number of legs as the original diagram, multiplied by a suitable weight. We
are therefore looking for a procedure which, given a smooth kernel assignment
K € X ,buildsalinearmap M% : § — T such thatif we define a “renormalised”
valuation ITX by

[T = 0 M5, (2.13)
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with IT¥ the canonical valuation given by (@), then K — II¥ is a renormalisation
procedure which extends continuously to all of K, . We would furthermore like
M to differ from the identity only by terms of the form described above, obtained
by contracting divergent subgraphs to a derivative of a delta function.

The procedure (27) is exactly of this form with

o o0
ML ST S Y e e g [ R
|| +deg t<—d VS
(2.14)
Note that the condition deg t < —d which is required for M* to differ from the
identity is precisely the condition that the subgraph e——e is divergent, which
then guarantees that this example satisfies Property [3}

It is natural to index the constants appearing in the terms of such a renormalisa-
tion map by the corresponding subgraphs that were contracted. These subgraphs
then have no legs anymore, but may require additional decorations describing the
powers of z appearing in the expression for c; above. We therefore give the fol-
lowing definition, where the choice of terminology is chosen to be consistent with
the QFT literature.

Definition 2.9 A vacuum diagram consists of a Feynman diagram [' = (7/,€)
with exactly one leg per connected component, endowed additionally with a node
decoration n: %, — N%. We also impose that each leg has label 6. We say that a
connected vacuum diagram is divergent if degI' < 0, where

degl'=> te)+ Y _ [n@)| +d(¥|-1).

ec8 vEY

We extend this to arbitrary vacuum diagrams by imposing that deg(I'; e I';) =
degI'y +degl's.

One should think of a connected vacuum diagram I" as encoding the constant

neT = / . I Ko@e, — ) [ @ — 200" dz (2.15)
STx \1vx

ecé, wWET

where v, is the element of 7, that has the unique leg attached to it. This is then
extended multiplicatively to all vacuum diagrams. In view of this, it is also natural
to ignore the ordering of the legs for vacuum diagrams, and we will always do this
from now on.

Write now J_ for the algebra of all vacuum diagrams such that each connected
component has at least one internal edge and by J_ C J_ for the subalgebra

generated by those diagrams such that each connected components is divergent.
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~

Since we ignored the labelling of legs, the product e turns J_ into a commutative
algebra. Note that if we write ¥, C J_ for the ideal generated by all vacuum
diagrams I with degI' > 0, then we have a natural isomorphism

T ~9 /5.

Similarly to above, it is natural to identify vacuum diagrams related to each other
by integration by parts, but also those related by changing the location of the leg(s).
In order to formalise this, we reinterpret a connected vacuum diagram as above as
a Feynman diagram “with 0 legs”, but with one of the vertices being distinguished,
which is of course completely equivalent, and we write it as (I', v,, n). With this
notation, we define OF_ as the smallest ideal of F_ such that, for every connected
(I', v4, n) one has the following.

e For every vertex v € V" \ {v,} andevery i € {1,...,d}, one has

> @, T vam) + @)@ van—61,) €99_,  (2.16)

envv

where 1, denotes the indicator function of {v}.

e One has
> @, T vem) =) n@yi@v,n—61,) €09, (217
ey Uecf

e For every vertex v € U, one has

Cooon)— Y (—1)m|<n>(F,v,n—m+ZmIU*)685”_, (2.18)
m

m: ¥ —N?

where ¥m = ) m(u) and we use the conventionm! = [, o Hle m(u);!
to define the binomial coeflicients, with the additional convention that the
coeflicient vanishes unless m < n everywhere.

Remark 2.10 One can verify that if K € F and II¥ is given by (=-13), then
0F_ € kerITX. In the case of (2.16) and (Z-17), this is because the integrand is
then a total derivative with respect to (z,); and (z,, ); respectively. In the case of
(2.18), this can be seen by writing (2., — 2, )"™ = (Ty — Ty) — (T, — T,))"
and applying the multinomial theorem.

Remark 2.11 The expressions (2.16) and (Z-17) are consistent with (Z12) in the
special case n = 0. Considering the case v = v, in (2.18)), it is also straightforward
to verify that (I', v,, n) € dF_ as soon as n(v,) # 0.
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As before, we then write %_ as a shorthand for T / 0F_ and similarly for Z_.
(This is well-defined since J_ does not mix elements of different degree.) As a
consequence of Remark 210, we see that every K € H_ yields a character T
of 7_ and therefore also of #_.

Given a Feynman diagram I' and a subgraph
[ C T, we can (and will) identify I" with an ele-

ment of #_, obtained by setting all the node dec- \ \
orations to 0. By (2.18) we do not need to specify /

where we attach leg(s) to [ since these elements /
are all identified in %_. We furthermore write 9T

for the set of all half-edges adjacent to I'. Figure |
shows an example of a Feynman diagram with a
subgraph I' shaded in grey and OT indicated in
green. Legs can also be part of O as is the case
in our example, but they can not be part of [ by our definition of a subgraph.
Note also that the edge joining the two vertices at the top appears as two distinct
half-edges in OT. Given furthermore a map ¢: 0T — N¢ (canonically extended to
vanish on all other half-edges of I'), we then define the following two objects.

Ficure 2: Example of a subgraph
(shaded) and its boundary (green).

e A vacuum diagram (I, 7¢) which consists of the graph I" endowed with the
edge decoration inherited from I', as well as the node decoration n = 7/
given by (7)(v) = ). (ewear L(€; V).

e A Feynman diagram I'/(T', £) obtained by contracting the connected com-
ponents of I to nodes and applying / to the resulting diagram in the sense
that, for edges e € € \ € adjacent to OI" and with label (in I') given by ¢,
we replace their label by t(‘(e<)+0e=)),

In the example of Figure 2, where non-zero values of ¢ are indicated by small
labels, we have

where a label k£ on an edge means that if it had a decoration t in I', then it now has
a decoration t*). Given a map ¢: 0T — N as above, we also write “out ¢ as a
shorthand for the restriction of ¢ to outgoing half-edges. With these notations at
hand, we defineamap A: I — #_ Q # by

| out £
=> > (1) T, 7)) @T/T,0), (2.19)

I'cl¢: aT—N4
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where we use the same conventions for factorials as in (2.18]). Note that since
the right hand side is identified with an element of #_ ® %, this sum is finite.
Indeed, unless (T, 7¢) € J_, which only happens for finitely many choices of ,
the corresponding factor is identified with 0 in 7_.

Remark 2.12 For any fixed I" this sum is actually finite since there are only finitely
many subgraphs and since, for large enough ¢, (I', 7¢) is no longer in J_.

Remark 2.13 The factor (—1)!°"!l appearing here encodes the fact that for an edge
e, having {(e,u) = k means that in the resulting Feynman diagram I'/(T', £), one
would like to replace the factor K(z., — z._) by its kth derivative with respect
to x,, which is precisely what happens when one replaces the corresponding
connected component of I' by a derivative of a delta function. In the case when
u = e_, namely when the half-edge is outgoing, this is indeed the same as
(—1)"“‘(D’“Kt)(:veJr — x._), while the factor (—1)/*! is absent for incoming half-
edges.

It turns out that one has the following.

Proposition 2.14 The map A is well-defined as a map from # to #_ Q ¥ .

Before we start our proof, recall the following version of the Chu-Vandermonde
identity

Lemma 2.15 Given finite sets S, Sandmapst: S — Sandl: S — N, we define
ml: S — Nbymlr)= Zyerl(ac) L(y).
Then, for every finite set S and every k: S — N, one has the identity

=)= (0

where the sum runs over all possible choices of { such that 7,/ is fixed. 0

Proof of Propositionz.14, We first show that for I' € I the right hand side of
(z-19) is well-defined as an element of #_ ® # , which is a priori not obvious since
we did not specify where the legs of (T, /) are attached. Our aim therefore is to
show that, for any fixed L € N, the expression

(_1)\ out /| _ B
Z / v, m) @ T/, £) (2.20)
¢: 80 —Nd ’
Se=L

is independent of v € ¥ in #_ ® #. By Remark =11, we can restrict the sum
over ¢ to those values such that ¢ vanishes on the set A, of all half-edges incident
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to v since (I', v, /) = 0 in #_ for those ¢ for which this is not the case. Fixing
some arbitrary v # v and using as well as Lemma we then see that
(zz0) equals

| out £|+|m)|
SR (TP

£: 9T\ Ay —Nd 1y 90— N
3e=L

Writing & = ¢ — m, we rewrite this expression as

(— 1)\ out k|+| out m|+|m)|

Z Z - ([, u, 7k +Xml,) @ T/, k+m) .
k: 00\ Ay NI m: O\ Ay —Nd e
Sh<L Sm=L-%k

At this stage we note that, as a consequence of ([Z12), we have for every subset
A C 9T and every M € N¢ the identity

( 1)|outm\ (_1)|n\+|0utn| _
3 T/ k) = > /T k ).

m: T\ A—Nd n: A—Nd
Sm=M Sn=M

Inserting this into the above expression and noting that for functions n supported
on A, one has mn = ¥nl,, we conclude that it equals

(_1)| out k|+|outn|

Z Z kln) (f‘,u,ﬂ'k}+ﬂ'n)®1—‘/(f"k+n).
k: Bf‘\AU%Nd n: Ay —Nd e
k<L Yn=L—-Xk

Setting ¢ = k + n and noting that kIn! = (k + n)! since k£ and n have disjoint
support, we see that this is indeed equal to (Z20) with v replaced by u, as claimed.

It remains to show that A is well-defined on #, namely that A7 = 0in#_ Q%
for 7 € 0J. Choose a Feynman diagram I, an inner vertex v € %/, an index
i € {1,...,d}, and a subgraph I' C T". Writing A, for the half-edges in I' adjacent
to v and A, for the remaining half-edges adjacent to v (so that A, C L), it suffices
to show that

| out 4|
>y (1) ([, 7l) ® T /(T, 0)

h€A, ¢: BT —Nd
(T,0eT_

__ 1) out?| 3 -
DD %az«w@mm:o

(2.21)

heA, ¢:90—Nd
8 0 ([T, OET_

in #_ x #, where we used the shorthand notation 0; U(T 0) € J_ for the condition
85 (T, ¢) € F_, which is acceptable since this condition does not depend on which
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half-edge h one considers. If v is not contained in T, then the second term vanishes
and A, consists exactly of all edges adjacent to v in I'/(T", ), so that the first term
vanishes as well by (@z12). If v is contained in ', then we attach the leg of the
corresponding connected component Iy of T to v itself, so that in particular the
sum over / can be restricted to values supported on 9T\ A4,. By (2:17), the second
term is then equal to

(_1)| out 4| _ _
Y. D @ w61 & T/, 0,
hedlo\ Ay £: 0T\ Ay —Nd ’
9;, @ 0ET_
which can be rewritten as
(— 1)\ out£|+8neout _
> @, v, 70) T/, 0+ 6;1,) .

hedl o\ A, ¢: aT—Nd
(T,0€T_

Inserting this into (Z=21]), we conclude that this expression equals

| out £
> Y (1) —— @, w0 @ T[T, 0)

hedly ¢: oT—Nd
(T, 0€T_

which vanishes in 7_ ® # by (Z12) since the half-edges in 0T are precisely all
the half-edges adjacent in I'/(I", £) to the node that Iy was contracted to. O

For any element g: #_ — R of the dual of #_, we now have a linear map
M9: H — # by
MAT = (9 ®id)AT,

which leads to a valuation Hf : # — S by setting
Y =1%o MY (2.22)

as in ([2-13), with I the canonical valuation (2:7). Note that this is well-defined
since [1X0F = 0, as already remarked. In particular, we can also view Hff as a
map from J to S.

For any choice of g (depending on the kernel assignment K'), such a valuation
then automatically satisfies Properties [3] and [4} since these were encoded in the
definition of the space #, as well as Property 2 since the action of A commutes
with the operation of “amputation of the kth leg” on the subspace on which the
latter is defined. In general, such a valuation may fail to satisfy Property 1 but if
we restrict ourselves to elements g: #_ — R that are also characters, one has

M9(T, o Ty) = (M9T,) & (MTs) .

Since 0F is an ideal, this implies that the valuation Hf is multiplicative as a map
from J to S, as required by Property @ We have therefore shown the following.
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Proposition 2.16 For every character g: #_ — R, the valuation Hff is consistent
for K in the sense of Definition 0

Writing 6_ for the space of characters of J_, it is therefore natural to define a
“consistent renormalisation procedure” as amap R : K — G_ such that the map

K s 15 = 1% o M2 | (2.23)

where 1% denotes the canonical valuation given by (2.4), extends continuously to
all of ;. Our question now turns into the question whether such a map exists.

Remark 2.17 We do certainly not want to impose that R extends continuously
to all of K, since this would then imply that IT¥ extends to all of ¥, which is
obviously false.

2.3 A Hopf algebra

In this subsection, we address the following point. We have seen that every
character g of 7_ allow us to build a new valuation II, from the canonical valuation
IT associated to a smooth kernel assignment. We can then take a second character
h and build a new valuation I, o M". It is natural to ask whether this would give
us a genuinely new valuation or whether this valuation is again of the form II; for
some character g. In other words, does 6_ have a group structure, so that g — MY
is a left action of this group on the space of all valuations?

In order to answer this question, we first define a map A™: I ¥ & %_in
a way very similar to the map A, but taking into account the additional labels n:

B (_1)|outl7| A B - o
AToo.m=Y Y — <n) @, 0+ 70) @ T, v, n—n)/T,0) .

fCF 2 8f‘~>Nd
fi: VN4

(2.24)
Here, we define (I',v,,n)/(T, /) similarly to before, with the node-label of the

quotient graph obtained by summing over the labels of all the nodes that get
contracted to the same node. If I' completely contains one (or several) connected
components of I', then this definition could create graphs that contain isolated
nodes, which is forbidden by our definition of J_. Given (z13), it is natural to
identify isolated nodes with vanishing node-label with the empty diagram 1, while
we identify those with non-vanishing node-labels with 0. In particular, it follows
that
ANrT=171+17+ AT,

where each of the terms appearing in A'T is such that both factors contain at least
one edge.

Note the strong similarity with [BHZ16, Def. 3.3] which looks formally almost
identical, but with graphs replaced by trees. As before, one then has
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Proposition 2.18 The map A~ is well-defined both as a map H_ — K QH
andamap #H_ — H_ QX _. 0

It follows immediately from the definitions that A~ is multiplicative. What is
slightly less obvious is that it also has a nice coassociativity property as follows.

Proposition 2.19 The identities
(A” @ id)A = (id @ A)A, (A” ®@id)A™ = (1d @ A7)A™ (2.25)

hold between maps B — #H_ Q@ B & B for B = # in the case of the first identity
and for B € {H_, F_} in the case of the second one.

Proof. We only verify the second identity since the first one is essentially a special
case of the second one. The difference is the presence of legs, which are never
part of the subgraphs appearing in the definition of A, but otherwise play the same
role as a “normal” edge.

Fix now a Feynman diagram I' as well as two subgraphs I'; and I's with the
property that each connected component of I'; is either contained in I'y or vertex-
disjoint from it. We also write ' = I'; UT; and I'; o = ['; N T'y. There is then a
natural bijection between the terms appearing in (A~ ®id)A~ and those appearing
in (id® A™)A~ obtained by noting that first extracting I from I and then extracting
I’y from T is the same as first extracting I'y from I" and then extracting I'y /Ty »
from I'/T";. It therefore remains to show that the labellings and combinatorial
factors appearing for these terms are also the same. This in turn is a consequence
from a generalisation of the Chu-Vandermonde identity and can be obtained in
almost exactly the same way as [BHZ16| Prop. 3.9]. 0

If we write 1 for the empty vacuum diagram and 1* for the element of 6_
that vanishes on all non-empty diagrams, then we see that (#_, A~ e 1, 1%) is
a bialgebra. Since it also graded (by the number of edges of a diagram) and
connected (the only diagram with 0 edges is the empty one), it is a Hopf algebra
so that €_ is indeed a group with product

fog=(f@gA,

and inverse g~ ' = gsi, where o is the antipode. The first identity in (2-23) then
implies that the map g — MY = (g ® id)A does indeed yield a group action on
the space of valuations, thus answering positively the question asked at the start of
this section.
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2.4 Twisted antipodes and the BPHZ theorem

An arbitrary character g of Z_ is uniquely determined by its value on connected
vacuum diagrams I' with deg[' < 0. Comparing (2-14) with ([-19), this would
suggest that a natural choice of renormalisation procedure & is given by simply
setting

RE = —T15T,

as this would indeed reproduce the expression (277). Unfortunately, while this
choice does yield valuations that extend continuously to all kernel assignments in
K, for aclass of “simple” Feynman diagrams, it fails to do so for all of them.

Following [CKoo, (CKo1l], a more sophisticated guess would be to set R (K)I' =
[IXAT, for o the antipode of #_ endowed with the Hopf algebra structure de-
scribed in the previous section. The reason why this identity also fails to do the
trick can be illustrated with the following example. Consider the case d = 1 and
two labels with [t;| = —1/3 and |t| = —4/3. Drawing edges decorated with t; in
black and edges decorated with t; in blue, we then consider

r= 1\t .

which has degree degI' = 0. Since I' has only one leg, the naive valuation ITXT
can be identified with the real number

5T = (K % Ky % K1)(0),

where we wrote K; = K, and * denotes convolution. Since this might diverge
for a generic kernel assignment in &, , even if K, is replaced by its renormalised
version, there appears to be no good canonical renormalised value for IIXT, so we
would expect to just have ITXT = 0.

Let’s see what happens instead if we choose the renormalisation procedure
R(K)T = IIEHAT. Tt follows from the definition of A that

Al =18 .'?. to—e® (;) + 7 et (2:26)

*—>0
since e—>e and \./ are the only subgraphs of negative degree, but their degree
remains above —1 so that no node-decorations are added. Note furthermore that
in 7Z_ one has the identities

Nee—e—eal+lae—e, AKNS =" 01+16%K/.

The reason why there is no additional term analogous to the middle term of (2.26))
appearing in the second identity is that the corresponding factor would be of
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positive degree and therefore vanishes when viewed as an element of #_. As a
consequence, we have i = —7 in both cases, so that the first and last terms of
(2.26)) cancel out and we are eventually left with

5T = —(K; * K))(0) - Ko(0) ,

which is certainly not desirable since it might diverge as well.

The way out of this conundrum is to define a twisted antipode d:H. — H_
which is defined by a relation very similar to that defining the antipode, but this
time guaranteeing that the renormalised valuation vanishes on those diagrams
that encode “potentially diverging constants” as above. Here, the renormalised
valuation is defined by setting

RK)T = 54T, (2.27)

where IT% is defined by (2:13). Writing L : H_ @K — H_ for the product, we
define o to be such that R
HM(A RIDAT =0, (2.28)

for every non-empty connected vacuum diagram [' € F_ with degl’ < 0. At
first sight, this looks exactly like the definition of the antipode. The difference is
that the map A~ in the above expression goes from F_ to H_ @ FH_, so that no
projection onto diverging diagrams takes place on the right factor. If we view 7_
as a subspace of %_, then the antipode satisfies the identity

MA QT )AT =0,

where 7_: #_ — %_ is the projection given by quotienting by the ideal ¥,
generated by diagrams with strictly positive degree. We have the following simple
lemma.

Lemma 2.20 There exists a unique map i: #_ — #_ satisfying @.28). Fur-
thermore, the map 11X given by (z23) with R(K) = 1% dl is indeed a valuation.
Proof. The existence and uniqueness of sl is immediate by performing an induction
over the number of edges. Defining A ®: % — #**™ inductively by X © =,
and then

A/(kJrl) — (A/(k) ® id)A’L ,

where ¢: #_ — J_ is the canonical injection, one obtains the (locally finite)
Neumann series
d = Z(—l)k“ﬂ/é(’“)A’(k) , (2.29)

k>0
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where ™ : F2*D 5 F¢_ is the multiplication operator. The uniqueness also
immediately implies that of is multiplicative, so that R(K’) as defined above is
indeed a character for every K € . O

Definition 2.21 We call the renormalisation procedure defined by R(K) = 1% sl
the “BPHZ renormalisation”.

It follows from (272g) that in the above example the twisted antipode satisfies
~O—>0 *—>0 .
-Qq \./ = — \./ + (.) —>e ,
so that
A o—>9 ® — e o
(d @ id)AT = 1® \T/ _._>.®(T) K01+ Qe—ewt,

which makes it straightforward to verify that indeed IIX T" = 0. The following
general statement should make it clear that this is indeed the “correct” way of
renormalising Feynman diagrams.

Proposition 2.22 The BPHZ renormalisation is characterised by the fact that, for
every k > 1 and every connected Feynman diagram 1" with k legs and deg " < 0,
there exists a constant C such that if @ is a test function on S* of the form ¢ = py- 1
such that p1 depends only on x1 + . ..+ xy, po depends only on the differences of
the x;, and there exists a polynomial P with deg P + deg' < 0 and

wol@1,...,x5) = P(xg —x1,..., 21 — 271), \SL’|§C, (2.30)

then (11X T')(p) = 0.
Remark 2.23 One way to interpret this statement is that, once we have defined
X T for test functions in @\ with o = {{1,...,k}}, the canonical way of
extending it to all test functions is to subtract from it the linear combination of
derivatives of delta functions which has precisely the same effect when testing it
against all polynomials of degree at most —deg I'.

Proof. The statement follows more or less immediately from the following obser-
vation. Take a valuation of the form Hf as in (222) for some K € X and
some g € 6§_. Fixing the Feynman diagram I' from the statement, we write
or = {[1],...,[k]} for its k legs, and we fix a function n: 0" — N¢ with
In| 4+ deg I < 0. Write furthermore ni: OI' — N for the function such that the /th
leg has label ™D We assume without loss of generality that n([1]) = 0 since
we can always reduce ourselves to this case by (Z12).
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Let then P be given by

[k]

P(x) = Py(a) = [ @i — 2",

1=[2]

let ¢y be as in (Z30), and let ¢, be a test function depending only on the sums
of the coordinates and integrating to 1. We then claim that, writing I' C T for
the maximal subgraph where we only discarded the legs and v, for the vertex of I'
incident to the first leg, one has

0 = (1) 0© 108 (T o rtn ).

(In particular (I} T')(¢) = 0 unless & < n.) Indeed, comparing (23) to (2-13), it
is clear that this is the case when g = 1%, noting that

D). pi p <;) P._:. (2.31)

The general case then follows by comparing the definitions of A and A~, noting
that by (237) the effect of the label n in is exactly the same of that of
the components of ¢ supported on the “legs” in (2-1g). In other words, when
comparing the two expressions one should set /(h) = {(h) for the half-edges h
that are not legs and n(v) = ) (e, v), where the sum runs over all legs (if any)
adjacent to v.

The claim now follows immediately from the definition of the twisted antipode
and the BPHZ renormalisation:

(TI5,0) () = (2) (5 @ YA (T, vy, m(n — 7))
= (;) 5t @ id)A (T, v,, m(n — 8)) = 0,

since the degrees of I and of (T, v,, m(n—1)) agree (and are negative) by definition.
0

3 Statement and proof of the main theorem

We now have all the definitions in place in order to be able to state the BPHZ
theorem.

Theorem 3.1 The valuation 11X is consistent for K and extends continuously to
all K € &, .
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By Proposition we only need to show the continuity part of the state-
ment. Before we turn to the proof, we give an explicit formula for the valuation
I1X instead of the implicit characterisation given by (2.28). This is nothing but

Zimmermann’s celebrated “forest formula™.

3.1  Zimmermann’s forest formula

So what are these “forests” appearing in the eponymous formula? Given any
Feynman diagram T, the set 6, of all connected vacuum diagrams I' C T with
deg' < 0 is endowed with a natural partial order given by inclusion. A subset
F C Gy is called a “forest” if any two elements of F are either comparable in G,
or vertex-disjoint as subgraphs of I

Given a forest  and a subgraph I € %, we say that ['; is a child of T if 'y < T
and there exists no 'y € % with I'; < 'y < I'. Conversely, we then say that I is
[',’s parent. (The forest structure of & guarantees that its elements have at most
one parent.) An element without children is called a leaf and one without parent a
root. If we connect parents to their children in %, then it does indeed form a forest
with arrows pointing away from the roots and towards the leaves. We henceforth
write F. for the set of all forests for I'.

Given a diagram I, we now consider the space I generated by all diagrams r
such that each connected component has either at least one leg or a distinguished
vertex v,, but not both. We furthermore endow [' with an N%valued vertex
decoration n supported on the leg-less components and, most importantly, with
a bijection 7: € — € between the edges of I' and those of T', such that legs
get mapped to legs. The operation of discarding 7 yields a natural injection
T oI QT by keeping the components with a distinguished vertex in the first
factor and those with legs in the second factor. (The space Jr itself however is
not a tensor product due to the constraint that 7 is a bijection, which exchanges
information between the two factors.) We can also define 09 analogously to
@12) and (2.16)—(2.18), so that # = I /90T naturally injects into H QK.

Given a connected subgraph v C I', we then define a contraction operator G,
acting on #r in the following way. Given an element (T, n) € Ir, we write 4 for
the subgraph of [ such that 7 is a bijection between the edges of 4 and those of ~.
If 4 is not connected, then we set C67(1;, n) = 0. Otherwise, we set as in

R (_1)\outl7| n o _ N B N
Crm= Y learmnco| |G a0 Fon—0)/(3,0),
N

3

(3.1)
with the obvious bijections between the edges of 7 - I'/4 and those of I'. This time
we explicitly include the restriction to terms such that deg(y,n + 7¢) < 0, which
replaces the projection to #_ in (2:24). An important fact is then the following.



STATEMENT AND PROOF OF THE MAIN THEOREM 24

Lemma 3.2 Let 1,72 be two subgraphs of I that are vertex-disjoint and let I'er
be such that 4, and 4, are vertex disjoint. Then €., 6.,I' = 6,,6,, 1. 0

We will use the natural convention that ¢ € . For any & € %, we then
write BG%1" for the element of #r defined recursively in the following way. For
F = ¢, we set 6zI' = I'. For non-empty &, we write o(%F) C F for the set of
roots of & and we set recursively

C@Q:F - C@O}\Q(g) H C@A{F .

YEO(F)

The order of the product doesn’t matter by Lemma [3-2} since the roots of & are
all vertex-disjoint. With these notations at hand, Zimmermann’s forest formula
[Zim69] then reads

Proposition 3.3 The BPHZ renormalisation procedure is given by the identity

(d ® )AL = AT £ Y~ (—1)715T, (3-2)

FeF,
where we implicitly use the injection Hr — H_QH for the right hand side.

Proof. This follows from the representation (Z29). Another way of seeing it is
to first note that R is indeed of the form (% ® id)AI for some B: #H_ — %
and to then make use of the characterisation of the twisted antipode d.
This implies that it suffices to show that RI" = 0 for every connected I' with a
distinguished vertex and a node-labelling such thatdeg ' < 0.

The idea is to observe that & can be partitioned into two disjoint sets that are
in bijection with each other: those that contain I itself and the complement F= of
those forest that don’t. Furthermore, it follows from the definition that 61" = T,
so that

D )G = Y (DTG =Gy D) = D (DT (G5 —65T)
FeFn FeFL FeFL

which vanishes thus completing the proof. 0

In order to analyse ([3-2), it will be very convenient to have ways of resumming
its terms in order to make cancellations more explicit. These resummations are
based on the following trivial identity. Given a finite set A and operators X; with

1 € A, one has
[[ad—xH=> D] %, (33)

€A BCA jEB
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provided that the order in which the operators are composed is the same in each
term and that the empty product is interpreted as the identity. The right hand side
of this expression is clearly reminiscent of (3-2) while the left hand side encodes
cancellations if the X; are close to the identity in some sense. If €. itself happens
to be a forest, then F. consists simply of all subsets of G-, so that one can indeed
write

(d @ idAT = Ry T, (3.4)
where Rg I is defined by RyI" = I' and then via the recursion
Rl = Rg\gm || (d—6,)I . (3.5)
vEAF)

In general however this is not the case, and this is precisely the problem of
“overlapping divergences”. In order to deal with this, we introduce the following
variant of (3-4) which still works in the general case. To formulate it, we introduce
the notion of a “forest interval” M for I' which is a subset of F. of the form
[M, M] in the sense that it consists precisely of all those forests # € F such
that M C F C M. An alternative description of M is that there is a forest
§(M) = M \ M disjoint from M and such that M consists of all forests of the type
MUZF with &F C §(M). Given a forest interval, we define an operation Ry; which
renormalises all subgraphs in 6(M) and contracts those subgraphs in M. In other
words, we set Ry = %M, where 931\%41 is defined recursively by

Rl =R P T €'r. €=

5
YEOF)

id -6, ifye oM),
—6, otherwise.

This definition is consistent with (3-3) in the sense that one has Ry = Ry for
M = [, F]. Combining Proposition [3-3] with (3-3), we then obtain the following
alternative characterisation of our renormalisation map.

Lemma 3.4 Let I be a Feynman diagram and let & be a partition of ¥ consisting
of forest intervals. Then, one has the identity (dd @ id)AT = > meg Rl O

3.2 Proof of the BPHZ theorem, Theorem [3.1]

We now have all the ingredients in place to prove Theorem [3-11 We only need to
show that for every (connected) Feynman diagram I' there are constants C and
Nr such that for every test function ¢ with compact support in the ball of radius 1
one has the bound

(IE, D)@ < Cr [T 1Koy sup [[IDPg]|r (3.6)

ecE |MSN1"
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where | K|y denotes the smallest constant C' such that (&2)) holds for all |k| < N.
The proof of (3.6) follows the same lines as that of the main result in [CH16],
but with a number of considerable simplifications:

e There is no “positive renormalisation” in the present context so that we do
not need to worry about overlaps between positive and negative renormali-
sations. As a consequence, we also do not make any claim on the behaviour
of (3.6) when rescaling the test function. In general, it is false that (3.6)
obeys the naive power-counting when ¢ is replaced by ©* and A\ — 0 as in
[HQ15, Lem. A.7].

e The BPHZ renormalisation procedure studied in the present article is di-
rectly formulated at the level of graphs. In [BHZ16, (CH16] on the other
hand, it is formulated at the level of trees (which are the objects indexing
a suitable family of stochastic processes) and then has to be translated into
a renormalisation procedure on graphs which, depending on how trees are
glued together in order to form these graphs, creates additional “useless”
terms.

e We only consider kernels with a single argument, corresponding to “normal”
edges in our graphs, while [CH16] deals with non-Gaussian processes which
then gives rise to Feynman diagrams containing some “multiedges”.

We therefore only give an overview of the main steps, but we hope that the style
of our exposition is such that the interested reader will find it possible to fill in the
missing details without undue effort.

As in the proof of Proposition we break the domain of integration into
Hepp sectors Dy and we estimate terms separately on each sector. The main trick
is then to resum the terms as in Lemma [3-7} but by using a partition Py that is
adapted to the Hepp sector T in such a way that the occurrences of (id — 6, ) create
cancellations that are useful on Dr.

In order to formulate this, it is convenient to write all the terms appearing in
the definition of ITX T" as integrals over the same set of variables. For this, we
henceforth fix a connected Feynman diagram I' once and for all, together with an
arbitrary total order for its vertices.

We then define the space Ir generated by connected Feynman diagrams I" with
edges and vertices in bijection with those of I" via a map 7: (€,7) — (€,%),
together with a vertex labelling 1, as well as a map 9: € — N which vanishes on
all legs of I". The goal of this map is to allow us to keep track on which parts of T
were contracted, as well as the structure of nested contractions: 9 measures how
“deep” a given edge lies within nested contractions. In particular, it is natural to
impose that ? vanishes on legs since they are never contracted. We furthermore
impose that for every j > 0, every connected component 4 of 971(5) has the
following two properties.
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e The highest vertex v,(9) of 4 has an incident edge e with d(e) < j. (Here,
“highest” refers to the total order we fixed on vertices of I', which is trans-
ported to I' by the bijection between vertices of [' and I'.)

e All edges e incident to a vertex of 7 other than v,(¥) satisfy d(e) > j.

Writing ¢ C U for those vertices v with at least one edge e incident to v such
that 9(e) > 0, we also impose that n(v) = 0 for v & ¥°. We view I itself as an
element of I by setting 0 = 0. Note that this data defines a map v — v, from
¢ to V' such that v — v,(%) for 4 the connected component of 9~'(j) with the
lowest possible value of j containing v.

For v C T as above, we then define maps €, on Iy similarly to (3-1). This time
however, we set %vf = 0 unless the following conditions are met.

e The graph 77!(v) C I is connected.
e For every edge e adjacent to 77 1(7y), one has d(e) < inf, _; 0(e).
We also restrict the sum over labels ¢ supported on edges with d(e) = inf,_g 0(¢).

In order to remain in Cj}, instead of extracting 4 = 7~ 1(7y), we reconnect the edges
of T' adjacent to 4 to the highest vertex ¢ of 4 and we increase d(e) by 1 on all
edges e of 4. We similarly define elements Gl as above with every instance of
‘6., replaced by % We also view I itself as an element of I by setting both 0
and nto 0.

Let us illustrate this by taking for ' the diagram of Figure2land for +y the triangle
shaded in grey. In this case, assuming that the order on our vertices is such that
the first vertex is the leftmost one and that the degree of v is above —1 so that no
node-decorations are needed, we have

IS B
N % e

with 0(v) equal to 1 in the shaded region of the diagram on the right. The green
node then denotes the element v, for all the nodes v in that region. This time, it
follows in virtually the same way as the proof of Proposition that if v, and v,
are either vertex disjoint or such that one is included in the other, then the operators
%71 and 6672 commute. In particular, we can simply write

Gy T = ( I] Gd-&) H(—%ﬁ))r , (3.7)

~YES(M) yEM

without having to worry about the order of the operations as in (3:3).
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For every K € F_, and every test function ¢, we then have a linear map
WE: I — C6"°(S°’/*) given by

(OWKF (SU) H Kt(e)(x7(6+) — Tr(e_)) H (Tr) — SUT(U*)) ©

ee%* UEOV*

X (DY D)@y, T,

where 7: ¥ U € — ¥ U € is the bijection between edges and vertices of I" and
those of I, v; are the vertices to which the & legs of I are attached, and ¢; are the
corresponding multiindices as in (Z3). With this notation, our definitions show
that, for every partition % of . into forest intervals, one has

(X D)) = Z/ WK@MF)(:U)d:U

Me%

We bound this rather brutally by

(D)) < Z/ (WK Ry T ()| da

L (3-8)
<23 swplw )l [T
T MePr T ueT

At this stage, we would like to make a smart choice for the partition %y which
allows us to obtain a summable bound for this expression. In order to do this,
we would like to guarantee that a cancellation (id — CA&,) appears for all of the
subgraphs ~ that are such that the length of all adjacent edges (as measured by the
quantity |z« ) — Zr(_)|) is much greater than the diameter of -y (measured in the
same way).

In order to achieve this, we first note that by Proposition [3-11]and (3-23) below,
we can restrict ourselves in (3.8)) to the case where Py is a partition of the subset
QT{ C F of all forests containing only subgraphs that are full in I'. (Recall that
a subgraph ¥ C I' is full in I' if it is induced by a subset of the vertices of I in
the sense that it consists of all edges of I' connecting two vertices of the subset in
question.) We then consider the following construction. For any forest & € Fo,
write Rz[" for the Feynman diagram obtained by performing the contractions of
%gf‘. (So that %gf‘ is a linear combination of terms obtained from K" by adding
node-labels n and the corresponding derivatives on incident edges.) As above,
write 7 for the corresponding bijection between edges and vertices of RzI' and
those of I'. Given a Hepp sector T = (7', n) for [" and an edge e of ', we then write
scale’ (¢) = n(v,), where v, = 7(7~'(e)_) A 7(7"'(e).) is the common ancestor
in T" of the two vertices incident to e, but when viewed as an edge of KzI". (Since
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we only consider forests consisting of full subgraphs, 7-!(e)_ and 77 !(e), are
distinct, so this is well-defined.) Given v € %, we then set

int7 () = inf scale? (e) , extr(y) = sup scalef(e) ,
e€8y eco€Z

where %ff denotes the edges belonging to v, but not to any of the children of v in
%, while 8%3 denotes the edges adjacent to v and belonging to the parent () of
v in & (with the convention that if v has no parent, then () = I'). With these
notations, we then make the following definition.

Definition 3.5 Fix a Hepp sector T. Given a forest & € QT{ , we say that v € F is
safe in F if ext,% (7) > int% (7v) and that it is unsafe in F otherwise. Given a forest
F and a subgraph y € €y, we say that  is safe / unsafe for F if F U {7} € ¥,
and + is safe / unsafe in & U {v}. Finally, we say that a forest F is safe if every
v € F is safe in F.

The following remark is then crucial.

Lemma 3.6 Let F, € ?j?f be a safe forest and write F, for the collection of all
v € ;. that are unsafe for Fs. Then, one has F; U%F, € F. and furthermore
every v in Fy / F, is safe / unsafe in F; U F,,.

Proof. Fix F, and write again 7 for the corresponding bijection between edges and
vertices of K I and those of I'. For each v € F,, write %g C v for the set of
vertices of the form 7(77'(e)y) fore € %3 s, as well as vf}; € %g for the highest
one of these vertices. (This is the vertex that edges outside of v were reconnected
to by the operation R_.) We also write 8"1/,;‘75 C Y for all vertices of the form
7(77!(e)+) for e € O€7* that are not in V.

With this notation, intj () = n((7,7)") and there exists a vertex w € 9,
for d(vy) the parent of v in %, (with the convention as above) such that ext% (v) =
n(vy: A w). Since both (7.7)! and vs, A w lie on the path connecting the root
of T' to v, 4, it follows from the definition of a safe forest that one necessarily has
vi;fy ANw > (%?S)T.

Let now 7 € 65 \ F, be such that &, U {7} € % and set 7% = %QJSUH}
as well as 075 = 8°I/;/%UH}. It follows from the definitions that 4 € %, if and
only if none of the descendants of %T in T" belongs to 075. As a consequence
of this characterisation, any two graphs 7y, v, € %, are either vertex-disjoint, or
one of them is included in the other one. Indeed, assume by contradiction that
neither is included in the other one and that their intersection 7~ contains at least
one vertex. Writing 4~ for one of the connected components of -, there exist
edges e; in ; that are adjacent to 4: otherwise, since the ~y; are connected, one
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of them would be contained in 4. Write v; for the vertex of e; that does not
belong to /4. Such a vertex exists since otherwise it would not be the case that
An is full in 47 = d(v;) = (v2). Since 7, is unsafe, it follows that v, is not a
descendent of (7%, U {v; })T, so that in particular, for every vertex v € 7, one has
vy A v > v A v. The same argument with the roles of v; and v, reversed then
leads to a contradiction.

This shows that F,; U %, is indeed again a forest so that it remains to show the
last statement. We will show a slightly stronger statement namely that, given an
arbitrary forest %, the property of v € F being safe or unsafe does not change
under the operation of adding to % a graph 7 that is unsafe for %. Given the
definitions, there are three potential cases that could affect the “safety” of -: either
Y C vy,or~y C #,or~y C d(y) and there exists an edge e adjacent to both v and 7.
We consider these three cases separately and we write F = F U {7}.

In the case 7 C v, it follows from the ultrametric property and the fact that 7y
is unsafe that int.(y) = intj () whence the desired property follows. In the case
v C #, it is ext} () which could potentially change since 8%3 becomes smaller
when adding 7. Note however that by the ultrametric property, combined with
the fact that 7 is unsafe, the edges e in 067 \ 067 satisfy scale’ (¢) = scaley (e).
Furthermore, again as a consequence of 7 being unsafe, one has scale’ (¢) <
scaleq(€) for every edge € in ¥ which is not in 7, so in particular for ¢ € 8%37.
This shows again that ext} (y) = exty T(7) as required. The last case can be dealt
with in a very similar way, thus concluding the proof. 0

As a corollary of the proof, we see that the definition of the notion of “safe
forest” as well as the construction of %, given a safe forest %, only depend on
the topology of the tree 7" and not on the specific scale assignment n. It also
follows that, given an arbitrary & € %, there exists a unique way of writing
F = F, U F, with F, a safe forest and F,, being unsafe for F, (and equivalently
for &). In partlcular, wr1t1ng ?ﬁs) (T) for the collection of safe forests for the tree
T, the collection Py = {[Fs, Fs U F,] : OJ(S) (M} where for any F,, the
forest &, is defined as in Lemma[3.6] forms a partltlon of F J«F into forest intervals.
It then follows from (3.8) that

(I, D)) < Z Z Z sup | (WX Rz, 5.05,,0)(@)| H2 ~dn,

T sefl(—‘S)(T) n z€Dr veT

where n runs over all monotone integer labels for 7" and the construction of %,
given F, and 7' is as above. We note that the first two sums are finite, so that as
in the proof of Proposition it is sufficient, for any given choice of 7" and safe
forest F, to find a collection real-valued function {7;};c; (for some finite index
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set /) on the interior vertices of 1" such that

> sup|(WH R, gooza D)@ [[27™ <D D [[27"™ .  G9

n *€Dr veT icl n veT

and such that
d mw)y>0, YoeT, Viel, (3.10)
w>v

which then guarantees that the above expression converges.

Before we turn to the construction of the 7;,
let us examine in a bit more detail the structure
of the graph Kgl' = (T, €5). Writing 7 for
the bijection between Rzl and I, every v € F
yields a subgraph R(v) = (75, €,) of KgI" whose
edge set is given by the preimage under 7 of the
edge set of v \ |J B(7), where B(7) denotes the
set of all children of v in %. Furthermore, £(v) FiGURe 3: Structure of RzI'.
is connected by exactly one vertex to K(7), for
v € B(y)U{d(y)}, and it is disconnected from K(7) for all other elements v € F.
This is also the case if 7y is a root of &, so that () = I' by our usual convention,
if we set R(I") to be the preimage in R%1" of the complement of all roots of &. We
henceforth write v, () for the unique vertex connecting £(7) to K(A(y)) and we
write 7" = U, \ {v.(7)}, so that one has a partition V5 = T U | ], g V"

In this way, the tree structure of F is reflected in the topology of Kz, as
illustrated in Figure 3, where each £(7) is stylised by a coloured shape, with
parents having lighter shades than their children and connecting vertices drawn in
red. Recall that we also fixed a total order on the vertices of I' (and therefore those
of K%I") and that the construction of KxI' implies that the corresponding order
on {v,(7)},ex is compatible with the partial order on & given by inclusion. For
e € €z, write M, C {+,—} for those ends such that 7(e), # 7(e,) for ® € M,
and set

€y ={(c,0) 1 ec € 0c M}.

Then, by the construction of K1, for every e € M, there exists a unique v,(e) € F
and vertex e, € Y such that

e = Ui(Ve(€)) , €0 = Y1 (e)s) € Tieie) > € € Eapyace) - (3.11)
Given (: €5 — N?, we then define a canonical basis element QbéF € 9]} by
DT = (Rg D, 19 1),

where £ is the edge-labelling given by t“(e) = t(1(e)) + >_,c . Ue, @), with t
the original edge-labelling of I', and 7/ is the node-labelling given by 7l(v) =
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> {le,®) : e, = v}. Given v € F and ¢ as above, we also set {(y) =
2 A{lle, @ : vele) =7}

We now return to the bound (3-g) and first consider the special case when F; is
a safe forest such that %, = ¢4. By (3-1) and (3-7), R#. 1" can then be written as

ZERECVEEDY

€: 63 —N?

ngsr , (3.12)

where (o = Y {|l(e,®)| : ® = —} and the sum in (3:12) is restricted to those
choices of ¢ such that, for every v € %, one has degy + () < 0.

In this case, we take as the index set I appearing in (3-10) all those functions ¢
appearing in the sum (3:12) (recall that the sum is restricted to finitely many such
functions) and we set

nw) =d+ > t@la@+ Y U0 (u)

ects, (c0)€ES,

where, for e € €5, e' denotes the node of T’ given by 7(e_) A 7(e,) and, for
(e,®) € €3, (e, ®)" denotes the node 7(e,) A T(es).

It follows from the definition of W™ that this choice does indeed satisfy (3-9).
We now claim that as a consequence of the fact that &, is such that &, = ¢, it
also satisfies (3-70). Assume by contradiction that there exists a node v of 7" and a
labelling ¢ such that a e Y sy Me(0) < 0. Write Uy C T, for the vertices v such
that 7(v) > win T and 'y = (&, %) C KRg.I for the corresponding subgraph. In
general, T'y does not need to be connected, so we write T} = (€, ¥,\") for its
connected components. We then set

a; d:ef ‘%(Z)‘ -1 -+ Z t(g)(e) + Z w(e)‘l{e.,eo}cclfo(i) ’

= (e.0)€Es,

so that ) . a; < a, with equality if I'y happens to be connected. Since a < 0, there
exists ¢ such that ¢; < 0. Furthermore, ¢ can be chosen such that |°V0(i)| > 2, since
|Th| > 2 and we would otherwise have a = 7| — 1 > 1.

Set Uy, = Tp NV, and let F? C F, U {T'} be the subtree consisting of those
~v such that either €, N %éi) # @ oru(y) € %@ (or both). We also break a; into

contributions coming from each v € ¥ by setting

i E Vsl =1+ D @O+ Y Lo l@N, jeqo - (3.13)

e€é,Néo (ep)é%&s

We claim that ) a; , = a;: recalling that one always has T' € %{” by definition,
the only part which is not immediate is that __(|7%,| — 1) = 10,”| — 1. This is
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a consequence of the fact that in the sum > __ |7/, each “connecting vertex” is
counted double. Since F” is a tree, the number of these equals |F{”| — 1, whence
the claim follows.

We introduce the following terminology. An elementy € F,U{I'} is said to be
“full” if €, N %((f) = €,, “empty” if €, N %(()i) = ¢, and “normal” otherwise. We
also set a; , = 0 for all empty v with 7, = . Recall furthermore the definition
of degy for v € %, given in (2:g) and the definition of /() given above. With this
terminology, we then have the following.

Lemma 3.7 A full subgraph ~ cannot have an empty parent and one has

Qi =degy + 0(y) — > (degy + (7)) if is full,
yEB(M)
Gin =0 ifyisempy,  (3.14)

Uiy > — Z (deg”y + 4(7)) if v is normal,

FEBK ()

where 6,(7) consists of those children 7 of v such that v.(7) € %(i).

Before we proceed to prove Lemma[3-7, let us see how this leads to a contradic-
tion. By (3-12), one has deg ¥+ /() < 0 forevery v € %, and a fortiori deg ¥ < 0.
Furthermore, since |°V0(i)| > 2, there exists at least one subgraph - which is either
full or normal. Since full subgraphs can only have parents that are either full or
normal and since I itself cannot be full (since legs are never contained in %g)), we
have at least one normal subgraph. Since each of the negative terms degy + /()
appearing in the right hand side of the bound of q; ., for v full is compensated by
a corresponding term in its parent, and since we use the strict inequality appear-
ing for normal v at least once, we conclude that one has indeed | L, Giy > 0 as
required.

Proof of Lemma[377} Let us first show that the bounds (3:14) hold. If v is empty,
one has either v & F in which case %, , = ¢ and a; , = 0 by definition, or 7., =
v,(7) in which case a;, = 0 by (3-13). If v is full, then it follows immediately
from the definition of deg that one would have a; ., = deg~y — Eﬁe‘@(v) deg 7 if
it weren’t for the presence of the labels /. If  is full then, whenever (e, ®) is such
that 7,(e) = 7, one also has {e,, e,} C " by (@TT) and the definition of being
full. Similarly, one has e € €, N €, whenever 7,(e) € 6(7). The first identity in
(3-14) then follows from the fact that each edge with ~,(e) = y contributes |{(e)|
to the last term in (3-13) while each edge with 7.(e) € 6(7y) contributes —|/(e)| to
the penultimate term.
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Regarding the last identity in (3-14)), given a normal subgraph ~y, write * for the
subgraph of I' with edge set given by

c=1%,nEHU () 6®. (3.15)

FEBK(Y)

In exactly the same way as for a full subgraph, one then has a;, > degy —
Eﬁec@*w(degf‘y + /(%)). The reason why this is an inequality and not an equality
is that we may have additional positive contributions coming from those /(e) with
Ym(€) = v and such that e, € %", while we do not have any negative contributions
from those /(e) with 7,,(e) € B,(7) but e & %(()i). The claim then follows from the
fact that one necessarily has deg4 > 0 by the assumption that &, = ¢#. Indeed,
it follows from its definition and the construction of the Hepp sector 7" that the
subgraph I' satisfies that scale;*(e) > scaley*(e) for every edge e € €, and every
edge e adjacent to ['y in Kg_I, so that one would have ¥ € %, otherwise.

It remains to show that if +y is a full subgraph, then it cannot have empty parents.
This follows in essentially the same way as above, noting that if it were the case
that v has an empty parent, then it would be unsafe in &,, in direct contradiction
with the fact that %, is a safe forest. O

In order to complete the proof of Theorem[37T}, it remains to consider the general
case when &, # (). In this case, setting Ml = [F,, F, U F,], we have

— EOUt ~
Gl = (DT 3" %( [ da-6))25r, (3.16)

e —N¢ YEFu

with the sum over ¢ restricted in the same ways as before. Again, we bound each
term in this sum separately, so that our index set / consists again of the subset of
functions /: €3’ — N¢ such that deg v + £(7) < 0 for every v € F,, but this time
each of these summands is still comprised of several terms generated by the action
of the operators CA@A, for the “unsafe” graphs ~.

For any v € %,, we define a subgraph R(7) of Kz I' as before, with the
children of v being those in F, U {v} not in all of F; U F,. The definition
of v being “unsafe” then guarantees that there exists a vertex 7" in 7' such that
(V) = {v €V : v >~T}. We furthermore define

AT = sup{e’ : e € Gy & e~ B},

13 2

with “~” meaning “adjacent to”, which is well-defined since all of the elements
appearing under the sup lie on the path joining 4" to the root of T'. In particular,
one has 4T > ~'. We also set N(y) = 1 + |—deg~| with the convention that
N(v) =0for~ & F,.
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We claim that this time, if we set

neu) = d+ Y t2@1a@)+ > U1 )+ > Ny () — 1y(w))
66%@5 eE%g; YEFu

(3.17)

then 7, does indeed satisfy the required properties, which then concludes the proof.

As before, we assume by contradiction that there is u such thata = ) - 7,(v) <0

and we define, for each connected component Fg) of I,

a; & 1P~ 1+ Z {O(e) + Z (@I, e+ Z N )iy -

ccB? eccET VEF,

It is less obvious than before to see that Y a; < a because of the presence of the
last term. Given v € %, there are two possibilities regarding the corresponding
term in (317). If A" < win T, then it does not contribute to a at all. Otherwise,
771(7) is included in Ty and we distinguish two cases. In the first case, one has
R(y) = R(H(y)) N Ty. In this case, since the inclusion v C d(v) is strict, there is
at least one edge in K(s4(y)) adjacent to K(y). Since this edge is also adjacent to
Iy, it follows that in this case v'T < u so that we have indeed a contribution N (7)
to a. In the remaining case, the corresponding term may or may not contribute to
a, but if it does, then its contribution is necessarily positive, so we can discard it
and still have > a; < a as required.
As before, we then write a; = Z,Y g Qi With

Uiy = [Ton| — 1+ Z t9e) + Z lvm(e):vw(e”l{e.,eo}cﬁfg“

c€%,N%y ecEy

+Y N (M gs)=ringe) - (3.18)

YEFu

We claim that the statement of Lemma[3-7]still holds in this case. Indeed, the only
case that requires a slightly different argument is that when ~ is “normal”. In this
case, defining again ¥ as in (3-13)), we have

a4 > degy+ N — > (degy + (7)),

YEB(7Y)

since the last term in contributes precisely when ¥ € %, and then only
the term with ¥ = 4 is selected by the indicator function. The remainder of
the argument, including the fact that this then yields a contradiction with the
assumption that a < 0, is then identical to before since one always has deg~ +
N(#) > 0.
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In order to complete the proof of our main theorem, it thus remains to show that
the choice of 7, given in (3:17) allows to bound from above the contribution of
the Hepp sector indexed by 7', in the sense that the bound (3-g) holds. The only
non-trivial part of this is the presence of a term

N Ly (u) — Ly (u))

for each factor of (1 — CAG,Y) in (3.16). This will be a consequence of the following
bound.

Lemma 3.8 Let K;: S — R be kernels satisfying the bound ([22) with degt =
—a; < 0fori € I with I afinite index set, and write I, = IU{x}. Let furthermore
z;, Y € S such that |v; — x;| < § < A < |x; —y,|foralli,j € I, and let N > 0
be an integer. Then, one has the bound

T xG-m- Y T - o) (0 K.~ w)

i€l le|<N " d€l

(3.19)

S SVA N i — il

el

Proof. The proof is a straightforward application of Taylor’s theorem to the func-
tion x — Hie ; Ki(x;) defined on S’. For example, the version given in [Hai14),
Prop. A.1] shows that for every /: I — N with |¢| = N, there exist measures Q;

on S’ with total variation % IL (i — x*)gi < 6% and support in the ball of radius
K6 around (z,, . .., x,) (for some K depending only on || and d) such that

1
H Ki(x; —yi) — Z E H(xi _ x*)&-(DéiKi)(x* — ) (3.20)
el <N el
=2 /H(DgiKi)(Zi —¥i) Qi(d=)
|o|=N" i€l

If A > (K + 1)d, then the claim follows at once from the fact that

‘(D&Kz')(% —y)| Sz — yz‘raﬁlgi‘ S Al

X — Y| T
If A < (K 4 1)6 on the other hand, each term in the left hand side of (3-1g) already

satisfies the required bound individually. 0

It now remains to note that each occurence of (1 — €,) in produces
precisely one factor of the type considered in Lemma|[3.8] with the set I consisting
of the edges in s(7) adjacent to v, § = 277" and A = 27°¢"D_ The additional



STATEMENT AND PROOF OF THE MAIN THEOREM 37

factor VAN produced in this way precisely corresponds to the additional
term N(v)(1,+(u) — L,++(u)) in our definition of . The only potential problem
that could arise is when some edges are involved in the renormalisation of more
than one different subgraph. The explicit formula (3-20) however shows that this
is not a problem. The proof of Theorem [3-1]is complete.

3.3 Properties of the BPHZ valuation

In this section, we collect a few properties of the BPHZ valuation ITX . In order to
formulate the main tool for this, we first introduce a “gluing operator” & : g =9I
such that &I is the connected vacuum diagram obtained by identifying all the
marked vertices of I', for example

*—>0 —~ .—).S.
(N O) -\
where the marked vertices are indicated in green. It follows from the definition
(z-13) that the linear map IT¥ satisfies the identity

~

nmfer =18r, TET . (3.21)

We claim that the same also holds for I sﬁw, where 7: §_ — #_ is the canonical
projection.

Lemma 3.9 One has 5T = ¥dnr forall T € g

Proof. By induction on the number of connected components and since 1%, sl
and 7 are all multiplicative, it suffices to show that, for every element 7 of the form
T = 7172 Where the ~; are connected and non-empty, one has the identity

M8dn®r = TNy, - TEdry, = T (s, - day,)

In particular, one has &gt = 0 for every 7 with deg 7 < 0 of the form &(v172),
as soon as one of the factors has strictly positive degree.

We will use the fact that, as a consequence of combined with the definition
of A™, one has for connected o = (I', v,, n) with deg o < 0 the identity

do=—c— Z M(Am @ id)Xgo , (3.22)
Fgiary

where we made use of the operators

(_1)\0utl7\ n\ _ B B B o
SX:fO' - _ Z T(n) (P,*,n+ﬂ'€)®(F,U*,n—n)/(1—‘,€)
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and x denotes some arbitrary choice of distinguished vertex. (Here, X stands for
“extract”.) Note that the nonvanishing terms in (322) are always such that the
degree of I' (not counting node-decorations) is negative.

The proof of the lemma now goes by induction on the number of edges of
T = 7172 In the base case, each of the v; has one edge and there are two non-
trivial cases. In the first case, degy; < 0 for both values of 7. In this case, it
follows from the above formula that, since v, is the vertex in &7 at which both
edges are connected and since &@fyl = —;, one has

AGT = —&T + 27,

so that the claim follows from (3:2T), combined with the fact that &@7?%- = —7;. In
the second case, one has degy; < 0 and deg~, > 0, but degv; + degy, < 0 so
that 7®7 = &7. In this case, the only subgraph of &7 of negative degree is v, so
that

ABT = —BT + 7 ,

thus yielding IT ABT = 0 as required.

We now write " for the graph associated to &7 and I'; C I' for the subgraphs
associated to each of the factors ;. Writing Uy for the set of all non-empty proper
subgraphs of I', we then have a natural bijection

Ur = Ur, U{7 UTy : 1 € Up, U UR, U{ ULy : 4 € Ur,}

U{y U @ %1 € Upy, 2 € Up, f U{T, o} (3.23)
Take now an element of the form 7, U I'y from the first set above. As before, there
are no edges in I' adjacent to I'; other than those incident to v,. Furthermore,
~v1 U I'y has strictly less edges than I', so we can apply our induction hypothesis,
yielding
X (s @ id)Xs, r, & = T (A, @ id)XLs, 7
= 1% (dmy, - M7 @ id)X,71) »

where ML, : v +— &(7y - 72). In a similar way, we obtain the identities

X A (sdr @ id)ds, &7 = T (7, - M(shr @ id)Xs,71)

XM (A @ 1d) X5, 15, BT = TE (M (AT @ id)X5, 71 - M(AT @ id) X, 7s)
& (A @ id)X,, &1 = 115 (4, - )

as well as the corresponding identities with 1 and 2 exchanged. Inserting these
identities into ([3-22) (with the sum broken up according to (3-23)), we obtain

Eder = 1156 — Z H[_(((’Yz + &@Wh) : /“(&&W ® id)A5,71)

N E€Ur,
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— 3 0K + smy) - (s @ D)L, 70)

Y2E€UP,

= ) > IR @ id)Xs, v - Ml @ id)Ls,72)
NEUr, Y2€Ur,

— 5 (e - dyy) — TTE (3 - slys)

At this stage, we differentiate again between the case in which deg~y; < 0 for both
¢ and the case in which one of the two has positive degree. (The case in which
both have positive degree is again trivial.) In the former case, 7y; = 7; and one
has

Yo+ dmyy=— Y AT @id)As,7s -

Y2 E€UTr,

In particular, the second and third terms are the same as the fourth, but with
opposite sign and one has

M¥der = Y > Tl @ id)Xs,7 - M(sdm @ id)Xs,72)
TEUD, F2EUr,
— T8y - 72) — TTE (g - slyy) — TTE (1 - sllye)
= TI5((sly1 +7) - (2 + 72))
— T8y - 72) = TTE (g - slyy) — TT5 (1 - sllye)
= Hff(sz@vl . &@72) ,

as claimed. Consider now the case deg~y; > 0. Then, the two terms containing
dmy; vanish and we obtain similarly

n¥der = —186r — Z 5 (- (A7 @ id) X5, 72) — T (7 - dy)
Y1E€Ur,

= 11501 72) + T (- (6l +72) = T (7 llyz) =0,
as claimed, thus concluding the proof. 0

As a consequence of this result, we have the following. Recall that S,(f)
is the space of translation invariant compactly supported (modulo translations)
distributions in %k variables. Given z € SF, y € Sf, we also write v Uy =
(@1, Ths Y1, - - -, Ye) € SFHE. For any k, ¢ > 1, we then have a bilinear “convo-
lution operator” x: S,(f) x 8 éc) — 38 ,(fl +_o Obtained by setting

(nxO)aUy) = /n(az UaCGUpde, zeStlyes,
S
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whenever 7 and ( are represented by continuous functions. It is straightforward to
see that this extends continuously to all of 8,(;) X Sf), and that it coincides with the
usual convolution in the special case k = { = 2.

Similarly, we have a convolution operator x: #}, X #; — %) ,_o obtained in
the following way. Let I' € J;, and ' € J; be Feynman diagrams such that the
label of the kth leg of I' and the first leg of " are both given by §. We then
define I' x ' € J,4_» to be the Feynman diagram with k + ¢ — 2 legs obtained
by removing the kth leg of I' as well as the first leg of T, and identifying the
two vertices these legs were connected to. (We also need to relabel the legs of
[" accordingly.) This operation extends to all of % x %, by noting that given a
Feynman diagram I' € J, there always exists [',, € I with I';, = I in 7%}, which
is a linear combination of diagrams with label 6 on the nth leg: if the nth leg of
I has label 6™ with m # 0, one obtains I',, by performing |m/| “integrations by
parts” using (ZI12). We then define in general I' « T by setting I' x ' = ', x [
and we can check that this is indeed well-defined in #}., ». We then have the
following consequence of Lemma[3-g}

Proposition 3.10 The BPHZ valuation satisfies 11,,,,(I' x ') = I1,,,, I % I1,,.,T".

Proof. Write L*: # @ # — # for the convolution operator introduced above
and note that the canonical valuation II (we suppress the dependence on /') does
satisfy the property of the statement. It therefore suffices to show that one has the
identity

(I_od @ id)AM* = M*((TT_od @ id)A @ (I_dd ® id)A) (3.24)

between maps # Q H — F.

Suppose that I' € J;, and ' € Fy, write v for the vertex of I' adjacent to the
kth leg, and let © be the vertex of ' adjacent to its first leg. Fix furthermore an
arbitrary map o : (%, U%,)/{v, v} — N which is injective and such that o(v) = 0.
Since internal edges of I' x I are in bijection with the disjoint union of the internal
edges of I" and those of ', we have an obvious bijection between subgraphs ~ of
' x T and pairs (71,72) of subgraphs of I' and . We also have a natural choice
of distinguished vertex for each connected subgraph of I', I' or I « I by choosing
the vertex with the lowest value of o. If we then write A7 € I @ ¥ for the right
hand side of (Z1g) with this choice of distinguished vertices, then we see that

(6 RIDATC * ) = (SM @ M*)(id @ T @ id)(AL @ AT,

where 7: I Q% — H @ T_ is the map that exchanges the two factors. Applying
IT_dr to both sides and making use of Lemma the required identity (3-24)
follows at once. 0
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Consider the situation of a Feynman diagram I’
containing a vertex v and a subgraph y which is a »
“generalised self-loop at v” in the sense that

e The vertex v is the only vertex of 7 that is
adjacent to any edge not in .

e No leg of I' is adjacent to any vertex of -,
except possibly for v.

N\

We then obtain a new diagram Iy by collapsing all FiGure 4: Generalised self-loop.

of ~y onto the vertex v, as illustrated in Figure 4]
where the vertex v is indicated in green and legs
are drawn in red.
As a consequence of Proposition[3-10, we conclude that in such a situation there
exists a constant ¢, € R such that

HBPHZP = C’yHBPHZPO 2

and that furthermore ¢, = 0 as soon as degy < 0 as a consequence of Proposi-
tionz22l One particularly important special case is that of actual self-loops, where
~ consists of a single edge connecting v to itself, thus showing that II,,,,I" = 0 for
every I' containing self-loops since the degree of a self-loop of type t is given by
deg t, which is always negative.

Finally, it would also appear natural to restrict the sums in (2-19) and (2-27) to
subgraphs I that are c-full in I' (in the sense that each connected component of
[ is a full subgraph of I), especially in view of the proof of the BPHZ theorem
where we saw that the “dangerous” connected subgraphs are always the full ones.
We can then perform the exact same steps as before, including the construction of a
corresponding twisted antipode and the verification of the forest formula. Writing
QTF_ for the subset of % consisting of forests & such that each v € & is a full
subgraph of its parent () (as usual with the convention that the parent of the
maximal elements is I' itself), it is therefore natural in view of (3-2) to define a
valuation

Il =I_®I) Y (-D7esr, (3:25)
FeFL
where II and II_ are the canonical valuations associated to some K € F_. It

turns out that, maybe not so surprisingly in view of Proposition2:22] this actually
yields the exact same valuation:

Proposition 3.11 One has 11" =11,,,,.

BPHZ
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Proof. In order to show that

M@ Y (H7%T =0,

FeF\Fr

we will partition Fp \ ?j:; into sets such that the above sum vanishes, when
restricted to any of the sets in the partition. In order to formulate our construction,
given vy € G, we write v*! € G for the “closure” of v in T, i.e. the full subgraph
of I" with the same vertex set as 7. For F € F \ QA?{ , we then have a unique
decomposition F = F™' U FP such that each v € F"" is full in I, no element of
F M is contained in an element of F?, and no root of F? is full in .

Write FP for the set of roots of F” and set

In general, one may have F"' N F? #£ &, so we also set F' = F¥'\ Fr. If we
write 9T: F — (FP, F), then we see that the preimage of (FP, F™") under N
consists of all forests of the form F? U™ U 9B, where A is an arbitrary subset of
F». Furthermore, Fr \@7{ consists precisely of those forests & such that FP # .
Since ) g, C%(—l)“%| = (), it thus remains to show that the quantity

(I ® T Bz gt sl (3.26)

is independent of B C F?.

To see that this is the case, consider the space Jp and the operators G5 as in
the proof of the BPHZ theorem and denote by I: 9p — 8 the composition of
IT: 9 — § with the natural injection I < . One then has for every forest G
the identity

(- @I =16,  6c =[] 6,

Y€€
(As already pointed out before, the order of the operations does not matter here.)
Let now v € 6 and consider the elements CAG,YF and CA@WCA@WF. It follows from
the definition of the operators %,Y that all the terms appearing in both expressions
consist of the same graph where edges in I' \ 7' adjacent to v! are reconnected
to the distinguished vertex v, of v and the edges in 7' that are not in v are turned
into self-loops for v;.

Regarding the edge and vertex-labels ¢ and n generated by these operations,
a straightforward application of the Chu-Vandermonde theorem shows that they
yield the exact same terms in both cases. The only difference is that the function 0
is equal to 1 on + in the first case, while it equals 2 on -y and 1 on edges of 7! that are
not in v in the second case. This however would only make a difference if we were
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to compose this with an operator of the type CA@;, for some 4 with v C 4 C 7. In
our case however, we only use this in order to compare Ggp g g t0 Ggp g, SO
that we consider the situation v € P . Since these graphs are all vertex-disjoint,
it follows that (T [, cgr @) and ([] e U €.)I" only differ by the value of d in
the way described above.

Our construction of the sets " and F” then guarantees that this discrepancy
is irrelevant when further applying € for 7 € F*" U (F? \ F2.), so that is
indeed independent of 9 as claimed. O

4 Large-scale behaviour

We now consider the case of kernels K that don’t have compact support. In
order to encode their behaviour at infinity, we assign to each label t € £ a second
degree deg__: £ — R_ U {—occ} with deg_ 6®) = —oo and satisfying this time
the consistency condition deg__ t* = deg__ t[| We furthermore assume that we
are given a collection of smooth kernels R,: R? — R for t € £, satisfying the
bounds

ID*Ry(@)| S (2 + [a)e=t, (4.1)

for all multiindices k, uniformly over all x € R?, and such that
R = DRy . (4.2)

Similarly to before, we extend this to £ by using the convention Rsm» = 0 and
we write K1 for the set of all smooth compactly supported kernel assignments
t — Ry, as well as K for its closure under the system of seminorms defined by
4.1).

Consider then the formal expression (273), but with each instance of K replaced
by Gy = K+ R. The aim of this section is to exhibit a sufficient condition on
I which guarantees that this expression can also be renormalised, using the same
procedure as in the previous sections. The conditions we require in Theorem 3]
below can be viewed as a large-scale analogue to the conditions of Weinberg’s
theorem. They are required because, unlike in [BHZ16,/CH16], we do not perform
any “positive renormalisation” in the present article.

To formulate our main result, we introduce the following construction. Given
a Feynman diagram I" with at least one edge, consider a partition &r of its inner

!t would have looked more natural to impose the stronger condition deg_ th = deg. t—|k|
as before. One may further think that in this case one would be able to extend Theorem [£3] to
all diagrams I', not just those in #,. This is wrong in general, although we expect it to be true
after performing a suitable form of positive renormalisation as in [BHZ16, (CH16]. This is not
performed here, and as a consequence we are unable to take advantage of the additional large-scale
cancellations that the stronger condition deg_ t*) = deg__ t — |k| would offer.



LARGE-SCALE BEHAVIOUR 44

vertex set, i.e. elements of P are non-empty subsets of 7, and | J Pr = V,. We
always consider the case where the partition 91 consists of at least two subsets, in
other words |Pr| > 2. Given such a partition, we then set

deg, Pr = > te)+d(Pr| - 1),

ecé(Pr)

where €(%r) consists of all internal edges e € €, such that both ends e, and
e_ are contained in different elements of %r. Note the strong similarity to ([Zg),
which is of course not a coincidence. We will call a partition &P “tight” if there
exists one single element A € %P containing all of the vertices v; , € 7, that are
connected to legs of I'.

Given K and R in X and 7 respectively, we furthermore define a valuation
157 by setting as in ([3)

(ITF ) (p) = / [ Guotwe, =2 )(DF -+ D @)@y, .y d s (4.3)
ST e€by

where we used again the notation G, = K+ R;. We then have the following result
which is the analogue in this context of Proposition

Proposition 4.1 Let [" be such that every tight partition Pr of its inner vertices
satisfies deg,  Pr < 0. Then, the map (K, R) +— TI*1'T" extends continuously to
all of (K, R) € _ x K.

Proof. This is a corollary of Theorem [4.3] below: given (4.3) and given that we
restrict ourselves to K € K, it suffices to note that IT%# = [1%K+R, O

BPHZ

Remark 4.2 The reason why it is natural to restrict oneself to tight partitions can
best be seen with the following very simple example. Consider the case

I'= L;L);Lzogl .

Writing G; = K, + R,, and identifying functions with distributions as usual,
one then has (II'"T)(x, y) = (G x G2)(y — x). If the G; are smooth functions,
then this is of course well-defined as soon as their combined decay at infinity is
integrable, which naturally leads to the condition deg__ t; +deg  t; < —d, which
corresponds indeed to the condition deg.  Pr < 0 for Pr = {{v1,v3}, {v2}}, the
only tight partition of the inner vertices of I'. Considering instead all partitions
would lead to the condition deg__t; < —d for ¢« = 1,2, which is much stronger
than necessary.

Note now the following two facts.
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e The condition of Proposition is compatible with the definition of the
space # in the sense that if it is satisfied for one of the summands in the left
hand side of (Z-12), then it is also satisfied for all the others, as an immediate
consequence of the fact that deg,_t* = deg__ t. In particular, we have a
well-defined subspace #, C # on which the condition of Proposition
holds and therefore TT*ET is well-defined for (K, R) € K x K .

o If I satisfies the assumption of Proposition[g-1] then it is also satisfied for all
of the Feynman diagrams appearing in the second factor of the summands
of AT, so that %, is invariant under the action of §_ on 7.

This suggests that if we define a BPHZ renormalised valuation on #, by

AR — (T8¢ @ TR A (4.4)
then it should be possible to extend it to kernel assignments exhibiting self-similar
behaviour both at the origin and at infinity. This is indeed the case, as demonstrated
by the main theorem of this section.

Theorem 4.3 The map (K, R) — IIX-ET extends continuously to (K, R) € F; X
Ko foralll € #,.

Proof. Consider the space J defined as the vector space generated by the set
of pairs (I',€), where I' is a Feynman diagram as before and € C &, is a
subset of its internal edges. We furthermore define a linear map X : J — T by
AT =D g6 (T, ), and we define a valuation on I by setting

(IR, ) () = /S II Keo@e, —ze) [] Rio@e, — )

663‘3*\% ec8
X (Df1 . -Di’“gp)(xvl, ce, Ty ) dT (4.5)

so that TIF*® = TI%R. Similarly to before, we define 9 by the analogue of
(@12) and we set # = I /0T, noting that I is well-defined on % .

We also define a map A: # — #_ @ ¥ in the same way as (z19)), but with
the sum restricted to subgraphs v whose edge sets are subsets of €, \ 8. (This
condition guarantees that € can naturally be identified with a subset of the quotient
graph I"/~.) With this definition, one has the identity

AY = (id @ DA,

as a consequence of the fact that the set of pairs (€, ) such that € C €, and v is a
subgraph of I" containing only edges in 6, \ € is the same as the set of pairs such
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that ~y is an arbitrary subgraph of I' and € is a subset of the edges of I'/~. This in
turn implies that one has the identity
ERD = (T8l @ TTORAT = (IT8d @ TTEF)AXT (4.6)

BPHZ

Let now J+ be the subspace of g consisting of pairs (I, ) such that deg P <0
for every tight partition % with €(%) C 8. Again, this defines a subspace %, C #
invariant under the action of €_ by A and & maps %, (defined as in the statement
of the theorem) into %, so that it remains to show that (IT* ol ® IT*"®) A extends
to kernels (K, R) € Ky x K on all of ..

For this, we now ﬁx =, %) € J+ and we remark that for R € X1 we can
interpret the factor Hee% Ryey(xe, —x._)in (4:3) as being part of the test function.
More precisely, we set

%) ®T R = 80(3:17 e ,.Tk) H Rt(e)(x[e]+ - .T[e]_) ?

ecé

where [-]+: € — {k+1,...,k+ 2|€|} is an arbitrary but fixed numbering of the
half-edges of . We then have (ITB7)(p) = (TXUT) (R, R), where Ut € T is
the Feynman diagram obtained by cutting each of the edges e € 3 open, replacing
them by two legs with label 6 and numbers given by [e]y. It is immediate from
the definitions and the condition that this is compatible with the actions of A
and A in the sense that one has

(g @ TTEHATY ) = (g @ TOAUTN @ @, R), VgeE_ .

Inserting this into (4.6), we conclude that

L)) = D (L UT, E) (e R g B) -
BCE,
so that it remains to bound separately each of the terms in this sum.

For this, we write S; = Z for the discrete analogue of our state space S = R,
we set N = k + 2|€|, and we write 1 = Emesy W, for a partition of unity with the
property that W ,.(y) = Wo(y — ) and that W is supported in a cube of sidelength
2 centred at the origin, so that it remains to show that

d S, S = @EUT, )¢ g BT,

xeSfi\’

is absolutely summable. It then follows from Theorem [3-7] that the summand in
the above expression is bounded by

[SHBS H(l + |Tper, — Tper |)degos 1O

ecé
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for all (K, R) € X, x g . This expression is not summable in general, so we
need to exploit the fact that there are many terms that vanish. For instance, since
the test function ¢ is compactly supported, there exists C' such that S, = 0 as
soon as |z;| > C for some ¢ < k. Similarly, since the kernels K are compactly
supported, there exists C' such that S, = 0 as soon as there are two legs [¢] and [7]
of U attached to the same connected component and such that |z; — z;| > C.

Let now & be the finest tight partition for I’ with €(%) C € and let L € 9
denote the (unique) set which contains all the vertices adjacent to the legs of I'.
We conclude from the above consideration that one has

YIS S D ey [] QA [pien — tre D™= (47

zeSY yesy e€€(P)

where [v] € & denotes the element of & containing the vertex v. At this stage, the
proof is virtually identical to that of Weinberg’s theorem, with the difference that
we need to control the large-scale behaviour instead of the small-scale behaviour.
We define Hepp sectors Dy C S7 for T = (T, n) in exactly the same way as before,
the difference being that this time no two elements can be at distance less than 1,
so that we can restrict ourselves to scale assignments with n, < 0 for every inner
vertex of T'. Also, in view of (4-7)), the leaves of 7" are this time given by elements
of &. In the same way as before, the number of elements of Dy is of the order of
[Ler 27 0 that one has again a bound of the type

SIS S [I2™™ . ne=d+ D ladeg te).  (48)

wesy T wel e€E(P)

where el denotes the common ancestor in 7" of the two elements of & containing the
two endpoints of e. Our assumption on I' now implies that for every initial segment
T; of T[3, one has ZueTi N, < 0. This is because one has ZueTi N, = deg Pr,,
where 9Py, is the coarsest coarsening of & such that for every edge e € €(%r,),
one has e' & Pr..

We claim that any such 7 satisfies

STmE) J[2™™ <.

n ueT

where again the sum is restricted to negative n that are monotone on 7'. This can
be shown by induction over the number of leaves of 7". If T has only two leaves,
then this is a converging geometric series and the claim is trivial. Let now 7" be a
tree with m > 3 leaves and assume that the claim holds for all trees with m — 1
leaves. Pick an inner vertex u of 7" which has exactly two descendants (such a

2j.e. T; is such that if u € T; and v < u, then v € T;.



LARGE-SCALE BEHAVIOUR 48

vertex always exists since 7" is binary) and write 7 for the new tree obtained from
T' by deleting u and coalescing its two descendants into one single leaf. Write
furthermore u' for the parent of u in 7', which exists since 1" has at least three
leaves. The following example illustrates this construction:

ul ul

Since the condition on 7 is open and since .5, increases when increasing 7,,, we
can assume without loss of generality that 1), # 0. There are then two cases:

e Ifn, < 0, we have ) A 2 Ml x5 1, so that

Ny >nu

S(T,n) =~ S(T,7), (4.9)

where 7), is just the restriction of 7, to the tree T. Since initial segments of
T are also initial segments of 7" and since 77 = 1 on them, we can make use
of the induction hypothesis to conclude.

e If n, > 0, we have Znu>n A 27l ~ 27M1 | so that (4-.g) holds again,
but this time 7,+ = 7, —|—u77u and 7, = 7, otherwise. We conclude in
the same way as before since the only “dangerous” case is that of initial
segments T; containing u", but these are in bijection with the initial segment
T; = T; U {u} of T such that > ved, e = Dver, Mo» SO that the induction
hypothesis still holds.

Applying this to (4.8) completes the proof of the theorem. 0
Remark 4.4 While the definition of I1%:2 is rather canonical, given kernel as-
signments K and R, the decomposition G = K + R is not. Using the fact

that ‘6_ is a group, it is however not difficult to see that, for any two choices
(K,R),(K,R) € H, x g such that

K{+R{:Kt+Rt, Vte £, ,

there exists an element ¢ € €_ such that [T = (¢ @ TIXF)A.

BPHZ BPHZ
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