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It has been shown recently [1] that the mathematical status of the operator product
expansion (OPE) is better than was expected before: namely considering massive
Euclidean (pff -theory in the perturbative loop expansion, the OPE converges at any
loop order when considering (as is usually done) composite operator insertions into
correlation functions.

In the present paper we prove the same result for the massless theory. While the
short-distance properties of massive and massless theories may be expected to be
similar on physical grounds, the proof in the massless case requires entirely new
techniques. In our inductive construction we have to control with sufficient precision
the exceptional momentum singularities of the massless correlation functions. In
fact the bounds we state are expressed in terms of weight factors associated to certain
tree graphs. Our proof is again based on the flow equations of the renormalisation

group.
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1. Introduction

The operator product expansion (OPE) [2, 3] plays an important role in quantum field theory,
both from a practical as well as a conceptual viewpoint. It states that

Oa(x)OB(y) ~ Y. €ip(x—y)Oc(y) (1)
C

where {04} denotes the collection of all local operators of a theory. The numerical coefficients
‘KACB depend on the theory under consideration and are called “Wilson coefficients”. More
precisely, the OPE is normally understood as an asymptotic short-distance expansion for the
operator product 04 (x)Op(y), inserted into some correlation function with other arbitrary
“spectator” fields. The common opinion is that, in order to obtain an approximation as good
as O(|x —y|*) as |x — y| — 0, one should include all terms in the sum up to a sufficiently high
operator dimension (depending on A).

Both for practical and conceptual purposes, one would like to understand in quantitative
detail how well the OPE actually approximates correlation functions in concrete models. For
example, one would like to know how the approximation depends on the specific choice of the
spectator fields, or whether the OPE might even be a convergent — rather than only asymptotic —
expansion. For this, one must have detailed quantitative bounds on the remainder in the OPE.
In the case of massive, perturbative ¢*-theory in 4-dimensional Euclidean space, such bounds
were established in [1]. These bounds showed in particular that the status and range of validity
of the OPE is in fact much better than originally anticipated: The OPE (i.e. sum over C) actually
converges, in the sense of insertions into a correlation function, for arbitrary but fixed loop order
L, and for arbitrary (!) distances |x —y| > 0.

In practice, the OPE is mostly used in the context of asymptotically free gauge theories
of Yang-Mills type, and these theories contain massless fields. At first sight, it might appear
trivial to extend the convergence results [1] to massless theories — such as massless ¢*-theory
in the simplest case: After all, the OPE is supposed to capture the short distance behaviour of
correlation functions, and, as is well-known, massless theories do not differ substantially in
this respect from massive ones. The difficulty, however, arises from the fact that the OPE must
be understood in the sense of an insertion into a correlation function with additional spectator
fields. Correlation functions are sensitive also to the infrared behaviour of the theory. In the
case of massless theories, this is considerably more involved and must be reflected by a more
complicated structure of any bounds on these functions. In the present paper, we tackle this
problem and are able to show that the OPE is still convergent in massless, Euclidean ¢*-theory.
To state our first result, we introduce test functions F; € . (R*) for i = 1,...,N and Schwartz
norms’

|l = sup |(M? +2)"F (x)]. @)
xeR?
Here M is some fixed renormalisation scale. The test functions are used to define “averaged
fields” @(F;) = [ d*x@(x)F;(x). Then our first main result is:

I'These are finite for any F in the space .7 (R*) by definition.



Theorem 1: For any N,L € N there exists K > 0 such that the remainder of the operator

product expansion, carried out up to operators of dimension D = [A]+ [B] + A, at L loops, is
bounded by

[(Oa(x)OB(0) @(F1)---@(Fn))— ), CgACB(’CXﬁC(O)Q"(Fl)"'‘P(FI\/ML—zoops

C:[C]<D
p xfd PR I 113l )
< VIAIBI (kM)° = M )3 —
: u=0 Mt HUN=H

where [A] is the dimension of a composite operator Oj.

One can draw the following conclusions from this theorem:
1. The remainder of the OPE is a tempered distribution, which is of order O(|x|*) for |x| — 0.

2. If one restricts to test functions whose Fourier transforms have compact support, the
theorem even implies convergence of the OPE. This can be seen as follows: Assume that
Fi(p) =0 for all |p| > P and for all i. One then has the bound ||F||, < (cst. P)?" on the
Schwartz norms. It follows that the right side of (3) behaves as PANF2LAS) /v/A! for large
A. Therefore, the remainder vanishes in the limit A — oo,

3. One can also deduce convergence of the OPE under slightly less restrictive conditions
on the test functions. For instance, if |F;(p)| decay more rapidly than e~ 171" for some
a > 2(N +2L+ 3), convergence follows again.

To understand better how the remainder behaves as a function of the momenta of the spectator
fields, we also derive a bound for a more restricted class of test functions. Namely, consider
now test functions such that the support of £ (p1)---Fy(pn) contains only configurations of
4-momenta py,..., py Whose magnitude is less than some P, and such that their distance to
“exceptional”2 momentum configurations is at least € > 0 [see (163)]. Under these conditions,
one has:

Theorem 2: The remainder of the operator product expansion, carried out up to operators of
dimension D = [A] + [B] + A, at L loops, is bounded by

(04 (x)OB(0) @(F1) - 9(Fv)) — [Z], Cip()(Oc(0) Q(F) - O(FW))|; joops
C:|C|<D

N P\ (v+2r+1) A o " 2
| | A
< PV\/[A]'[B]! (KMsup(l,M) ) (inf(Mﬁ)) |i|sup!Fl\ (4)
1 P A p
- 2 N(N+2L+1)
] (KMM sup(l37) ) Py (log+ inf(M,e)) ’

where K is a constant depending on N, L, and &, is a polynomial of degree n with nonnegative
coefficients which depend on N, L.

2By an exceptional configuration one means a set (pj,..., py) such that a strict subsum of momenta vanishes.
Singularities at such configurations are common in massless theories.



One can draw the following conclusions from this theorem:

1. For large A, the bound on the remainder behaves as PAN+2LA) / \/E . Therefore, we
conclude again that the OPE converges, but it converges more slowly for large P. This
is physically plausible, because P is an upper bound on the momentum space support of
the spectator fields. Hence, the factorisation phenomenon exhibited by the OPE sets in
more slowly if the “state” generated by the smeared spectator fields from the “vacuum”
contains more “UV modes”.

2. We see that if the quantity € becomes small, then the bound on the remainder is also
larger due to the inverse powers such as £ >N and powers of loge. This is also physically
plausible, because € characterises how close the momenta in the support of the spectator
fields are to becoming “exceptional”. Exceptional momentum configurations are in fact
well known to lead to IR singularities in massless theories, as one can see already at tree
level from the fact that the propagator associated with a line is 1 /A2,

To prove theorems 1 and 2 we use the renormalisation group flow equation method proposed first
in [4], and developed significantly further in [5, 6, 7]. This method characterises the quantities
of interest in QFT (correlation functions, OPE coefficients, etc.) as solutions to certain flow
equations, where the flow parameter A plays the role of a cutoff. It is possible to establish
bounds on the solutions of the flow equations which ultimately yield the bound on the remainder
presented in the theorems. While the general strategy is thereby rather similar to that employed
in [1] in the massive case, the structure of the actual bounds and the proofs are very different in
the massless case. In fact, we need to make use of, and considerably extend the technique of
“tree bounds”. Such tree structures are needed in order to control the (physical) IR-singularities
present in massless theories. Tree structures of this nature have appeared previously in the study
of massless theories [8, 9], and we partly rely on — but considerably extend — these techniques.

We believe that our methods can also establish a convergence results 1, 2 for the OPE of
gauge invariant local fields analogous to theorem 1 in Yang-Mills theories. For this, one should
combine the tools of the present paper with the well-known BRST-method to isolate the physical
degrees of freedom.

2. Notation and conventions

We use a standard multi-index notation. Our multi-indices are elements w = (wy,...,wy,) € N#",
so that each w; € N* is a four-dimensional multi-index whose entries are wiy € Nand g =
1,...,4. We often write j = (py,..., p,) € R* for tuples of four-vectors. If f(7) is a smooth
function on R*, we set

o =T1(;2-) " s@. wt w=Tlwats W=Lwse 6
L LU i1 i,

Taking derivatives d" of a product of functions fj ... f,, such derivatives get distributed over the
factors, resulting in the sum of all terms of the form ¢ v} A" f1...9" f,. Here each v; is now a
4n-dimensional multi-index, where v{ + - - - + v, = w, and where

(V14 + )

< rlv! (6)
vil...v!

vy =



is the associated weight factor. We also note the bound

Yy < X = (@)

V... 4v,=weN4n Vi+...4v,=weN4

For later convenience, we introduce the shorthand notations

18l =1(p1,--spa)l == sup | Y pel, (8)

IC{I, 7”} ecl
Iﬁlazsup(lﬁl a), ackR, 9)

IC{I, W ecl

10
7 = f e 11
M(p):=, il 1L pe (n
10
and

K(A, p,M) = sup(A,inf(n(p),M)). (12)

When considering Schwinger functions without operator insertions, we will refer to momentum
configurations satisfying 11(7) = 0 as exceptional, while in the case with operator insertions the
corresponding condition is 7} (p) = 0. We write

log_ (x) =logsup(1,x) (13)

for the “positive part of the logarithm”. For the Fourier transform, we use the convention

_ 7 ipx .__ d4p ipx
= [Fwrer= [ o). (14)

Weighted Trees: Our bounds on the various quantities of interest will be expressed in terms
of weighted trees (i.e. connected graphs with no loops), which will be defined® in the following

(cf. [8]).

Definition 1: Ler4 <N e N, Re N, we NV and 5= (p1,...,pn) € R*™ with py =
—(p1+...+pn-1). Let Iy rw(P) be the set of all weighted trees T = (t,p,0) satisfying the
following properties:

1. The tree T has N external lines and vertices of coordination number 2,3 or 4.
2. Each vertex of coordination number 2 is incident to one and only one internal line.

3. Denoting by V,,V3 the number of vertices of coordination number 2 and 3 respectively,
we require that
2V, +V3 <R. (15)

3In order to shorten the text we appeal to the reader’s intuition, assuming that concepts such as external/internal
lines of a tree are evident. For more details see [8].



4. To each external line we associate (bijectively) one of the “momentum four-vectors” p; in
the tuple p = (p1,...,pn) € R,

5. We denote by . (T) the set of internal lines of the tree T. We associate a momentum
k; € R* “flowing through” the internal line i € .% by demanding momentum conservation
at each vertex (note that this assignment is unique).

6. To every internal line i € .7 (T) we associate a weight p; € {0,1,2}. The sum of these
weights satisfies the rule

p:= ) pi=N-4. (16)
i€s(T)

7. To every internal line i € . (T) we further associate a weight o; € N such that
o= )Y o=|w , Y, oi=lwjl. (17)

ic.7(T) i€s (1)
pj flows through i

8. The total weight 6; € N associated to an internal line i € .Z (T) is strictly positive, ie.
6i=pi+0;,>0 Vie I(T). (18)
9. To each internal line i with weight p; = 1 is associated a vertex of coordination number 3
to which this line is incident. To each internal line i with weight p; = 0 is associated either
e a vertex of coordination number 2 to which this line is incident
e or a pair of vertices of coordination number 3 which are connected by this line.

In this way every vertex of coordination number smaller than 4 is associated to exactly
one internal line with p; < 2.

Remark: For an example of a tree in Jy g, see e.g. fig.1. We note a few properties of such
trees, which are proven in [8]:

o Nestedness: Iy rw C INR+1w
e Saturation: Iy gy = IN3N—2,w forany R > 3N -2
e The total weight associated to the internal lines of a tree is
6=Y 6,=N+]|w—4 (19)
ics
e The number of internal lines in a tree T’ € .y 1., satisfies the inequality
N—-4

|7 (T)| <——+L. (20)

This follows from property 3 in definition 1 combined with the general formula (see [8])
N-4 S n—-4
L5V @1

n=1

7=

where V), is the number of vertices of coordination number 7.



e Note also that the trees in Fj g, actually only depend on (|wi]|,...,|wy|) € NV. Thus,
the trees in Jy g, and in Jy g,/ are the same when |w;| = |w;| forall 1 <i <N.

Our bounds for the Schwinger functions with operator insertions will be formulated in terms of
trees with a “special vertex”.

Definition 2: Let RN € N, w € N*V and p € R*N. The elements of Ty r,»(P) are weighted
trees T = (7,p,0) defined as before in def. 1, satisfying in addition the following conditions:

e The tree T has one special vertex, called ¥, of coordination number Ny € {0,...,N}, at
which momentum conservation is not imposed (all momenta “flow into” V). We do not
count this vertex in the requirements 1 - 3 and 9 of def. 1.

o We define py € R*™Nv as the set of momenta “flowing into” the vertex ¥, i.e. the collection
of momenta ( (py)is---y(py) N’Y/) associated to the lines directly attached to the vertex
V.

o The requirement 6 in def. 1 is replaced by

pi= Y pi=N-Ny, (22)
€7 (T)

and the requirement N > 4 is replaced by N € N.

Remark: Seee.g. fig.5 below for an example tree in Ty g . We again collect a few properties
of trees in Ty g w(P):

e The nestedness and saturation properties mentioned in the previous remark are unchanged.

e The total weight associated to the internal lines of a tree is

0= 6;=N—Ny+|w. (23)
icd

e The number of internal lines in a tree T’ € Ty 21, satisfies the inequality

NT_Z—I—L for N > 2

. 24
0 forN =0 @4

!f(T)\S{

The proof of the first two properties follows the same arguments as in the Jy g, case. The
bound on the number of internal lines follows again from the general formula (21) (the case
N = 0 is trivial in the sense that it only contains the vertex #” and no external or internal lines).

We will later also need a bound on the number of weighted trees in the forests Iy or.,, and

N 2L w:

Lemma 1: The cardinality of Iy 21.,(P) satisfies the bound

| Ty aw(B)| < NL-4N 2 3(jw|+ 1)] "7 L (25)



Proof. 5LetT € Inorw(P). Note that the vertices in our trees are “unlabelled”. An upper
bound on the number of different unlabelled trees with V' vertices and N external lines is given
by 4V V=1 see e.g. [10, Theorem 8.5.1]. How many vertices do our trees T have? Recall that
we denote by V; the number of vertices of coordination number i. Using the formula (see [8])

V342V =N-2 (26)

as well as (this follows from the requirement that vertices of coordination number 2 are incident
to only one internal line)
V<N, (27)
we find that N_2
TgV:V2+V3+V4§2N—2. (28)
Thus, we find that up to weightings and momentum assignments, the number of trees in
IN 21w(P) 18 bounded by
2N-2
4V+N—l < 43N—2. (29)
V=N-2/2
Let us come to the weightings of our trees. To every internal line we associate a weight
o; €40,...,|w|} and a weight p; € {0,1,2}. The number of possible weight assignments is
therefore bounded by the factor [3(|w|+ 1)]”|. Using (20), we see that there are at most

N-4 . . . ) .

[3(|w| +1)] = *L possible assignments of weights. Finally, we also associate to every external
line of our trees one of the four momenta py,..., py, which can be realised in N! distinct ways.
Combining these estimates, we arrive at the bound (25). L]

Lemma 2: The cardinality of Tn or..(P) satisfies the bound

IN—

Txara(F)] < (V+ 1)1 43 [3(w| + 1) L (30)

Proof. For N > 0, one proceeds essentially as in the proof of lemma 1. Due to the additional
vertex ¥, our bound on the number of trees in Ty 27, up to decorations is 43N=1_ Since one
vertex in these trees is in fact labelled, we have to multiply this bound by the number of vertices
V < 2N. We account for this factor by increasing the factorial to (N + 1)! and by increasing the

exponent of 4 by one. Noting that the number of internal lines for the trees Ty oy, is bounded
by (24), we obtain a factor [3(|w|+ 1)] "L from the possible weightings of the internal lines.

The case N = 0 corresponds to the trivial situation where we only have the unique “tree”
containing only the vertex 7" and no lines. ]

3. The flow equation framework

In this paper we consider the perturbative quantum field theory of a massless scalar field with
self-interaction g¢@* on 4-dimensional Euclidean space. We adopt the renormalisation group flow
equation framework [4, 11, 12, 13]. In the following we will give a brief review of the general
formalism and define the objects of interest for the purpose of this paper. See [, 8, 14, 15] for
more comprehensive reviews of the flow equation approach, and [1, 7, 16] for a discussion of
the OPE in the massive case.



3.1. Connected amputated Schwinger functions

At first, we formulate our quantum field theory with ultraviolet (UV) cutoff Ay and infrared (IR)
cutoff A in the standard path integral formalism. This requires two main ingredients:

1. We define the regularised momentum space propagator as

1 2 2
cM(p) = = {exp (—i—%) —exp (—%)] , 31)

For p2 # 0, one checks that upon removal of the cutoffs, i.e. in the limit A — 0, Ag — oo,
we indeed recover the massless propagator 1/p?.

2. The interaction Lagrangian is given by

(M) = [t (0 +5% (00 + (£ +6) o)) . (2
Here the basic field ¢ is assumed to be in the Schwartz space .#(R*). The counter
terms a0 (i, M), b™ (i, M) and ¢ (i, M) are formal power series in /i of order > 1, whose
coefficients will be adjusted order by order to satisfy appropriate renormalisation condi-
tions. They also depend on an arbitrary but fixed renormalisation scale M > 0, which
is introduced in the massless theory in order to avoid infrared divergences (see (40)-(43)
below). In order to obtain a well defined limit of the quantities of interest, the counterterms
need to be chosen as appropriate functions of the ultraviolet cutoff Ag.

The correlation (= Schwinger- = n-point-) functions of » basic fields with cutoff are defined by
the expectation values

(@0x1) - @(n)) = Eyang [eXp<_fliLAU) ‘P(Xl)"'fp(xn)}/ZA’Ao

= / duftte exp(—%LAO) Plx1) - @(xn) / s

This expression is simply the standard Euclidean path-integral, but with the free part in the
Lagrangian absorbed into the normalised Gaussian measure* du®0 of covariance ”C*0. The
normalisation factor Z is chosen so that (1) = 1. In the perturbative approach to quantum
field theory, which we will follow in this paper, the exponentials in the path integral are expanded
out and the Gaussian integrals are then performed. In this way, we obtain a formal series in /.
But we note that, for finite values of the cutoffs 0 < A < Ag < oo and on imposing a finite (space)
volume, the functional integral (33) exists in the non-perturbative sense. In the perturbative
theory it is shown that one can remove the cutoffs, Ay — o and A — 0, for a suitable choice
of the running couplings at each given but fixed order in /. The correct behaviour of these
couplings is determined, in the flow equation framework, by deriving first a differential equation
in the parameter A for the Schwinger functions, and by then defining the running couplings
implicitly through the boundary conditions for this equation.

(33)

4 See the Appendix to Part I of [17] for mathematical details about Gaussian functional integrals.



These differential equations, referred to from now on as flow equations, are written more
conveniently in terms of the hierarchy of “connected, amputated Schwinger functions” (CAS’s),
whose generating functional is given by the following convolution’ of the Gaussian measure
with the exponentiated interaction,

1
— LM —jilog {HA»AO xexp (- ELAO)] —hlogzMo | (34)

The full Schwinger functions can be recovered from the CAS’s in the end. One can expand the
functionals L0 as formal power series in terms of Feynman diagrams with L loops, N external
legs and propagator C9(p). One can show that, indeed, only connected diagrams contribute,
and the (free) propagators on the external legs are removed. While we will not use diagrammatic
decompositions in terms of Feynman diagrams here, we will analyse the functional (34) in the
sense of formal power series (in momentum space)

d*pr d'pn an . R
LM (@, M) 2: z:ﬁL oot I (1o M) @(p1) - @(ph) . (35)
= (2m)* " (2nm)
No statement is made about the convergence of these series. Translation invariance of the
connected amputated functions in position space implies that the functions .,?A’,\ Z\O (p1y--- s PNsM)
are supported at p; + ...+ py = 0 (momentum conservation), and thus only depend on N — 1
independent momenta. We write

54
gAAO(pla 7PN§M)—M$AAO(P17 ;PNQM)- (36)
(27)*
In the following we will use the convention that the variable py is determined in terms of
the remaining N — 1 four-vectors by momentum conservation, i.e. py = —p| — ... — PN—1-

One should keep in mind, however, that the functions .,?A’,\ Z\O (p1,y...,pN3M) are in fact fully
symmetric under permutation of py,..., py.
To obtain the flow equations for the CAS’s, we take the A-derivative of eq.(34):

h,o . 0 1,9 0
AL = — (= Ch e )L — (LMo O LMY L ighlog ZMY L (37

Here we use the following notation: We write C for the derivative dyC*0, which, as we note,
does not depend on Aq. Further, by (, ) we denote the standard scalar product in L?(R*,d*x),

and * stands for convolution in R*. As an example,
( i 0 0
¢ S¢(x) 59(y)

is the “functional Laplace operator”. We can also write the flow equation (37) in an expanded
version as

N+2
aAXIQfO(pl,...,pN;M)z( )/CA (k)L (k,—k,p1,.... pyiM)

1 AA
_5 Z l’lll’le ["%m I (Ph -y Pni—1,4; ) ( )gnzlzo( q7pl’l17"'apN;M) )
Lh+b=L
n1+ny=N+2

,CA*— / d*xd*y CMx—y) (38)

(39)

>The convolution is defined in general by (U x F)(@) = [du?o(¢') F(o + ¢').

10



withg = p,, +...+pnv = —p1 —...— pn,—1) and where S is the symmetrisation operator acting
on functions of the momenta (p1,...,py) by taking the mean value over all permutations 7 of
l,...,N satisfying 7(1) < n(2) < ... <mw(n;—1) and ©(n;) < ... < ©(N). We also note that
for the theory proposed through (32), only even moments of the CAS’s (i.e. even N) will be
non-vanishing due to the symmetry ¢ — —¢@. Further, it follows from (32) and (39) that .,?A Ao
vanishes identically.

The CAS’s are defined uniquely as a solution to this differential equation only after we impose
suitable boundary conditions, which are fixed by adjusting the counter terms a0, 50, ¢ in the
Lagrangian. In this paper, we make the following choice (cf. [8]):

Ly (0:M) =0 (40)

OpuOpy Ly (Meg: M) =0 (41)
LN (Mey, Mey, Mex;M) = % 42)
oYLy (P:M) =0 for N+ |w| > 4 (43)

Here the parameter M > 0 specifies a renormalisation scale, eg € R*\ {0} and (ey,ea,e3, —(eg +
er+e3)) € RY4 are unit vectors satisfying 17(¢) > 0 (we refer to such combinations of momenta
as “non-exceptional”)®. The parameter M is not needed in the case of massive fields, where
one can simply impose renormalisation conditions at zero momentum. This is not possible in
the massless case, where Schwinger functions will generally be divergent at vanishing external
momentum.

The last boundary condition, (43), simply follows by noting that LA080 = [A0_ see (34), and
by recalling the definition of the interaction LM, (32). As will turn out in (99), the condition
(40) is necessary in order to guarantee IR-finiteness of the massless theory.

The CAS’s are then uniquely determined by integrating the flow equations subject to these
boundary conditions, see e.g. [5, 14]. The existence of the limits A — 0, Ag — o follows from
the uniform bounds given below’.

3.2. Composite field insertions

In the previous section we have defined Schwinger functions of products of the basic field. We
now turn to the so called composite operators, or composite fields, which are given by the
monomials

@)A:an)..,aWN(p’ AZ{N,W}. (44)
Here w = (wy,...,wn) € N*V is a multi-index [see (5)], and we define the canonical dimension
of such a field by
=N+Y |wil. (45)
i

Changing ey, ..., e3 corresponds to a finite change of the renormalisation conditions imposed. The dependence of
the Schwinger functions on these vectors is not explicitly shown in our notation.

"More precisely, we show in the present paper that Schwinger functions are bounded in the limit A — 0, Ag — oo.
To show that the limit is in fact convergent (i.e. does not oscillate within the bounds), one has to derive in
addition bounds on the Ag-derivative of the CAS’s. This has been carried out in [8].

11



The Schwinger functions with insertions of composite operators &y, ..., 04, are obtained by
replacing the action LA with an action containing additional sources, expressed through smooth
functionals. Particular examples of such functionals are local ones. We consider local functionals

=Y [ah o A, e @), (46)
i—=1

where the composite operators Oy, are as in eq. (44). We now modify the action L% by adding
sources f4 as follows:

-
[P =My Fr Y BNE.F 47

F J;O it : ) (47)
The expression B;.\O represents the counter terms which are needed to eliminate the additional
divergences arising from composite field insertions in the limit Ay — oo. It is a symmetric,
multilinear map acting on local functionals of the type (46), and returns again a local functional.
More explicitly, we can write (denoting by I subsets of {1,...,r} and writing X; = (x;)ics €
R A; = (Ai)ies as well as (¥); = |I| =" ¥;e; x; for the “center of mass™)

BYF,....F)= Y ] / Cufli) Y BCE) Oc((®)  @®)
1C{1,..r} i€l (GES T
17|=j

for the counter terms. The j = 2 term, for example, is of the form
Xi+x;
BY(F,F) = /d4xl/d4x P Y B e—x) 6.

{l,J}C{L o [Cl<[Ail+[A]]

(49)
The counter terms are defined implicitly below through a flow equation and boundary conditions,
see eqs. (59), (57) and (58). They are (at least) of order /. To obtain the Schwinger functions with
insertion of the composite operators Oy, , ..., 0O4,, we now simply take functional derivatives
with respect to the sources, setting the sources f4 = 0 afterwards:

(Oa (x1) -+ On,(xr)) = S fA (x(lgh)rg;‘A, (xr) <ZA7A0)_] /duA’AO exXp ( - %Lgo(q)))

Fhi=0
(50)

Note that the Schwinger functions from (33) are a special case of this equation; there we take
F = [d*x f(x) ¢@(x), and we have B; 20 — 0, because no extra counter terms are required for this
insertion. As above, we can define a correspondlng effective action as

1
— LM =i log M seexp (- FLMEF Z B F®/))> —hlogZM  (51)

which now depends on the sources £, as well as on ¢. From this modified effective action we
determine the generating functionals of the CAS’s with r operator insertions:

ST L /\/\0

ST ). 5 ()

IMO(Gy, (01) @@ O, (x,); M) = (52)

F4i=0
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The CAS’s with insertions defined this way are multi-linear, as indicated by the tensor product
notation, and symmetric in the insertions. We can also expand the CAS’s with insertions in ¢
and /i again (in momentum space):

r d4p dp
o (Qoutrw) = B S5 (@) Lo

(53)
Due to the insertions in .,2”]\/,\ ZXO (®i04,(xi), p;M), there is no restriction on the momentum set j in
this case. Translation invariance, however, implies that the CAS’s with insertions at a translated
set of points x; +y are obtained from those at y = 0 through multiplication by e" Liipi e

r r
A,A iyYN . p; A,A
Ly’ <® O, (xi+):p1,- . ,pN;M> = VL= Pi L (@ﬁm(xi);pl, . 7PN;M> . (54)
i=1 i=1

From (51) we can determine the flow equation for CAS’s with insertions. In this paper, we

are interested in CAS’s with one or two operator insertions. For those cases, the flow equation
reads [6, 7]

ONLM(O4) = % (%,CA* %}LM\O( O4) — (%LA’AO(@\),C’\* %LMO) +hdplogZMM0
(55)
and
Ao R, 6 A 6  an
OAL™ (ﬁA®ﬁB) = §<%7C *%>L ’ O(ﬁA(X)ﬁB)
— 6 AAo A 6 A Ao
— <%LA7AO(@\),CA* %LA’AO(ﬁ’B» +hdplogZMo

To complete the definition of the CAS’s with insertions, we again have to specify boundary
conditions on the corresponding flow equation. For CAS’s with one insertion we choose the
convention (here A = {N',w'})

oW LN (04(0):0:M) = i w18, 8y B0 for N+ |w| < [A] (57)

IN Ly (Op(0): p:M) =0 for N+|w| > [A] . (58)

Our freedom to choose boundary conditions different from (57) can be seen to correspond to
composite field redefinitions. Due to the linearity of the flow equation (55), linear superpositions
of CAS’s with one insertion are again solutions to the system of flow equations, with boundary
values given by the corresponding superpositions.

The simplest choice of boundary conditions in the case of two insertions is

0% L™ (Op(x) @ Op(0); p:M) =0 forall w,N, L. (59)

Imposing these boundary conditions means that no regularising counter terms for the correspond-
ing operator product are introduced. We also define subtracted versions of the CAS functions

13



with two insertions, 1.e. versions which are more regular on the diagonal x = 0. These “normal
products” also satisfy the flow equation (56), but subject to the boundary conditions

oY L0 (Oa(x) @ O5(0):0:M) =0 for N+ |w| <D (60)
N LYY (Op(x) ® Op(0);p:M) =0  forN+|w| >D . (61)
The parameter D > —1 controls the degree of oversubtraction. For D = —1, the normal products

coincide with the previously defined Schwinger functions with two insertions.

In (57) and (60), we have fixed the renormalisation conditions at the finite scale A =M > 0.
This differs slightly from the conventions used in the massive case (see [1]), where one usually
specifies renormalisation conditions at A = 0. As long as no infrared singularities appear, both
schemes are strictly equivalent. The boundary conditions at A = 0 may be calculated in terms
of those at A = M and vice versa. However, since CAS’s at A = 0 may diverge at exceptional
momenta, in particular at zero momentum, it is technically simpler and safer to impose the
boundary conditions at A =M > 0 and p = 0. Then we may still calculate the boundary values
at A = 0 and any non-exceptional momentum configuration as a function of those given in
(57)-(61).

To conclude this section, we state useful identities of the CAS’s with insertions, which go by
the name of Lowenstein rules in the literature. Namely, it is known that [6, 7, 18]

9 LM (0(x)) = LM0(9) O (x)) (62)
and
Y LM (04 (x) @ O5(0)) = L™ (Y O4(x) @ O5(0)). (63)

The relations are non-trivial, since the x-derivatives act on the Schwinger functions on the left
hand side, whereas they act on the composite operators 4 themselves on the right hand side. To
prove these equations, one has to show that both sides satisty the same linear flow equations and
boundary conditions. This can be verified using the definitions above as well as the translation
property (54).

3.3. The Operator Product Expansion

We are finally ready to give the definition of the OPE coefficients in our theory. To have a more
compact notation, let us define the operator 24 acting on differentiable and sufficiently regular
functionals F (@) of Schwartz space functions ¢ € .7 (R*) by

(i), &N
N!w! 7 6@(p1)---6Q(pn)

P'F(9) = F(p) , (64)

¢:07ﬁ:0

where A = {N,w}. Further, let us also define the Taylor expansion operator

Tf@W= Y =0"(0) (65)

wl=J

where f is a sufficiently smooth function on R*.
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Definition 3 (OPE coefficients [1, 7]): Let A := [C] — (|[A] + [B]). The OPE coefficients
are defined as

Cipx) = ° {(1 - Zj‘i) (L2064 (x)) LM (0(0) = LG, (Oa(x) @ 05(0)) ] ¢
(66)

where M > 0 is the renormalisation scale introduced above.

This definition is ultimately motivated by thm. 2.

4. Bounds on Schwinger functions

In this section, we prove bounds on Schwinger functions with up to two operator insertions, using
an induction scheme based on the renormalisation group flow equations [4, 5, 14]. These bounds
are uniform in the cutoffs and imply in particular that it is safe to take the limits A — 0, Ag — .
To obtain the bounds for the connected amputated Schwinger functions without insertions,
one basically integrates (39) over A for increasing values of N 4 2L and for given N + 2L for
increasing values L. In this way, the right hand side of the equation is always known inductively.
The “integration constants” are fixed through the boundary conditions on the CASs. Since
these were given at different values of A (see (40) - (43)), we have to distinguish the cases
N+ |w| <4 (“relevant terms”) and N + |w| > 4 (“irrelevant terms”) and adjust the limits of
integration accordingly (integrate from O to A in the former-, and from A to Ag in the latter case).
The procedure for CAS’s with insertions is a relatively straightforward extension of the same
idea: The CAS’s without insertions enter the construction of CAS’s with one insertion via their
flow equation, which in turn serve as an input for CAS’s with two insertions, etc.

In either case, one wants to take the limits A — 0, Ag — o, and for this one must have suitable
uniform bounds on the CASs. The above inductive procedure in principle gives a means to
obtain these if one can show that the form of the bound is reproduced in the induction step. In
massless theories, the behavior of the CAS’s in momentum space is more complicated owing to
their more complicated IR behaviour, and the bounds will clearly have to take this into account.
In particular, straightforwardly taking the limit 72 — O in the known bounds for massive fields
such as [1, 5, 6, 7, 16] does not work, and a more refined control over the momentum dependence
of the Schwinger functions is needed in the massless case. Our methodology for obtaining
such bounds on the CAS’s with and without insertions can be viewed as an extension of the
ideas developed in [8, 9], relying also on [1, 6]. Our results are presented in sections 4.1 (no
insertions), 4.2 (one insertion) and 4.3 (two insertions).

In the following we will set g = 1 for convenience. The dependence of the Schwinger functions
on the coupling constant can in general be determined by relatively simple considerations. For
example, the connected amputated Schwinger functions without insertions 02”1\/,\ Z\O carry a power

N=2
of g7z L.
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4.1. Schwinger functions without operator insertion

In all what follows, M > 0 is the renormalisation scale and & are - each time they appear
possibly new - polynomials of degree L with non-negative coefficients depending on N and L.
IN 21w(D) are the trees specified in def. 1, k; € R* is the momentum flowing through the internal
line i € .#(T) (i.e. the unique momentum associated to that line by momentum conservation
at the vertices), and 6; > 0 is the total weight associated to the line i. The weight function
falk;N,L,0) is defined as

R <
falk;N,L,0) =e VLA A—B—l’ 67)
where
N 2
OC(N,L):Z(E —|—2L) } 68)

Our result is:

Theorem 3: For N =2 and any L > 1 and w € N* with |w| > 2 there exists a constant K > 0
such that

2

P
a(2,L)A2 H A
w oA (4L=2)(|w]+1) plm
2] < T K2 [y Ml%(10g+sup<7,ﬁ)).
(69)

For any N > 4, any L > 0 and any multi-index w € N4(N-1) satisfying N + |w| > 4 there exists
K > 0 such that

|8,‘;‘V$1\/7\Z\0(ﬁ;M)| < /|w|! K (NHAL=4)(jw]+1) Z

Te<7N2Lw ﬁ

Ply maxjcsA;
dA; ki;N, L, 9 Zr 1 - , )
/ fa, (ki L(og+sup (mlnje.ﬂ)tj M

i€ ]
(70)

where 0 < A< Agand p= (p1,...,pn) €ER¥™ with py = —(p1+...+pnv_1).

Proof of theorem 3: To begin with, we recall that CAS functions with odd N vanish identically
due to the symmetry ¢ — —@, so the bound (70) is satisfied trivially in that case. We therefore
assume N to be even in the following. As mentioned above, we prove the claimed bounds
inductively, using a standard scheme based on the flow equation (39) [4, 5, 8, 14]. The induction
goes up in N + 2L > 2, for given N + 2L ascends in L, and for given N, L descends in |w|.

Theorem 3 states bounds only for values of the parameters satisfying N + |w| > 4 (“irrelevant
terms”). In order to perform the induction, we will also need bounds for the remaining values of
the parameters N,w, i.e. for N + |w| < 4 (“relevant terms”). For this purpose, we will make use
of the bounds established in [8], which state that

AA < Pl A
2,1 (BsM)| < P <10g+sup (—K(A,ﬁ,M),M (71)
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as well as for [w| <2

A

w oA Ao < | |Plm N
pdye ) < o2 (oo (s ) ) o)

with k(p, A, M) as defined in eq.(12). Note that this bound implies vanishing of the two point
function at zero momentum as A — 0.

To start the induction, we recall that for N 4 2L = 2 the 0-loop two point function vanishes
identically. We then fix an arbitrary |wp| > 0 and proceed in the order indicated above considering
lw| < |wg|. To verify the induction step we integrate both terms on the r.h.s. of the flow equation

over A between A and Ag and use the induction hypothesis (i.e. the bounds stated in the theorem)
in order to prove bounds consistent with theorem 3.

4.1.1. First term on the r.h.s. of the flow equation (39)

Since our inductive bounds in theorem 3 have a different structure for the cases N > 4 and N = 2,
we also have to distinguish these cases in our induction. We may restrict to values L > 1 for this
term.

The case N > 4,|w| > 0: Integrating the flow equation over A between A and A, inserting
our inductive bound, (70), for the first term on the r.h.s. of the flow equation and using also the
formula

CMp)=—— e & (73)

for the A-derivative of the propagator, we arrive at the bound
N+2
/ i ( N ) [tz -t ﬁ;M)‘
A
< (N+2>/ dk/ T\/WK(N+4L76)(|W|+1)
TE€IN1201-2,0,0w) (6—C:P)

A ~ 2
y H Od/l,- k(0N +2,L—1,6) 2 (log+sup( |(P,0)|m max ey J))

A (T) minje s A;’ M
|W|' K(N+4L76)(|w\+l) Z
T€IN1220-2,00uw)(0,0,5)
Ao Py maxjes A
« [ daaa / A fo(kiN.L.6) 2 (1og. sup [ — %) ’))
/A ze/ Ttk 171 1< S+ p(mmje//lj M
‘W" KN+4L 6)(|W\+1) Z

TE€IN221-2,00w) (0,0,5)

|Plm max jc ¢ A )
/ dA; fo,(ki:N, L, 6;) 7; (logJr sup (minjej 7 W ?g}%

ZGJ
(74)
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Here we have used the notation k;(¢) in order to indicate that the momenta associated to the
internal lines of a tree may depend on the integration variable ¢. The second inequality is
obtained with the help of lemma 5 for d = 0 (see the appendix), which allows us to bound the
(-integral. To see that the conditions stated in this lemma are met, we note that the number
of factors in the product over i € .#(T) is bounded by ]\% + L, as required (this number
corresponds to N’ in the lemma). We have further absorbed some constants as well as the N
and L dependent factors into the “new” (larger) polynomials &7, ;. Note that the degree of the
polynomial does not change in the process, so it is at most equal to L — 1. The last inequality
follows from the bound

A() A() A() A() A() min,- 71,,‘
[wn [Tan [Tang = [Taa [Targ [T o
A A A A A A

Ag Ag
< / di / dA; s minA? .
A A i

The factor min ¢ » ),jz now allows us to “reduce” the weights f;. in (74):

(75)

e Let us fix an internal line a € .#(T). If the weight factor of this internal line satisfies
6, > 1, then the trivial bound f;_(k4s;N,L,0,) -minjc s A; < f; (ka;N,L, 6, — 1) holds.

e If 6, = 1, we can use one of the factors min c s A; to “remove” the corresponding integral
over A, using the bound (see lemma 7 in the appendix for the proof)

Ao \Plm maxc g A;
dA kyiN,L6,=1)2; (1 JEZ 7T ) ) - minA?
/A @ [1,(kaiN L, 8 = 1) 7, 1<0g+SUP(minjefA,-’ M )) A

— . 4 A{
S @lﬁ,l <10g+ Sllp( |p|M maX]G:ﬂ\{ } ])) . min a{] ,

minjej\{a} lj ’ M jes\{a}
(76)

where &7 , is again a larger polynomial. In terms of our trees, the process of removing
the integral over A, corresponds to removing the internal line a.

In summary, following [8, 9], we can use the factor min ¢ » 7Lj2 in (74) to decrease the weight of
any two internal lines. We can organise this “reduction procedure” systematically on the level of
trees, which will yield a relation between trees in Jy 1 27—1,(0,w)(0,P) and trees in Ty 21 (P)-
Thus, by applying this reduction procedure twice, we can relate the trees appearing in (74) to
the ones which appear in the claimed bound (70).

Reduction procedure for trees: Givenatree T € Ty 11 (0wl P1;---,PN), Where w €
N4V-1) we define the reduced tree Ki(T) € InLw(pi,---,pn) by the following successive
operations (see fig.1 for a visualisation and see [8] for a proof that the procedure indeed yields a
tree in Iy 1)
1. Delete the external line with associated momentum ¢ from the tree 7. Imposing momentum
conservation at the vertices, it follows that the momenta associated to the internal lines of
the resulting tree %;(T) do not depend on /.

2. Reduce by one the weight p, > 0 of an internal line r € .# (T) which is either®

8The cases a) and b) are exclusive, and there always exists a line r satisfying one of the conditions (see [8]).
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a) adjacent to the vertex where the external line with momentum ¢ was suppressed.

b) adjacent to an internal line ro with weight p,, = 0 which in turn is adjacent to the
removed external line.

3. If an internal line has acquired the weight 6; = 0 in this process, delete that line by
merging the adjacent vertices.’

4. If a vertex has acquired coordination number two, and if it is adjacent to two internal lines,
then fuse these lines into one, adding up their weights.

Pe 14 Pe6

N .

—(p1+...+0) —(p1+...+pe)
91 91 —1
94 94
[ [
P1 P1
4
——/m ——/,m
03 03
Ps P4 pP3 /5/4 P3

Figure 1: The reduction procedure acting on a tree T € g 4.

The last point demands further explanation. It follows from the bound (note that two lines
connected by a vertex of coordination number two carry the same momentum)

Ao T 17| max(A;, ;)
A0 DR | / AT e W g (1 Ly ke
/A ; e A A e 7 P | log, sup min(A,A) i

Ao _L Ao . _L - ).,
:/ dlili_ei_l e VDA / d/'lej O~ o awLA} P4 <log+sup (m —J>) +“(i e j)"
A Ai

AM
Ao g1 Blu Ai
< dA: A a(N,L)A] 9/ 1 \PiM - M
< [Mana 0 T 1 og sup (120, 4

(77)

where we used lemma 6 to bound the A j-integral. Thus, applying the reduction operation twice to
remove the external lines carrying the loop momenta ¢, —¢ from the trees in Iy 572 (0,0,w) (¢,—2,p),

Property 9 in definition 1 guarantees that this procedure does not produce vertices with coordination number
larger than four.
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we arrive at the bound

rh.s. of (74) < /|w[t KNF4L=0)(wl+1) Z
%/O/ ( )
T€IN201-2,0.0w) (&—4.5)
% H / dA; f7,(ki;N, L, 6;) P 1<10g+sup< _|P|M : Xjes J)>
IGJ(QIOJ mlnjejlj M

(78)

As mentioned above, we know from [8] that the reduction operation % maps trees from
INF120—1,(0,w) 10O Iy 21,y However, different trees T € Ty 1 211,(0,v) May yield the same
reduced tree 7' = Z(T) € Iy 21w 1.€. the reduction map is not injective. Since we want to
write (78) as a sum over trees in Jy 21 ,,, We have to know how many different trees 7 can yield
the same reduced tree T’ and multiply our bound by this factor. We claim that this number is
bounded by the following expression:

2L+N+(N—4+2L)-(lw|+1) . (79)

To verify this bound, we fix a tree 7/ € I oL and “invert” the reduction procedure, i.e. we
attach an additional external line to the tree T’ in any possible way such that it yields a tree
T € Iyi121-1,(0,w)- How many different trees 7' can be obtained this way?

Vertices: We can attach the additional external line to any vertex of coordination number two or
three of the tree 77 and end up with a different tree in 7'. As there are Vo(T') +V3(T") < 2L
[cf. item 3 in def. 1] vertices of this kind, we obtain up to 2L different trees this way.

Lines: We can attach the additional external line to any internal or external line of 7’, creating
a vertex of coordination number three and splitting the initial line into two. If the initial
line was internal, its weights o, p are distributed over the two resulting lines, which can
be done in 2(o + 1) < 2(|w|+ 1) ways. As there are |.#(T')| < “>* + L internal lines in
T', we obtain up to (N —4 +2L)(|w| + 1) different trees T this way If the initial line was
external, the weights of the resulting internal line are uniquely determined tobe p =0 = o©.
Thus, we obtain up to N different trees this way. In total, we can bound the number of
different trees T’ obtained by attaching a line to 77 by (N —4 +2L)(|w|+ 1) +N.

Since we apply the reduction operation twice on trees T € Jiy12 512 (0,0,w)» We pick up a factor
2L+N+ (N —4+2L)- (jw|+ 1) (80)
in total. Hence, we infer that the following bound holds:

rh.s. of (78) < (jw|+ 1)2/|w]! K (N+4L=6)(|w|+1) Z

TE€INa1.w(P) (81)
| Pl maxje,ﬂlj
d?L ,(kisN, L, 6; : i 7 |

Here we have again absorbed N and L dependent factors into the polynomials &2, ,. We find
that this contribution satisfies the inductive bound (70), provided that K is chosen sufficiently
large such that

K 2D (lw|+1)2 < 1. (82)
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The case N =2,|w| >2: Following the same steps as in (74), we find that this contribution
is bounded by

A
/ﬁodl (;)L/C%(@agﬁffzﬂ(ﬁ;—&p,—pﬂ%}‘S ]! K4l +) y
A ¢ ’

Ao lply maxjcs A,
dA; o (kis2,L,6;) ;1 [ 1 SEZ7T ) ) - minA?.
Xiegr)//\ falki 2L, 8) 71 1(0g+sup (minjefflj’ M )) jag

(83)

There are three types of trees in the set 74575 (0,0,w) (0,0,p,—p), see fig.2 (see [8] for more
details).

91 =Ww]

p o=l p p

0 =|w| 0, =wy

Figure 2: The trees in 7 515 (0.0.w)(0,0,p,—p). Here wi +wy =w and |w;| > 0.

The contribution of each of those trees is bounded by
A 2
ot KAL) / "4 ATl @m e g, log., sup plm | A 84)
A A M

in accordance with the claimed bound (69). For the trees with one internal line this follows
trivially from (83), and for the trees with two internal lines we have also used the bound (77). It
remains to bound the cardinality of 94,2L_27(0707W) (0,0, p,—p). The two trees with one internal
line are unique, and there are |w| + 1 combinations of trees with two internal lines. Thus, we
pick up a factor of (|w|+ 1) from the sum over T € 7} 51 5 (0,0,4) (0,0, p, —p), and we verify
that the contribution at hand satisfies the claimed bound, (69), provided that K is chosen large

enough that
(Jw|+1) < K20, (85)

4.1.2. Second term on the r.h.s. of the flow equation (39)

We distinguish the following cases in the sum over n; +ny; = N +2 in (39):

1. The case ny,n, >4
2. Thecaseny >4,n, =2

3. Thecase ny =2 =n»
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For nj,ny > 4: For the sake of brevity, it will be useful to combine the inductive bound
(70) and the known bound (71) into one slightly weaker bound by writing for N > 4 and any
we N4(N—l)

|aw$/\ /\0( )‘ < ’W’! K(N+4L74)(\w|+1) Z
TG% ZLW(ﬁ)

/ dA; f3,(ki;N,L,6;) L (log+sup<

|Ply maxje 7 (4;,A)
A M ’

ze]
(86)

where we use the convention

/ i fo (kisN,L.6) =1 if 7 (T) = 0. 87)
lEf

Integrating the flow equation (39), inserting the bound (86) and making use of the inequality [1]

_ W
re M| < kA /w125 e k=1.086..., (88)

we find that an entry in the sum over #; in the second term on the r.h.s. of the flow equation
satisfies the bound

Ao
A, A . A AN .
| az Y Lo a1, s M) 02 CH (@) 9L 1 (<4, Py PNM)
Vit+va+vz=w
Li+hL=L

2
_ 9
/ A k\/ IV3‘!2‘V3| e 222 o [ |v1|!K(n1+411—4)(|v1|+1) Z

O E N )
NETy, 2y 5, (P1)

V1+V2+V’; w

V] j—OVJ>n1
h+h=L
71| n}ax (Aj,A)
T
/ dd; fo, (kismi, 1, 8;) 2, | log. sup P;LM’JG ( 11:4 ]
16/ T]
X [\/ [val! K (matah—4)([va2|+1) Z
T2€%2,212.\72(ﬁ2)
N rr}ax (Aj,1)
T;
/ dA; fu(kisna, b, 6) 21, | log., sup piM’Je (ij/[ ]
ze/
(39)
Here we use the notation ﬁl - <p1""’p”1—17q)7ﬁ2 = (_qvpm,-..,pN) and q as in the flow

equation, see (39). We made use of the fact that the sum over vy is non-vanishing only if (v{) ;=0
for j > ny, since the CAS o (P1,.--+Pn—1,9;M) does not depend on py,, ..., py—1. Here we

n11

used the notation (v;); € N* for the four-indices in the tuple vi = ((v{)1,...,(vi)y_1) € N4(N=1),
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The multi-indices #; € N*%—1) appearing in the trees are related to the summation indices
Vi € N4V=1) yia

171 = ((V1)17---7(V1)n1—1) (90)
n]fl
\72 = ( Z (VZ),',(VQ)nl,...,(Vz)N_l). (91)
i=1
We can “merge” the logarithmic polynomials with the help of the inequality
L max (4,,4) _ - max (A1)
2. | 1o su \P1lm jes (1) 2, {100 su \P2lm jes (1)
A g4 sup 1 M Iy g, sup 1 M
Bl seriiran )
Pm jeg(M)UI (T,
<Zr |1
S 7L | log, sup 2 Vi
92)
Noting also that
2
¢
mff/l(q;N,Laezz‘i‘h@Da 93)
and that
i va|!vs|! < [w|! forvi+vo+v3=w, (94)
we find that (89) is smaller than
Ao
/‘W“2|w| K (N+4L—6)(|w|+1) Z C{v,-}/ dAf3(¢,N,L,6 =2+ |v3)) Z
V1+V2+V3':W A e )”17211971 ([31)
(VIz‘ll_:l’-?zilenl he. l12,212,i72(ﬁ2)
Ao B max (Aj, 1)
je.7 (T T
X H /d?t,- f2,(kisN,L,6;) 2 | log, sup p)LM,je )7 (%)
in(Tl)Uf(TQ)A M
95)

Here we have also made use of the bound f),(ki; 1,14, 6;) < f3,(ki;N,L,6;), where a € {1,2}.
This inequality follows directly from our definition of the weight functions, eq.(68), combined
with the inequality'® n, /2 +21, < N/2+2L.

It remains again to express this bound in terms of trees T € Jy 21,,(P) in order to verify
consistency with our hypothesis (70). This is achieved as follows (see fig.3):

To every pair of trees 71 € F, 2, 5, (P1) and T € T, 21, 5,(P>) we associate the tree T €
IN 21.w(D), which results from joining 77 and 7> along the external lines carrying momentum

10Recall that ,,szA(’)AO (p) = 0 by definition, so non-vanishing contributions even satisfy, in view of nj +ny = N+2
andl; +bL =1L,

m/2+2L>2 = n /242 =N/2+2L+1—(ny/2+2L) <N/2+2L—1. (96)

Exchanging the roles of the indices 1 and 2, one also verifies ny /242l < N/2+2L—1.
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q —q

A

Figure 3: Merging two trees Ti € FR25,,Tr € T4, into atree T € Tz6,. The weight 0; of the
new internal line connecting the two trees is set to be |v3| + 0;+ 2, where the index j
corresponds to the internal line adjacent to the external line with momentum —q in the
tree T, on the top right.

q and —gq, respectively (note that the trees have such a line by definition). The resulting new
internal line therefore carries momentum —g¢, and we associate the weights p = 2, ¢ = |v3| (thus
0 =2+ |v3]) to it. If one of the external lines with momenta ¢, —q in 7} and 7 is adjacent to
a vertex of coordination number two (as in the right tree in fig.3), then this procedure yields a
vertex of coordination number two adjacent to two internal lines in the tree 7. In that case, we
remove this vertex and fuse the adjacent lines, adding up their weights (just as in item 4. of
the reduction procedure, see page 18). One can show that this procedure indeed yields a tree
T € InaLw(P) (see [8)).

For fixed vy, v>,v3, this merging procedure is injective (different combinations of trees 77,73
yield different trees T'). Using (7) to bound the sum over vy,v,,v3 and using }. . j,— = L+ 1,
we thus find that (95) is bounded by

/|w|!2\W| 3wl g (N+4L=6)(Jw|+1) Z

TeIN2.w(D)

Ao 5 A
< I1 / dA; f3,(kisN,L,6;) 2y, <10g+sup< Plv maxjes /))’
ic.s(T)’ A M

minjc s A;’

97)

where we have absorbed the factor L 4 1 into the logarithmic polynomial. We conclude that the
claimed bound (70) is satisfied by this contribution provided that K is chosen large enough that

3wl pwl/2 < g2(Iwli+1) (98)
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For n; > 4,n, =2: For the two point function |8V2$2[>7;\0(q, —q;M)| we can use

1022y (g, —g:M)| < /vt K210 g R Al 5, (log+ sup (lqj‘\M M))
(99)

If |v;| <2, this bound follows trivially from (72), while for |v;| > 2 it follows from (69) after
application of formula (185) from the appendix and after absorbing /> dependent factors into
the polynomials &7;,_;. Let us also mention that the inequality (72), and thus also (99), relies
crucially on the boundary condition (40). Using the inequality (99) along with our inductive
bound (86), we find that the contribution at hand is bounded by

/ A LN (1, et g M) DECH (q) 92 LM (—g,:M)
V1+V2+V3 w
h+b=L
Sl
v3[121Vsl e 222 (N+41—4)(|vy [ +1)

/ d)LV Clv) 3] X [ |v1|! K 1 V1 j Z )
1+V2+V3 w T€IN 21, v, (P)
11+12

p ics(Ai, A
IGJ
x \/!V2|! K201 g 20, (rog s (42 1) )
Ao

< ROHLOMED ol Y ey [T filgNL 8 =+ ¥

vl—lb—l\jiZEL:w A Te «7N,211 v (P)
Ao ply maxc s (A;,A
H / dlj f)w.(kl';N,L, Qi)f@L_l (log+sup <|P;’LM’ JEM( J ))) .
T)/A
(100)
Here we made use of the elementary bound
2

lq2e 2 <242, (101)

To see that (100) is indeed bounded by (70), we associate to every tree T € Ty 2y, ,, (P) another
tree 7' € Iy o1.w(P) as follows:

e Add a vertex of coordination number two to the external line of 7 carrying momentum
g, as shown in fig. 4. To the resulting new internal line i associate the weight p; = 0,
o; = |va| + |v3.

o If this procedure yields two internal lines adjacent to a vertex of coordination number two,
fuse these lines into one by removing that vertex and add up their weights (as in item 4. of
the reduction procedure).
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P1 P1

PN—-1 PN—-1

Figure 4: If the external line carrying momentum q is incident to a vertex of coordination number
greater than 2, we separate this line into two by adding a vertex of coordination number
2. The resulting new internal line, which carries momentum q, is assigned the weight
0; = |va| + |v3].

Again, for fixed values of v{,v;,v3, this procedure is injective. Using (7) to bound the sum
over the v;, and bounding the sum over /1,/; again by a factor L+ 1, which we absorb into the
polynomial &7 1, it follows that the expression (100) is smaller than

(N+4L 6)(|Jw|+1) \w| /|w|‘2|W| Z

TeINa0w(D)

|PIm max e s Aj
d ki;N,L 1 - )
/ Ai [, (ki NLL, 81) P (og+ SuP (mﬂljeflj M

(102)

leﬂ

which is consistent with our claim (70), provided that (98) holds true.

For nj =2 =ny: We make use of (99) and bound the second term in the flow equation by

A{,A . -A{ A{7A .
/ d?Lv R WC{V,-}8;1,$2J] °(p,—p;M) 9,*C* (—p) 9;232712 °(—p, p:M)
2
l11+lz L
2
P
|V3|!2|"3| e 222
V1+V2+V3 w 3
h+b=
“ Dp|? |plm
it K2 pF A=l 1(1°g+sup( A M))
2= Dip|2 |P\M
/ it VI i (log sup<_|p’”’,i)>.
V1+V2+V3 w A’|W| 1 + l M
(103)
To obtain the last inequality we used the bound
_rt
’p‘ie 4 §92v4 (104)
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and we absorbed some constants into the polynomials &7; _,. The bound is compatible with our
claim (69), provided that
K2m3Iwlglwl/2 < q (105)

We have verified that any item (n,n;) in the second term on the r.h.s. of the flow equation (39)
satisfies the inductive bounds (69) and (70). It remains to bound the sum over these parameters,
for which we use

nny < (N+1)3. (106)
ni+np=N+2

Absorbing this factor into the logarithmic polynomials, we find that the complete second term on
the r.h.s. of the flow equation satisfies the claimed bounds. This finishes the proof of theorem 3.[]

For A = 0 we may now state the following bounds on the massless (connected amputated)
Schwinger functions:

Corollary 1: Forany N,L € N and w € N*N=1) there exists K > 0 such that for n(p) >0
|aw$0 A()( )| < |W|‘ K (N+4L-3)(Jw|+1) n(p> (N+|w|— 4)9L (10g+ f— (107)

where 1 is defined as in (10).

Proof. For N + |w| < 4, this follows directly from the bounds (71) and (72). For N + |w| > 4,
we start from our bounds established in theorem 3 and first rewrite the product of A; integrals as
follows:

, ey
/ dA f’l(k“NLe)«@L(logMup( .!le 7max]€j 1))

zeﬂ min e ¢ 7Lj M
Z / dAnr, / dAr, .. / dAz (108)
TeS (S ”IJ’H
5ly A
P W
X azy (ke iN, L Oy ) Fa ki NL L B ) <l°g+ sup <|/l,|rM> Alljl>> |
1

where &(.#) is the set of permutations of the internal lines of the tree T' (i.e. the symmetric
group on .¥). This way of writing the integral allows us to apply lemma 6 (see the appendix) in
order to bound the integral over A

.71
/ aA; fu(kisN,L,6,) 2, (1Og Sup< |Blu maxjemj»
ze,ﬂ ’ + minjey lj’ M
< Z / dAz, / A, . / W
neS (S ”W\ )

|Plm Aﬂf—
X flnl (kﬂfl N, L, 971'1) o 'flﬂ‘f‘_l (kﬂ'\y\,l N, L, 971"]‘,1) )Ln?‘y‘ ‘T‘ @ <log+ sup <_7 AL

An | M
(109)
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where L dependent factors were absorbed into the polynomials &7;. Repeating this procedure,
we can bound all the Az -integrals except the first one (over Ay, ), which leads us to

7] A
/ dA; f;L(k,,NLG)gZL(loasup( _|P’M max jc » 1))

minje s A;’ M

16]

—0 —07
< / A, frg, e sN,L O Ay (bgwup('i'M )) (110)
71'66 T

N—4 0 _ @2 _ _ |ﬁ|M A
< (2= ! a(v.)22 ) —(N+|w|=3) M%) )
<( 5 +L) /0 dle A 21, | log, sup 2 M

In the last line we used the condition }; 6; = N — 4 + |w|, the obvious relation

1}1f k| >n(p) forT € Inorw(P) (111)
re
as well as the bound (20) on the number of internal lines of a tree, which allows us to bound

the sum over index permutations. To bound the remaining A-integral, we use lemma 8 from the
appendix, which yields

- Y
/ dA; f3,(kisN,L,6;) L (10g+sup( .\P’M max jc # j))

mlnjey),j’ M

16/

N+|w|—4 -
_(NT4+L) (N—4+\w\)!<£)> ,@L<log+(|¢) (112)

f(n (P M)
< /W]t (200) i ()~ 22, (1og+%>

The last inequality follows by absorbing N and L dependent factors into the polynomial &;.
Using this bound in theorem 3, we arrive at

o < |t KL= (27) 5)~(+wl=4) g, (10 |Blm ) |
9" L (BM) < v ) - Saf(In ()], M)

(113)

It remains to bound the sum over T € Jy 51 ,,. Here we use lemma 1, which states that Jy o1,

satisfies the bound | Z 2 | < N1-43V-2.[3(|w|+1)]"= +L. Absorbing the purely N dependent
part into the polynomial &7; and choosing the constant K large enough in order to guarantee
(here we denote by K the constant from theorem 3)

(Iw] + 1)NT*4+L (2a)1/2 KéN+4L—4)(Iw\+1) < KIN+AL=3)([wl+1) (114)
we finally arrive at the bound (107). O

We can also use theorem 3 to bound the smeared, connected Schwinger functions:
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Corollary 2: Forany N,L € N there exists K > 0 such that

N N+2 N I

0e0 v Fi(pi) TLL [|Eill g, 2
/ e @[5 | <km™ Y Y i i) (115)
PlysPN i=1 P n=0 Mi+..+uy=p

for arbitrary test functions F; € .7 (R*) and for || - ||, as in (2).

The bound implies that the Schwinger functions are tempered distributions. See appendix B for
the proof of an analogous bound for the Schwinger functions with two operator insertions. The
proof of corollary 2 follows along the same lines.

4.2. Schwinger functions with one insertion

Using our bounds from the previous subsection, we next give bounds on the CAS’s with one
insertion. Recall from section 3.2 that the CAS’s with insertion of the composite operator 0},
where A = {N’,w'} is a multi-index, are defined through the flow equation

" N+2
aA8g$1Qf°(ﬁA;p;M):< > / MR LN, | (Oask,—k, M)

- ) nlnzc{v}S [3~ -$n1 0 (ﬁA;Pla---,Pnlfl,Q;M)a,?CA( )3?3/\/\0( q,Pnp---,PN;M)] ;

ny, lg
h+b=

n]+n2:N+2
Vi+vatvi=w

(116)

where g = p,, + ...+ pn, through the boundary conditions
Iy LN N(Op(0):0:M) = w18, 8y w80 for N+ |w| < [A], (117)
OY Ly (O(0):p:M) =0 for N+|w| > [A] (118)

where 0 < M < Ay is a finite renormalisation scale, and through the translation property (54).
For the sake of simplicity we assume N’ to be even in the following, i.e. we consider even
monomials in ¢. The odd case can be treated similarly. It follows directly from the flow equation

and boundary conditions that 02”()/\ 6/\0 (Oa;M) = 0 (assuming [A] > 0). For other values of N, L,
we have:

Theorem 4: For any N,L € N with N+L > 0 and w € N*V there exists K > 0 such that for
0 < A <M, and the following bound holds:

|(9W$1</\Z\O(ﬁA(O>;ﬁ;M)| < |w|! |W’|! K(2N+8L—4)(\w\+1)K[A}(N/2+2L)3 Z
’ vi+va=w
[AI(N2L+1) - u Ao
X Z ANy —[va] Z — (%) H / dA; f,(ki;N,L,6;) (119)
ic.7 (1)’ N

TE€%N 2Ly, (D) u=0 V!
5l |Plm  maxjesA;
P 1 .
X TN (Og+ sup ( M minge s A v,

Here f is given in (67) and the trees ‘T oy.,, and momentum py are defined in def. 2.
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Remark: We use the convention (87) for the case .# = 0, and it is understood that

18l _ |Bly  maxjes 4 \P\
sup ( Mominge, A0 M in that case.

Proof. Note first that we can again restrict to even N, since the CAS functions with insertion of
an even monomial in ¢ vanish due to the symmetry ¢ — —¢@. Our general strategy of proof is
as follows:

1. Our bounds obtained for massive fields [1] imply corresponding bounds for massless
fields as long as the infrared cutoff A is above the chosen renormalisation scale M.!" More
precisely, we obtain'?

w oM, Ao B M| < [ [1 g (2N+8L—4)|w] K[A}(N/2+2L)3 MAI=N=wl
|05 Ly . (Oa(0); s M)| < /[w[![w]!

[A](N+2L+1) 1 17| u K (120)
< L vmn) Zaean (e )

=0

2. We can then bound |8W$1f,\ Z\O (O4; p;M)| for 0 < A < M by integrating the flow equation
(116) over A between A and M, using the bound established in step 1 as boundary condition
at the upper limit of integration. This amounts to “integrating out” the momenta below the
chosen scale M (IR-region).

Thus, we only need to complete the second step mentioned above, i.e. the integration of the flow
equation (116) from A = M to small A. In this step, we will again use the induction scheme
based on the flow equations, which goes up in N + 2L, for given N + 2L ascends in L, and for
given N, L descends in |w|. At each induction step, we have three contributions: A boundary
term from A = M, the integral of the first term on the right side, and the integral of the second
term on the right side from A = M to general A. We look at these separately.

4.2.1. Boundary contributions

When integrating the flow equation (116) between A and M, we obtain boundary contributions
from the upper limit of integration, i.e.

L0 P) = Ly (O4:P) / dA “rh.s. of eq.(116)”. (121)

These boundary contributions ZN I O(ﬁA; P) satisty the bound (120), which, crucially, is consis-
tent with our hypothesis (119) (it borresponds to the case Ny = N, i.e. all external legs directly
attached to the vertex 7).

With boundary contributions taken care of, we are now ready to verify the induction step, i.e.
we verify that the integral over the r.h.s. of the flow equation (116) reproduces the inductive
bound (119).

'"The underlying reason for this is that for A > M one has |C*(p;m = 0)| < L|C*(p;m = M)|, i.e. the massless
propagator is bounded by the one with mass M up to a constant.

12 Strictly speaking, the bounds in [1] are derived for different boundary conditions. The condition (57) is taken
at M = 0 there. The proof of the bounds however remains largely unaffected, so we are not going to repeat it
here. We note that, using our boundary conditions (57), one can replace the mass parameter m appearing in the
logarithms by the scale M. This is found by adapting the inequality (89) in [1] to our situation, where A > M in
the induction.
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4.2.2. First term on the r.h.s. of the flow equation (116)

Inserting our inductive bound, (119), for the first term in the flow equation, (116), and integrating
over A, we find the bound

N+2
/Ad/1< >/cl (Y LN, (64(0):0,—L, )‘

N+2 e iy
S( 5 ) /|W|!|W/|!K(2N+8L 8)(] H—l)K[A](N/Z-i-ZL 1) Z Z

VITV2=WT €SN 1201-2,(0.0,0) (6—E:P)

e N+2L+1 m
—Ny— |v2/ dl/ 2¢ w2 | P 7}14“ > H /}LAodli
i€ s (T)

u:O

). _ (7,01 1(7,0)ln maxjesA;
X fa,(ki(£);N+2,L—1 9):922L+N 2(longsup( ingey A i .

(122)
Here we have again used the notation k;(¢) and py () in order to indicate that these momenta
may implicitly depend on the “loop variable” ¢. Recall from (24) that |.7 (T)| < % + L, which
allows us to use lemma 5 in order to bound the /-integral. Noting further that (N /2 +2L—1)3 =

(N/2+2L)*> —3(N/2+2L)(N/2+2L— 1) — 1, we arrive at the bound (absorbing constants and
purely N, L dependent factors into the polynomial &)

Ithas. of (122)] < /w1 [w/[! KN+8L=8)(wi+D) KAIN/242L)° g—3[A)(N/2+42L) (N /24+2L—1)~[A] 5[A](N+2L+1)

v A](N+2L+1)
) Y M[A]—Nrf—|V2/ ar Y L (|p~//|>

VITV2=WT €Ty 19012 (0,0.) (0:0,5) A u=0 v
Pl 1Plm  maxjesA,
dA; f3,(kizN,L,6;) P, n <log sup(’ :
ze,ﬂ / (ks ) 2Ut7-2 + M’minjey A0 M

(123)

We can bound the A-integral as in (75). Taking into account also the fact A < M, this yields a
factor min e »(Aj,M)?. Thus, we have the bound

|r.h.S. Of (123)' S |W| ‘ |W/| ' K(2N+8L—8)(|W|+1)K[A] (N/2+2L)3K—3[A] (N/2+2L)(N/2+2L—1)—[A} Z[A} (N+2L+1)

[A][(N+2L+1) A
<Y y MYl Y L('P”) M /[

VIFTV2=WTETy 5012 (00.v)(0,0,5) u=0 v ies ()N
Pl |Pln maxjes A,
X fa,(ki;N, L, 9,-)922L+N 5 (logJr sup (M e Ay ;w §r€1m(/l],M)

(124)

Note that each factor of minc »(|A;|,M) can be absorbed by decreasing the value 6; for some
internal line i € . (T) [cf. the discussion following (75)], or alternatively by decreasing the value
of Ny (keeping N — Ny fixed). This procedure of decreasing weights can again be organised
with the help of a “reduction procedure on trees”.
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Reduction procedure for trees Il: Given a tree T € Ty, 110w (¢,P) We define the
reduced tree %y(T) € Ty 1.w(P) as follows:

1. If the external line with momentum / is not directly attached to the vertex ¥/, then proceed
as specified on page 18. This reduces the number of external lines, N, as well as the weight
0; of some adjacent internal line by one. The reduction of the weight 6; corresponds to
absorbing a factor of ;.

2. If the external line with momentum /¢ is directly attached to the vertex 7/, then simply
delete this line. This reduces the value of both N and Ny by one. This procedure
corresponds to absorbing a factor of M.

Thus, by applying this reduction procedure twice, we can remove the external legs with associ-
ated momenta ¢, —¢, which allows us to express the bound (124) in terms of trees in Ty 1 ,,(P)
(see fig. 5 for an example).

Figure 5: To express our bound in terms of trees T' € Tnop,, (D), we delete from T €
TN4221-2,0,0,) (6, =L, P) the external lines carrying momentum {,—( using the reduction
procedure.

As in the case without insertion, the reduction procedure is not injective, i.e. different trees
inT €%y 110w (¢, p) may yield the same reduced tree (see the discussion following (78)).
To account for this, we again multiply our bound by the factor (80) (it is not hard to check that
this factor is again suitable). The resulting bound is

M N+2
/Acm( )/cl (O LEN,  (Oa(0):6,—L, 5 M)

< (|W| + 1) |W|’ |W " K 2N+8L—8)(|w\+1) [AJ(N/2+2L)3 K—S[A](N/2+2L)(N/2+2L—1)—[A] 2[A](N+2L+l)

AIV+2L+D) 5y
% Z Z MAI=Ny =[] Z N ( Py )

VITV2=WTETy o1y, (P) p=0
Pl 1Ply maxjesA;
dA; f.(ki;N,L,0;) % 1
ze,ﬂ / T (ki ) 2L+5-2 ( 0g. sup (M "minge s A i
(125)
which is consistent with our hypothesis (119) provided that
K—3[A}(N/2+2L)(N/2+2L—1)—[A]—4(‘W|+1) 2[A](N+2L+1) (|W| + 1)2 S 1 (126)
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4.2.3. Second term on the r.h.s. of the flow equation (116)

We distinguish the cases ny > 4 and n, = 2 in the sum over n; +ny = N +2.

For ny > 4: The bound (86) on the CAS’s without insertion combined with the inductive
bound (119) for the CAS’s with one insertion implies that this contribution to the second term
on the r.h.s. of the flow equation satisfies the bound

M
l, — 1%¥a Vv l A
/ Y mimepydl ZEN(04(0):51:M) 97 CH () 2L (5 m)
A Vi+vo+vi=w
ny+np=N+2,n,>4
l+h=L

2

\/ |V3|!2|v3| 672(;-72

[ ¥ Y mmeg2k
n1+n2:N+2,n224 Vi+va+v3=w

h+h=L (v2)i=0=(v3); Vi<m

% [ MTor [T/ K248 =4I 1) gl /24200)° y y

uiHm=vi Ty €%y, o1, a, (P1)

[A]~Ny | I[A](n1+211+1) 1[Iy \* (127
w MAI=Ny —|ua S <—) / da; f)L (kisny, 1y, 6;)
ugo V'U! M 16] l

5l 15 “}?XW

P1 Piim  jeA (T
X'@ﬂﬁ%'*l log., sup M’ min 4,7 M }

jes ()
% [ v ! K (4L —=4)([v2|+1)
€T, 21y 7, (P2)
7l max (Aj,A)
T:
/ d)L f/l (k,,nz,lg, )ylz log+sup p/levje (2;4

lEf (T»)

Here we used the notation p; = (p1,...,pn,—1,9) and pr = (pp,,...,pn,—q) With ¢ = p,, +

..+ pw, and we write v; = ((v)1,..., (vi))y) with (v;); € N*. Note that the Lh.s. of (127)
Vamshes unless (v2); = 0 = (v3); for i < ny, since neither ¢, nor p, depend on the variables
P1,---,Pn,—1. This explains the restriction in the sum over vy, v2,v3 in the second line. In the
summation over the trees, we have used the notation

N
iy o= (i), W) —1, Y, (w);) €N (128)
J=ni
Vy 1= ((VZ)nl ey (VZ)N) € N4(n2_]) . (129)

Using the inequality n; /24 21} < N /24 2L— 1 (cf. footnote 10) in order to bound the exponent
of K, bounding the factorial factors with the help of (94) and combining the two polynomials
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into one as in (92) (the degree of this polynomial is at most 2/1 +ny /2 — 1+ <2L+N/2—1),
we find that (127) is smaller than

2

Ao w2 ¢ 212
dA Z Z nmnycy,\ 2k [l ¢’

A3+l

A ni+np=N+2,n>4 V1+V2+V3:\/.V
Li+h=L (vz),-:O=(V3),-Vl<n1

% [ [wi[1 KN+8L=6)(wl+1) KAV /242013 Z Z
ujt+uy=vy Tlegnl,le,ﬁIG’l)
T2€'7n2.212,\72(172> (130)

[A]—-Ny —| [A](Nfurl) ! (|W|>“ 11 Ao
w MAl= v —|Up - _— / dﬂ'lfﬂ,, (ki;N’L7 01)
1=0 VL \ M ic.s (T)UI (D)7 *

L max  (A4;,4)
1P| |Plu jes(1)us(n) }
M 9 A, ) M .

X ‘@2L+§—1 log, sup

Here we also used the bound f (ki;ng, 14, 6;) < f3.(ki;N,L,6;), where a € {1,2}, which holds
since ng /2421, < N/2+2L.

In order to express the bound (130) in terms of trees T € Ty 21 u, v, +vs(P) We perform a
“gluing procedure”, which is analogous to the one described in fig.3 and the corresponding
discussion. Namely, we take the trees 71 € T, o1, 4,(P1) and T € T, 21, 5, (P2) and join them
along the external lines carrying momentum ¢ and —g, respectively. The resulting new internal
line therefore carries momentum ¢, and we associate the weights p =2, 6 = |v3] to it (see fig.6
for a sketch of the procedure). If the procedure yields a vertex of coordination number two
adjacent to two internal lines (this is the case if one of the joined external lines is adjacent to a
vertex of coordination number two), we remove this vertex and join the internal lines, adding up
their weights.

1 L/
\ T

Figure 6: Gluing the trees Ty € Ty, 21, 4,(P1) and Th € T, o1, 5,(P2) in the way sketched above, we
obtain atree T € TN 2L uy+vy4vs (D)

It is straightforward to check that the resulting tree is indeed in T 27y, 4vy+v3 (P). Note also
that for fixed values of u;,v;,v3, the procedure is injective (i.e. it yields different trees T for
different 77,7>). Thus, renaming the summation variables u; + v, +v3 — vy and u, — v, and
using the inequality (7) to bound the sum over different combinations of uy,v,,v3, we conclude
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that (130) implies the bound

olwl/2  3lw] Z W[l K(2N+8L—6)(\w|+1)K[A}(N/2+2L—1)3
Vi+va=w
y [A]~Ny — | I[A](Nfurl) 1 (|ﬁ7/|>“
X M — | — / dAifa,(kisN,L,6;)  (131)
TE€XN oLy, (D) u=0 Vil M IGJ
Bl 1P maxjes
X @2L+N 1 (logJr sup (M e Ay i ] .

Here the sums over /1,/; and ny,n, have been bounded by L+ 1 and N 3, respectively, and we
have absorbed these factors into the polynomial &. Raising the upper limit of integration for
the integral over A to A, we therefore arrive at a bound that is consistent with our claim, (119),
provided that K is chosen large enough that

oWl/2 3wl < g2l (132)

For n, =2: In this case, we combine the bound (99) with our inductive bound (119), which
implies that the contribution at hand satisfies the inequality

A : A
/ dA AN ¢ 8 L (Oa(0): pr..., pu:M) DR CH (py) 023 (—piv. i M)
V1+V2+V3 w
L+b=L
2

L
< /de y 2Nc{v.}zk”v3|'2 2[ or T w1 K N8I =4)(vi 1) glAl(v/2421)

A Vi+Vvatvi=w )L3+‘V3|
Lh+h=L
[A](N+2l]+l - u Ao

X Z Z MIAI=Ny —u| (M) H / dA; fgi(ki;Nallyei)

u+ur=vi T€Ty 31, u, (P) M—O M ic.s (1)’

7l |Plm maXzewl

% 1

X - 1(0g+sup(M ‘minje s A;’
A
ol K200 g2 A1 g9, (log+ sup (192,21
2
_ 4
/ ai C{vi}VZ‘W‘e 4 ’W’,’W/‘,K(2N+8L—6)(|w|+1)K[A](N/2+2L—1)3
v1+vz+V3 w A‘1+|V2‘+|V3‘ . '
Li+b=
[AJ(N42L+D) |
N Pl

X Y Y MAI=Ny—|ua] Yy — ( )

{”1“‘”2—” TEXN 21y uy (P) pu=0 v

LTI A

X / dA; f3,(ki;N, L, 9)92L+N , | log, sup 1Pl Py JC

leﬂ M %?(lj,)t) M

(133)
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Here we used (101), combined the logarithmic polynomials as in (92) and absorbed N and
L dependent factors into the new polynomial. We can express the bound in terms of trees
T ¢ TN 2L uy+v,+vs (D) by adding a vertex of coordination number two to the external line of
T € Ty, u, (P) carrying momentum ¢, see fig.7. To the resulting new internal line, which
also carries momentum ¢, we associate the weights p = 0, 6 = |v,| + |v3|. If this process has
created a vertex of coordination number two adjacent to two internal lines, then we remove this
vertex and fuse the adjacent lines, adding up their weights. Renaming the summation variables

Figure 7: We add a vertex of coordination number two to the external line in Ty € Ty 21, 4, (D) which
carries momentum q. This yields a tree T € Ty 21y, +vy+v; (P)-

(u1 +v2 +v3 — vy, up — ) and using (7) we find that the inductive bound is reproduced,
provided that (132) holds true.
This concludes the proof of theorem 4. ]

We can again simplify the bound established in theorem 4 into a version without A;-integrals:

Corollary 3: For N,L,w as in theorem 4 and non-exceptional momenta p € R*N (i.e. for
(p) > 0), there exists K > 0 such that

10" 208 (6,4(0), F:M)| < |w| /W[l KN+HSL=3)(wl+1) glal(v/2+42L)° umf,:, (), M)~ Vb

|B|\jaj(v2n41)
x sup(1, ) Dy N y_ logy —— 1nf
(134)
where 1 is defined in (11).

Proof. The proof is largely analogous to the proof of corollary 1. Starting from the bound stated
in theorem 4, we first rewrite the A;-integrals in the form (108). This allows us to use lemma 6
repeatedly to bound all but one of these integrals, and to finally use lemma 8 to bound the final
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integral. Absorbing N and L dependent factors in the polynomial, we thereby arrive at the bound

|aw$18:2\0<@4 (0); B; M)| < A/w[l[w]! K(2N+8L74)(|w\+1)K[A](N/2+2L)3 Z Z
VITV=WTETy oLy, (P)

=\ M
Ip//I) ﬁ(ﬁ)—(N—NVJrMI) ) \/|v1|![2a(N,L)]‘V1|

sy 2D
X M —INy —|V2 -
L Um (

Bl
RS (1°g+ inf(7(7),M) )

M

(135)

where we used the fact that the weights of the tress T € Ty o1 ,, satisfy Y, 6; = N — Ny + |vy].
We also made use of the inequality'?

inf |k.|>n(p for7T €% w(P). 136
re}){;(nl | >7(p) for N2Ly, (P) (136)

Note that N — Ny + |v1] is always positive, which allows us to use the inequality
ﬁ(ﬁ)_(N_N“I/’HVID < inf(M, ﬁ(ﬁ))_(N_N’Y/HVlD ] (137)

To bound the cardinality of the set Ty »; ,, we make use of lemma 2, which tells us that we pick

up a factor 4°N - [3(|w| +1)] AL Absorbing N and L dependent factors into the polynomial

and using (7), we verify the bound claimed in the corollary for K large enough such that (here
Ky is the constant from theorem 4)

23|W‘/2(|w| n I)NT—erL [(x(N,L)]'W‘/ZK(()N+4L_4)(|W‘+1) < K(N+4L—3)(|w|+l)' (138)

O

Theorem 4 implies the following bound for the smeared, connected Schwinger functions with
one insertion:

Corollary 4: Forany N,L € N there exists K > 0 such that

N
2 Fill
oo X Ei(p (Al+2)(N+2L+1) il;I | Fi Hi
[ 2 i [T < gy Sl
P =1 Pi u=0  py+..tun=p
(139)

for arbitrary test functions F; € . (R*) and with || - ||, as in (2).

The proof of this corollary follows essentially the same arguments as that of corollary 6, which
can be found in appendix B.

131n the case where Ny =1, an internal line may be assigned the sum of all momenta p; + ...+ py, which is not
possible in the case without insertions. This explains why 7] appears in the bound (136) whereas 7 appears
in (111), and it also explains why the notion of exceptional momenta is slightly different for the cases with and
without insertions.
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4.3. Schwinger functions with two insertions

We next derive bounds on (subtracted) CAS’s with two insertions using our previous results on
the CAS’s without and with one insertion. The CAS’s with insertion of two composite operators
Op={N',w'} and O = {N",w"} and with subtraction to degree D < [A] + [B] were defined in
section 3.2 via the flow equation

. N+2
aAjDA,}\/I\f)L(ﬁA(X)@?ﬁB(O);p;M)—( )/CA (0)-Lpn20 11 (Oa(x) @ O(0);€,—L, ;M)

- ) HIHZS[ ZLp®, (O(x) ® O5(0): 1, Py —1,4:M) C Mq) L (=, Puy» - PNIM)

I +lh=L
ny+ny=N+2
AA : AA
+/ M (Op ()31 g1 M) CNE) L (O3(0): L. pi )|
(140)
and the boundary conditions (see (60) and (61))

N LHN (Oa(x) ® O5(0):0:M) =0 for N+ |w| <D (141)

IN LY (Op(x) ® Op(0); ;M) =0  forN+|w| >D . (142)

For simplicity, we again assume that both N' and N” are even. One can show:

Theorem 5: For M > A > 0, for any N,L € N,w € N*V and for [A] + [B] > D > —1 there
exists a constant K > 0 such that the bound

0" 2530, (04(x) @ O3(0); 5 M)|
< /(W] + [A] + [B] = D) [W/[t[w"[t K@NFBL=3)(lwl+1) g (4] +B]) (N/2+2L)* y y

Vi+v=w TE‘INﬁzL-»-zA,vl (P)

o 1\ A+B-D 1\ 2l (Al+B)(N+2L+3) 1By \*
— V. . — -
X M sup< | |) sup (]x] M_> Z_:O m < M )

Il [Ply maxjesA;
dA; fo(ksN—2,L+1,6,) 2 I Pl :
/ Il +1,6) P iy (°g+suP<M ‘minje A0 M

leﬂ
(143)

holds, with the same notation as in theorem 4.

Proof. The l.h.s. of (143) vanishes for odd N due to the ¢ — —¢ symmetry. For even N, our
strategy is again to prove this bound in two steps:

1. Derive a bound for ]8W.$g7[ 1’\,1\2(@\ (x) ® 0p(0); p; M)| using the flow equation (140) and
boundary conditions (141), (142).

2. Derive a bound for |(9W$1§\’]Q°L(6‘>A (x) ® Op(0); p;M)| with 0 < A < M, employing again

the flow equation (140), but using the bounds derived in step 1 as boundary conditions at
A=M.
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To implement the first step, we appeal, as in the proof of theorem 4, to the results of [1, 16] (see
in particular corollary 1 in [16]). The bounds given there imply in the limit m — O for finite
infrared cutoff A = M (the subtlety discussed in footnote 12 applies here as well):

0% LM (04 (x) ® O (0): 5: M)

< KN48L=3)|w| g([A ]+[B])(N/2+2L)? \/OW‘ +[A]+[B]=D)! W[ |w"]!

- (144)
MP-N—lw  (AFB)(NV+2L+3) =
X CEEEsT & (%l) Py (1 og. ‘PA}’)
|x| u=0 \/I’T :

Note that this bound is consistent with our hypothesis (143). It corresponds to the case Ny = N,
i.e. all external legs of the tree are directly attached to the special vertex 7. This guarantees
that boundary contributions, which appear when integrating the flow equation, satisfy the bound
(143) (cf. section 4.2.1). It remains to carry out step 2, i.e. integrating the flow equation between
A and M. Let us start the induction.

4.3.1. First and second term on the r.h.s. of the flow equation (140)

To verify that these contributions are consistent with our induction hypothesis, (143), we follow
essentially the same steps as in the proof of our bound for the CAS’s with one insertion (cf.
section 4.2). Since the necessary adjustments are minor, we refrain from repeating the lengthy
calculations.

4.3.2. Third term on the r.h.s. of the flow equation (140)

To begin with, we make use of the translation properties of the CAS’s with one insertion in order
to write

}aW/ da annz.,zﬂm D GAX D1y Pyt M) CH(0) LA (G (0); L,y ., pi M)

Ciyth=
”1+"2—N+2
‘aw/ dﬂ,/ Z l’llnze(p1+ APy —1+0)x
b onth=L
ny+ny=N+2
< LENOH0): 1, M) CH(0) L0 (03(0); €, s M)|

< Z Z nina cy, }|x|| 2/ dl/

vitv=w L +h=L
n1+n2—N+2

N
‘ H BI v1 gl Ao (O) 71,0 M Cl Ha("l gl AO (0) —0, P; M)H

ny, 11 n, lz
i= =nj

(145)

39



In order to bound this “source term”, we make use of our bounds on the CAS’s with one insertion
derived above in section 4.2. Using also (6) for ¢y, this yields

M
rhs. of (145 < Y y nln22w||x‘lvsl/
A

Lh+b=L (Vl ,v2)+V3=W
ny+ny=N+2 vi €N4<n1 —-1)

1% €N4<n271)

X [ [ w1 K28 (D) gl /2420

U=V TIES, o1y (0.47)(:P1)

[A]-Ny: —| W(nlfllﬂ) L [|pn£
XM _ ,,1/17142 ( 1 ) / dl fl l’l],l], )
V! M le,ﬂ (1)

u=0

max A;
(51,0 (51, 0u jerm)” ]

M 7 min A;’ M
jes(T)

% [ Vo[ ]! K1(2n2+812—4)(\1’2|+1)K1[B}(n2/2+212)3 Z Z

uztus=vy TQET,,Q 212.(0 113) (_£7ﬁ2)

Bloni2t)) g
o Mg1B1=N2, I y (p”’/Z ) / dA; f3,(ki(€);n2,12,6;)
V ‘U' M 16/ (T»)

X 9211+%_1 log , sup

u=0
max A;
(B2,0)] (B2, O)lu jer(r)”’
X Poptpor | logssup M ’ min A7 M ]

jeI (1)
(146)

Here we denote by K the constant (called K there) appearing in our bound for the CAS’s with
one insertion, (119). Since 2 < ny,ny, < N, one has

[A](m1/2+20)° - [B](n2/2+2k)° < ([A]+ [B])(N/2+2L)’ (147)

and also
[A](n1 420 +1) + [B](np +2I + 1) < ([A] + [B]) (N +2L+1). (148)

The relation (148) allows us to combine the sums over ;:

[A](mflﬁ-l) 1 (|ﬁ%|>ﬂl y [B}(nzflz-f-l) 1 <|ﬁ%|>ﬂz
p1=0 V! M 150 V! M

([A]+[B])(N+2L+1) 1
‘u:() V .u“' <
For the weight functions, we use again that f; (ki;n4, 1., 6;) < fy.(ki;N,L, 6;) .

The loop integral over £ can again be bounded with the help of lemma 5'#, which yields a factor
2(AI+B)(N+2L+1) 31ong with some purely N, L dependent terms. Combining the two logarithmic

(149)

< \/5( [A]+[B])(N+2L+1)

sup(|P# ], |Ps ) \*
o .

“Note that |.7 (T1)| + .7 (T)| < wf‘ +1y +1, = %2 + L, so the conditions in the lemma are met.
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polynomials and renaming summation indices u; — vy, (42, u4) — v3,u3 — v2,v3 — v4, We may
infer

th.s. of (146)| < 4AHBNNRLED o] 3y

L+h=L
ny +n2:N+2

x o/ W Iw1 K VS g A+ B (/220 y

(vi,v2)+v3+va=w

+[B])(N+2L+1 - —

x ) MAHBI=Ny =Ny, =l o “ H(Z )1 (Sup<lpm,|pvz|>)“

TLETy 21y, (0y) (OP1) fre=) viu! M

1280y 205 ,(0,v) (072)

/ aar ] / dA; £, (kiN —2,L+1,8)) / dA; £, (kN —2,L+1,6))

ie s (T ]GJ
. . max Aj

« 2, x| 1og, sup [ P! |Plm j€# (1)US (1))

jef (M)UI(Tz)
(150)

The A-integral is bounded as in (75), leading to a factor of min;(A;,M )2. This additional
factor can again be absorbed by our reduction operation on trees (cf. pages 49 and 31). As
we have explained on page 31, this procedure “eats” a factor min;(A;,M) and maps a tree
T € Tyiin,0m)(0,7) toatree T € Ty ory1,w(P). Applying this procedure twice to remove
the external lines corresponding to the loop momenta ¢, —/ (recall also that we pick up the
additional factor (79) due to the fact that the reduction is not-injective), we find

rhus. of (150)] < 2M4AFBINVFLED () 4 1)2 Y pymy

L+h=L
n +n2:N+2

% /—|w|! w11 K1(2N+8L74)(\w\+1)KI([A]+[B])(N/2+2L)3 Z

(vi,v2)+v3tva=w

A]+|B])(N+2L+1 - -

X )y MBIy, =Ny = vs] | I “ ”)i ; (SUP(\P%HP%D)”

€Ty, 121 +1,v; (P1) u=0 V! M

€%y 120y +1,, (P2)
x / dA; £, (kiN —2,L+1,8))

lEﬂ(Tl)Uﬂ 1)

. . max Aj
x P, . n | log, sup 17| 1Pl jes ()7 (1)
jes (M)VI ()

(151)

Finally, to express the bound in terms of trees T € Ty 5 +27(V17v2)(ﬁ), we merge the two trees
T € Tp 12041, (P1) and T € T, 1 21, 41,0, (P2) by combining the vertices #7 and 7 into
one vertex ¥ of coordination number Ny = Ny, + Ny,, see fig.8.
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@ G« — 4

Figure 8: We merge two trees T) € T, _1 21,41, (P1) and T € T, 1 21,411, (P2) by combining the
vertices V1 and V5 into one vertex ¥V

Noting that |py| > sup(|py |, |Py,|) and renaming multi-indices (vi,v2) = vi,v3 +v4 — v2,
we arrive at the bound

Ir.h.s. of (151)|

< 4\W\4([A]+[B])(N+2L+1) K1(2N+8L74)(\w|+1)KI([A]+[B])(N/2+2L)3 Z

[wlt /[t w"]!
Vi+vy=w

1
% Z MAHBI=Ny qup(|x], — )2
TEIN 21420, (P) M u=0 V!

Bl |Ply maxjesA;
dA fo(kisN —2,L+1,6; ] .
/ PulkiN =2, L+ )gzZH (Og+ wp (M ‘minje s ;7 M

(AJ+B)(V+2L+1) Byl\®
Y g (%)

lef
(152)

Here we picked up another factor of 2*! from the redefinition v3 +v4 — v» . We also bounded
the sums over /1,l, and ny,n, by L+ 1 and N 3 respectively, and absorbed these factors into the
logarithmic polynomial. The bound (152) is consistent with our induction hypothesis provided
that the constant K is chosen large enough that

K1(2N+8L—4)(|w|+1)+([A]+[B])(N/2+2L)34\w\+([A]+[B])(N+2L+1) SK(2N+8L—3)(\w|+1)K([A]+[B})(N/2+2L)3‘

(153)
This establishes theorem 5. ]

We can again establish a bound where the A;-integrals do not appear anymore:

Corollary 5: Forany N,L € N and 7)(p) > O there exists K > 0 such that
0,A .
Lo N1 (Oa(x) ® Op(0), ;M)

< V/([A] +[B] - D)! ([A] + [B])! K AI+B))(N/2+2L)* 3 D inf(q(p),M) N Sup(M7i)[A]+[B]—D
%)([A}+[B])(N+2L+l)g2214+2 (10g+ o |Plm ) 7

< sup(l. 7(5),M)

(154)
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where 1 is defined as in (11).

The proof is analogous to that of corollaries 1 and 3. One can also derive a bound on the smeared,
connected Schwinger functions with two insertions:

Corollary 6: Forany N,L € N there exists K > 0 such that

o o Fi(pi
[ 2500 om0:m [T
Ply+sPN i=1 Pi

| A1+ {8142
< /[A]'[B]‘ Kk Al+[B] sup(M _)[A]‘F[B}*DMD‘FN

x| r

—

)(N42L+3) Y, HFiH%
o oME
(155)

0 My FUN=H

for arbitrary test functions F; € .7 (R*).

See appendix B for the proof of this corollary.

5. Convergence of the Operator Product Expansion

With the bounds on Schwinger functions with operator insertions at our disposal, we are now
in a position to prove convergence of the operator product expansion. We would like to insert
the OPE into a correlation function with suitable spectator fields and estimate the difference
between the left- and right hand side of the expansion. The spectator fields play the role of a
quantum state in the Euclidean context. In order to have spectator fields with sufficient regularity,
we average the i-th spectator field against a test function, F; € . (R*),i = 1,...,N. We write
@(F) := [d*x@(x)F (x). We can then express the remainder of the OPE, truncated at dimension
D € N, as follows:

[(Oa(x)OB(0) @(F1) - @(Fy))— Y, Ghp(x) (Oc(0)@(F)---@(Fy))| =
C:[C]<D
al AA SAA SAA, A AA
Y /@D 0, (Oa(x) @ O(0):4 )95/’112’\,12(51’12)"'”%Ij7\7l?<§1j)HE(Qi)C (qi)
J=1 ..U {1, Ny i=1
101=0
Li+..+=L

(156)

where ‘,ZZ]O Z\() are the moments of the generating functional LA (@) = —LAM (@) + 1 (@, (CMA0) "1«
@) without the momentum conservation delta functions taken out [recall (36)], and where we
defined the remainder functional (i.e. the functional generating 9?32 )

Ry"(0a(x) © 05(0)) =
LMY (G4 ()L (05(0) — LM (04 (x) @ 05(0) Z Chp(x) LM (0c(0)). (157

Our definition of the OPE coefficients, def. 3, implies the following lemma:
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Lemma 3: The remainder functionals Rg’AO can be written as

Ry™ (04(x) @ 05(0)) = (1= X T) |LM (04 (0))LM(G5(0)) — Li™ (64 (x) @ 05(0))
J<A
(158)
with A= D — ([A] + [B]).

A proof of this lemma for the case of massive fields can be found in [1]. The proof within the
massless theory studied in the present paper is analogous and will therefore be omitted here.
Lemma 3 combined with our bounds on the smeared connected Schwinger functions with up to
two insertions, corollaries 4 and 6, allows us to bound the smeared remainder functional:

Lemma 4: For any N,L € N there exists K > 0 such that

N
o0 o A 1
[5.000) 9 0000 [T i)
i=1 i
A (159)
RN (D+2)(N+2L+3) Hﬁ‘/: 15|
< [A]-[YB]~(KM)[A}+[B] (K M [x])* MY y ! i S
Al 1=0 wtra=p M
with || - ||, as in (2).
Proof. Writing (1 —Y ;<a T/ D=0-Y;<a1 T4 ) T2 and using the integral formula
(1= Y T)/f(x)= 0)4719" () (160)

j<A-1 HA

for the remainder of the Taylor expansion, we can express the r.h.s. of (158) as
Ry™(Oa(x) @ @(0»

ZX/ ar L= 180 (30 (20) 65(0)) — IM(2" 04 (22) M(65(0)
[v|=A

n Z [ A0 CRAQ )@ﬁB(O))—LA’AO(avﬁA(O))LA’AO(ﬁBW))
[v| —AY
(161)

Here we have also made use of the Lowenstein rules (62) and (63) in order to pull the derivatives
into the CAS’s. Substituting this formula on the 1.h.s. of (159) one can use our bounds on
the smeared Schwinger functions with up to two insertions, corollaries 4 and 6, to verify the
lemma. O

Combining this lemma with our bounds on the smeared connected Schwinger functions without
insertion, corollary 2, we finally arrive at the first main result of this paper:
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Theorem 1: Let F; € .#(R*),i =1,....N. For any N,L € N there exists K > 0 such that
remainder of the operator product expansion, carried out up to operators of dimension D =
[A]+ [B] + A, at L loops, is bounded by

|<ﬁA(x>ﬁB(0)(P(Fl) Z CgAB )(P(Fl) (p(FN)>‘Lflo0ps
C:[C]<D
I N“)“)%”M y T 1AL (162)
< VIATB]! (kM) U= M —
\/A_' u=0 M+ +UN=H M¥

To derive our second main result, theorem 2, let us now consider test functions which are
localised in momentum space away from exceptional configurations and which have bounded
total momentum. Thus, we introduce as a condition on the collection of test functions, {Fj(x)},
that

N
Hﬁp, 40 < A(P)>e and |p|<P. (163)

Here P characterises, broadly speaking, the maximum momentum admitted and € the minimal
distance to the set of exceptional momenta admitted in the support of £ (p1)...Ey(py). Under
these conditions, we can simply bound (156) by taking the supremum of the integrand for all
7 in the support of the test functions, and bounding the momentum integrals simply by P*V.
Combining lemma 3 with corollaries 1,3 and 5 to bound the CAS’s with up to two insertions,
one thereby immediately arrives at

Theorem 2: Suppose the smearing functions F;,i = 1,...,N, satisfy (163). Then the remainder
of the operator product expansion, carried out up to operators of dimension D = [A] + [B] + A,
at L loops, is bounded by

[(Oa(x)O(0) @(F1)--- @ [Z Cxp(x)(Oc(0) @(F1)-- (FN)>‘Lfloops
c:[C)<D

<PV /IANB]! [ KM 1, P ywane e P £
< [A]'[B]! sup( ’M) inf(M.€) HSUP| il (164)

1 P A P
- - (N+2L+1) s
Al (KMM sup(l, 37) ) Py (1°g+ inf(M,S)) ’

where K is a constant depending on N, L, and &, is a polynomial of degree n whose coefficients
depend on N, L.
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A. Useful formulas

In this appendix we collect a number of explicit bounds which are used in our inductive proofs.
The first one is an inequality which allows us to bound the “loop-integrals” in the induction:

Lemma 5: Let N,N',L.d € Nand Ay,...,Ay,A €ER,. ForO< N' < %V%—L, L>1,N>0, for
o as in eq.(68) and for A; > A, we have

B (k; +f) d _, u
—2 /A2 e @NF2L-12Z 150" qu (|( O)lm man ) ( b, €)|)
/e H g’ sup min;A;’ Z V!

i=1

2
ki

N
< APt [Je owon llog"sup( Pl max; A, >+ n'] (N'+ 1))/ (165)
P minjA;” M

)L d d 1 —
><2dsup <1 —> Z <|p])
=0
Proof. To begin with, we rewrite the integral in the form
N [ kg0 2 = . 2
/H aW+2L-D37 ﬁ log” sup [(P,0)|u max;A; e*m
+ minjlj ’ M
" zd: 1 (!(ﬁlﬂ)“e—ﬁ/u{
u:O\//,L! M

We use e > < v/n! to bound the polynomial factor in the second line (cf. (77) in [1])

EZW“ZOVI_(K%?')uSZd (1 —) fo ! ('p') a6

For the exponential factors, we apply the bound

exp (=Y ex i+ 0)F T L (168)
Pl o+ 0a2) P\ a2, - 1Az P\Tawv,0)22)
which can be verified as follows: Define £ > 0 such that |¢| = £ |k;|. Then
& (ki +0)? k[ & (1-¢)?
- ). _ < _ D
e"p( 2<N’+1W) ex"( a<N+z,L—1>A3>—e"p< az{ <N/+1>+a<N+2,L—1>D

(169)
where it takes the

(166)

2(N'+1)

The expression in square brackets is minimal for & = NI+ aN+2I-T)’

1
value AN+ a(N+2,L—1)° Thus,

o (-swer) o0 (amenzom) <o (2 wrmrames =)
Plazvenaz) P\ avr2c—na2) =P U 22 2+ D raN+2,,L-1)) )
(170)
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The bound (168) then follows by noting that

1 1
>
2(INN+1)+a(N+2,,L—1) — o(N,L)’

(171)

which in turn follows from (recall that L > 1 by assumption)

2
N N
o(N,L) :2(5+2L) =a(N+2,L—1)+4(5+2L) —2>0(N+2,L—1)+2N"+4.

(172)
It remains to find a bound for the integral over the logarithm in (166). We use the inequality

,L —’g ma 2,
/ge 2N +1)A% logisup<|(p’ )l max; J)

min_,- lj ’ M
_2 5.0-/N +1 A
:(N’+1)2/e uzlog’isup(’(p’ . -l—f )|M7ma]>‘</; J)
¢ X T(“f‘fg)r . (173)
_2 max;A;
< N/ 1 (n+4)/2/ A21 n p7 M J7Y]
< (N'+1) K 27 log" sup mind, M
< AN+ 1) /2 [1o0n |Ply - max;A; |
<AY(N'+1) oghsup (L T +Vn!|,
which follows from an inequality in [1, cf. (52)]. Inserting the bounds (167), (168) and (173)
into (166) finishes the proof of the lemma. O

The next three lemmas help us to bound the “flow integrals” in the induction:

Lemma 6: Letne N, 1 <se Nanda,b,M,Ag € Ry with 0 < a < Ag. Then the following
bound holds:

A n 1'log’ a
/ "da log. [sup (b%)} A< % Y Int logy [;up (b:57)] . (174)
a ]=0 .

Proof. We decompose the integral:

A A
/ " log lsup (b%)] A—I—SS/ "da (1og1b+1og’_1%) PR (175)

Combining the trivial inequality

Ao log" b
/ dA log! (b) A= < a-28%7 (176)
a S
with the bound
Ao A sup(a,M) Ao A
/ dA log’, (—) A :/ ATy dA log" (—) A1
a M a sup(a,M) M (177)
oLt n n!‘ log’, (A%l) |
a-s a5 ! s
we verify the lemma (recall that s > 1). [l
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Lemma 7: Using the notation of section 4, in particular (67), have the bound

Ao v maxjes A
dA, kyN,L O,=1)2; |1 JEZ 7T ) ) - minA?
/A @ [1akai VoL 80 = 1) 71 1<og+sup (minjej)tj, M >> ]Hen}l J

7] max ; Aj (178)
S t@i_] (10g+sup< |p|M jej\{a} ])) . min A«j,

min;e o\ (q} A’ M jes\a}
where &; _, is a polynomial of the same degree as &1 with coefficients depending on N, L.

Proof. The bound (178) follows from the decomposition

Ao " . )‘
[ 0 o i, 2,6,= 1)1 (t0g s (P S ) i 22
A

minjeylj’ M jes 7
minje.ﬁ\{a};l'j 7] max ; jﬂ«
-/ A f1,(kaiN,L, 0= 1) P}y (log+sup(|’jM7 7 ’)) A
A a M
Ao |—»| m?}()b]
Ay fo (kN L6, = 120, | 1 Plv ) in A2
[ N Lo =L e (B T ) | i 2
_min A j€s\{a}
jes\{a)
(179)
combined with the inequalities
minje.ﬁ\{a}lj _ K 7] max; jl
[ e s (g sap (1, P22 )
minje s\ (a) A |Ply maxje s\ (a4
g/o dA, P, (log+sup< 7 i (180)
] max ; Aj
S min l].(@iil 10g+sup . |p|M , ]GJ\{G} ]
jes\{a} minje 7\ (4} A M
and
max A ;
Ao - ) j
/ dA, 211 | log, sup |p|M " i Ay?
. . min A;
minje.s\(a) A je\fa}
max A;
Ao \PIm jer\ay 7 Aq 2
:/ dAq P11 | log, sup : — A (181)
in. . min A, M M a
mmjeﬂ\{a}/lj jEﬂ\{a} ]
P .12ax A
< min Al@l log, sup I.)M ,]E \{a}
jes\lay min A;
jesN\a}
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The last inequality in (180) follows from the relation (note that N and L dependent factors were
again absorbed into the new polynomials %] )

/a dAlog" sup (%,b) / da {log sup (‘p/{M) —Hog"(b)}
0

:azn:(n>log"m @ m!+a~10g”(b)<2ai(n)log"msup mb m!
" m a B m a’ ’

and (181) follows from lemma 6. O

Lemma 8: Foranyn,oo € N, 1 <0 € N0 <M < Ag € R and for |k| < |p
bound holds:

2

e ar’ Bl .- 3n' wom (1Bl 2
M~ <« _ M) (Zym

[ S o (B ) < Ve () 8 G inf(kl.0) ) 2
(183)

Proof. We decompose the integral into two parts:

2

k
e 1Pl i o Plu A
A l,leﬂ log" sup(T —> ( dA + ‘ d)L 7L9+1 log" sup = m)
(184)

To bound the integral over large A, we make use of the inequality

n

Ao B |
dA 29 og" sup (% i) <a® Z 2n! ' log" ™ sup (@ ]\%) ,  (185)
- ! a

a

(186)

A

/ dAA 9 1og (|p|M>+/ ° AL log" (&) ,
A sup(a,/M[lu) M

/ dAL "9 log (lpiM) a9 log" (@) (187)

Ao —6—1 A Ao —6-1 A
/ dAA log"{ — ) < / dAA log" | —
sup(a,/M|pu) M sup(a,M) M
< 1 Z": n!logi ™" (1\%) ‘
sup(a,M)® &= (n—m)!

and from

(188)
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Setting a = |k| in (185) and recalling that |k| < |j|, we see that this contribution is consistent
with the bound claimed in lemma 8. It remains to bound the integral over A < |k| in (184).
Combining the bound

7] _ K2 "l 7} k
logn (’p)lM> e 2022 — Z <l:l1> lognfm (‘I’)Ilf‘w) 10g (|}L|>e 2(x).2

m=0

noo. 7| 2\" e nn 171 o (189)
< Jog—m (1PIM ) [ K7\ —os ()1 nem (1P Zym
—rEO(m) o8 <|1<| ) (212) et = Y () loe " ) ()

with the relation
o 6
© _ ¥ T(8/2) [ V2
/ dAA 97 e 2z = (9/2) ¢ < \/a(\/_a> (190)
0 2 k| K]
we obtain the bound
M |Blm
/ dA —— log" sup( —)
20+
o A ; A oM (191)
\/5) - n! - 1Plm |k|
<! <— ——log" " sup (—)m
K] mz_’o (n—m)! k[ 2
which, combined with (185), establishes the lemma in view of our assumption |k| < |p|. O

B. Proof of corollary 6

Here we prove the bound (155) stated in corollary 6. For N = 0 there is nothing to show, as the
claimed bound follows directly from corollary 5. For N > 0 we start from the bounds given in
theorem 5, which immediately give for some constant K = K(N,L)

< /[A]![B]! KB

=1 Pi
N |E(Pl)| 1 [A]+[B]-D DN ([A]+[B])(N+2L+3) 1 7y u
X ﬂH 3 Z sup (M,— M= Z — (—>
Pi=1 Pi TeZNo142,0(P) X u=0 Vil M
= 2l [Plm maxjeg/l
X dA; fr.(kisN—2,L+1,6;) 2, . n (log sup(
iegﬂ/‘) . )Py ' M minjes A;’
(192)

where F; € .(R*). Since the test functions F;(p) decay rapidly for large p, they will allow us
to control the UV-behaviour of the momentum integrals. It is convenient to exploit this decay

50



with the inequality

Ip|* 2 E (p)] <

s+2

M2+p )Jr(l—f)pz]T

—1IFl. s=3, 5/21
= 1F /2 / A /dm ,
(193)

1F ) ez T/ F | s
/ 7
(M2_|_p S/2 2

which holds for s > 0 and u > 0, and where || - ||, is defined in (2). Upon substitution into (192)
and using the inequalities |py| < || < |p1|+...+|pN]|, We get

0,00 - A Fi(l’i) TR KIA]+[B]
ZD,N,L (Oa(x) ® Op(0); p) H | < [A]'[B]! K
PlsPN i=1 Pi
1\ A+B]-D x (JA]+[B]) (N+2L+3) Hﬁ.V: l ﬁi”u[.;w
R O B Y
Te€%N o1 +20(P u=0 M+ AUuy=p

g

where & (T') denotes the set of all lines (internal and external) of the tree 7', and where we define
modified weight factors by [compare eq.(67)]

7] . A
/ dAi fa, (kis 00, 6) Py, <1Og+sup(!p\ Bl maxjes j))

ze@” M’ minjcgA;” M

(194)

—0.— 2 2 . . .
A, Oi=1 =k /ad; for i € . internal line

~ w2
.. ) o — e 2 2 VA . . .
I (kis o, 6;) := A, $i=3 gk fod; fol dr7%/2~le %  fori an external line of T if si>0

_ 2 2 . . .
A 3 oki /oA for i an external line of T if 5;, =0,

(195)
with oo = ot(N —2,L+ 1) as before. The parameters s; € N can be chosen freely at this stage.
Next we decompose the A; integrations into ’sectors’, i.e. we write the last line of (194) as

/ln: lz ~
/ / Qumy T, (ki 1, O, /0 " gy . /0 Qor, iy, (ki , O,
7:66 (196)

12 |Plm An
X 3”2L+% (105;r sup (M T Ang 7

where &(&) is the set of permutations of the internal and external lines of T [i.e. the symmetric
group on & (T)] and where we denote by E = |&(T')| the total number of lines of 7. Writing the
Ai-integrals in this form will allow us to bound the momentum integrals one-by-one successively.
Since the p; are related to the momenta kz; by momentum conservation in the tree 7, we may
assume that p is the momentum flowing through'® the line 7;. Then our independent integration
variables are (kz,, p2,...,pn). To get a bound, we use lemma 5. We distinguish two cases:

15We note that there are no other lines in the tree with the same associated momentum kx,, since vertices of
coordination number two are not allowed in trees €y ; o. This follows from the conflicting requirements p = 0
and 0 > 0 for lines associated to such a vertex.
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1. Let us first assume that 7; is an internal line of 7. To bound the integral over kg, we
proceed as in the proof of lemma 5, i.e. we use (170) to bound the exponential factors and
(173) to bound the remaining integral over the logarithms. Adapting these inequalities
to the case at hand, we have to replace (N’ + 1) by Ea, because there are E exponential
weight factors in (196) (as opposed to (N’ + 1) in lemma 5), and because we have a factor
exp(—k,ztl/al,%l) in (196) (as opposed to a factor exp(—¢2/A?) in lemma 5). Thus, one
finds for each term inside the sum in (196) (i.e. for each sector) the bound

Rl ln 2'71' -
/ / d?LnE/ Ed)LnEl.../ Cdhey [T (ke 6)
(p25-PN) SO 0 0

i€&(T)
7 (197)
Am, 30z 15| Plm s
8 0 WAy WZH% (log+ P (ﬁ’ Ax, ’WE)) km:O,

where & = @&(N,L) has to satisfy é < m, and where we have absorbed N and L

dependent constants in the polynomials &?. The condition on & follows from (170).

Next we observe that the exponent of Az, is positive, because one has 6; < 2 for the trees

. . . . 3-6 3-6
under consideration. We can therefore bound the integral over A, , using A, < Az, i

. . 4—0g, . . .
and using (182). We obtain a factor A, ™I in the process. To put the resulting expression
into a more convenient form in terms of trees, we next perform a cutting procedure on our
tree T (see fig.9):

a) Split the tree T into two pieces by cutting the internal line 7;.

b) If the line 7y had a weight 6, = 2, then this automatically yields a pair of trees
The Ty 1 0and T €Ty, 0 Withny +ny =N, I + 1, = L, and one can proceed
to step lc. If however 65, = 1, then one of the trees will have an illegal weight:
Recall from condition 9 of def. 1 that we associate to vertices of coordination number
< 4 adjacent internal lines with weight p; < 2. Cutting a line with p; = 1 will leave a
3 vertex without an associated “partner-line”. We use a factor Az, in order to reduce
the weight of another line adjacent to that vertex (if that line reaches weight 0, we
delete it and fuse the adjacent vertices), which yields two legally weighted trees
T € Ty+10and T €T, 114, 0. See fig. 9 for an example.

¢) On each of those trees 77 and T, perform a reduction procedure of the kind introduced
previously (see pages 18 and 32), removing the external line 7; from each tree. This
procedure eats a factor l,%z and it produces two trees in 7, ;41,0 and Ty, 1, 41,0
respectively. If 7; is directly attached to the vertex #  in the tree T3, then we can
remove that line without any reduction procedure, and we only use up one power of

Ay

d) So far we have in fact only defined trees T € .7, ;o with n > 4 , see def. 1. The
extension to n < 4 is simple: The sets .73 ; 9, 75 1.0, 71,10 contain only the 3-vertex,
the 2-vertex and the single (external) line, respectively. None of these trees have
any internal lines. To extend the reduction procedure, which has so far only been
defined for trees T € %7170 with n > 4, to trees with n < 4, we proceed as follows

52



Figure 9: We cut the tree T along the line m| (marked red), obtaining two trees Ty and T, as a result
[step a)]. The line w3 of the tree Ty has an illegal weight 0y, = 2. We reduce this weight
by one, using up a factor Ar,, and we arrive at two legally weighted trees [step b)]. We
then perform a reduction procedure on each of those trees, removing the external line T

[step c)].
2+ s, 1+ sq,
X —
2+ s, 2+ sy, 2+ 54, 2+ sy,
/K 2+ Sq, + Sr;
1+ sn, 2+ g,

Figure 10: Reduction of trees in F, ;o with n < 4: We remove the red line (corresponding to m
in the discussion above) and reduce the weight of another external line by one. A line

i —sp—a—1 _i2 )2 a2 .
labelled a+ sy, comes with a factor Ay, ¢ %5/ %% [l dgoom/2~1e™™ /A jrg, 5 0

2 2
and with a factor A;* e ki @z, if sz. = 0.
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(see fig.10): We delete the external line 7; of the tree and reduce by one the weight
(i.e. the power of 1/Az in the factor (195)) of another external line of the tree. For
concreteness, we use the convention that the weight of the line with the largest A, is
reduced. If a vertex of coordination number 2 is created in the process, we delete
that vertex and fuse the adjacent external lines, adding up their weights. Thus, no
vertices with coordination number two appear in our trees.

To sum up, we can bound the expression inside the sum in (196) by

oo )Lﬂ;3 3 i
/(p2 esPN) /() dln’Eﬁ'EZ*‘l o /0 dlﬂZ H fll(kla o, 91)

ie&(Ty)UE(T)
5| |Plm Artg, sy Ar, if @ is directly attached to ¥
X P log, su 172 X 2 :
2+} ( S+50P (M Ay, M 1 otherwise
(198)

where E; is the number of lines in the tree 7;.

2. Consider now the case where 7 is an external line of the tree 7. Recall that we are free to
choose the parameter s, affecting the weight of this line [cf. (195)]. The most convenient
choice at this stage is simply sz, = 0. Using lemma 5, we obtain again the bound (197),

7Tl

but with a factor A, instead of )“m in the last line. Integrating over A, , we therefore
obtain a factor 122 If m; is not directly attached to ', we can use one power of Az, to
remove the external line 7; from the tree, using the now familiar reduction procedure. If
m; is directly attached to 7/, then we can simply delete that line without any reduction
procedure. As a result, we obtain a tree T3 € Ty_1 21440, 1.6. we have the following
bound on the terms inside the sum in (196)

/(,, . /0 T / W, T] 7k, 6)
25PN

l€(‘a T3

B A2 if m is directly attached to ¥
xyzu (10g+sup<|p‘ |Plm ﬂE—))x{ 7, 1 m 1s directly attached to .

M’ Ay, M Az,  otherwise
(199)

Since the trees T, T, and T3 are again in either of the sets .7 and ¥, we can repeat the procedure
with the line 7,. After N — 1 iterations of this scheme, only one momentum integral remains.
As regards the trees in the resulting bound we are left with only one external line for all of them.
Therefore the bound is expressed in terms of k <N trees 71 € T, 1,0, T € T, 1,05, Ik €
Tpedi,0 With n; =1 for some i < k and n; = 0 for all j # i. Since no vertices of coordination
number 2 are allowed, these trees contain no internal lines. The corresponding bound hence
contains only one momentum integral and one A-integral.

While iterating the cutting procedure, we have picked up positive powers of the A, at various
stages. The final exponent of Az, after (N — 1)-iterations can be checked via power counting:

We performed (N — 1) momentum integrals, which yield a power l;lstl). The removed (N — 1)
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external lines contribute a power of ?L,;vz(Nfl)

each term in the sum in (196) is bounded by

N-+N, 2 lp| plm A
/ dlnN/)L +Ny — p,a G,TN)QZH% (log+sup(M P 1\? ) (200)

N

, and the internal lines a power of Ag\;’/ N Thus,

The final momentum integral can be bounded as before. Choosing the weight sz, of the final
external line larger than zero, we arrive at

; M A
/ Ay Ay SN/ drow/> e ™M My g, <log+sup (/ln ”N)) . (01)
N

For the integral over Az, to be convergent, we need to choose sz, > N + Ny . In particular we
are free to pick for example sz, = N+ Ny + 1, which allows us to bound the final A-integral as

follows:
S M A
/ R 2L+ (log+sup (l M ))
TN

oo 1/2 -1/2
& —2 —TM? )20} M Ag, = T
< K/O dAny Ag, e N ()LEN _|__ <K A

(202)

for some positive constant K = K(N,L). Using this inequality, it is easy to bound the 7-integral
in (201) (recall that we consider the case N > 0):

- 1 N+Ny —2 -
201) < RM~32 / drr 7 <RMY2. (203)
0

To sum up, we have found that, choosing the parameters sz, as discussed above, every term in
the sum in (196) is bounded simply by K M —3/2_ Since the bound holds for any tree T in the
sum over Ty o7 420 in (194), we obtain in total

/p ) ig:N,L(ﬁA(@@ﬁB(O);P) [ (2)
15---9PN . ;

i=1 P
N ([A]+[B)) (N+2L+3) N B s
< /TATIB] KAH8) qup(y, Ly a0 3 yypon3e Y T il
- R x| ‘ MK
n= u=0 s1+...+sy=N-+n+1
Myt U =H
(204)

The constant K = K(N,L) absorbs K as well as additional N,L dependent factors from the
summations over Ty 27420 and &(&). The desired inequality (155), and thereby corollary 6,
finally follows after combining the sums over n and U into one, where we use the inequality
([A]+[B])(N+2L+3)+N+n+1 < ([A] + [B] +2)(N+2L+3).

The proofs of corollaries 2 and 4 for the smeared connected Schwinger functions with one
and no insertion are analogous, but simpler. ]
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