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Abstract: We prove that an integrated version of the Gurau colored tensor model sup-
plemented with the usual Bosonic propagator on U (1)* is renormalizable to all orders
in perturbation theory. The model is of the type expected for quantization of space-time
in 4D Euclidean gravity and is the first example of a renormalizable model of this kind.
Its vertex and propagator are four-stranded like in 4D group field theories, but without
gauge averaging on the strands. Surprisingly perhaps, the model is of the ¢° rather than
of the ¢* type, since two different ¢°-type interactions are log-divergent, i.e. marginal in
the renormalization group sense. The renormalization proof relies on a multiscale analy-
sis. It identifies all divergent graphs through a power counting theorem. These divergent
graphs have internal and external structure of a particular kind called melonic. Melonic
graphs dominate the 1/N expansion of colored tensor models and generalize the planar
ribbon graphs of matrix models. A new locality principle is established for this category
of graphs which allows to renormalize their divergences through counterterms of the
form of the bare Lagrangian interactions. The model also has an unexpected anomalous
log-divergent ( [ $%)? term, which can be interpreted as the generation of a scalar matter
field out of pure gravity.

1. Introduction

The standard model is built out of renormalizable 4 dimensional quantum field theo-
ries. In the Wilsonian point of view this is natural since these theories have long-lived
logarithmic flows. They can survive almost unchanged through long sequences of ren-
ormalization group transformations. Our universe seems to favor such theories because
it is very large (at least in terms of the Planck scale). It would be desirable to describe
also quantum gravity with a similar renormalizable model [1].

However the ordinary approach to quantize the Einstein-Hilbert action around flat
space is well known to lead to a perturbatively non-renormalizable theory. Attention has
turned to add symmetries and extended objects (supergravity, superstring and related
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approaches) or to create space-time itself from more fundamental entities. In this second
point of view these entities can still obey the rules of a more abstract “pregeometric”
quantum field theory but it is natural to drop some of the fundamental axioms, for
instance ordinary locality and Poincaré invariance. Let us from now on restrict ourselves
to Euclidean quantum field theory. The most natural assumption is that classical Euclid-
ean space-time and general relativity could be an effective product of such a pregeometric
quantum field theory resulting from a phase transition, just as hadronic physics is the
effective product of QCD.

Until now the main success in this direction is the random matrix approach to the
quantization of 2D gravity [2]. It produces indeed a theory of continuous Riemann sur-
faces through a phase transition with computable critical exponents [3,4]. It can also
reproduce through a double scaling a sum of surfaces of different genera [5—7]. Moreover
the theory allows fruitful applications to 2D statistical physics through the KPZ map
[8—11]. This success relies on a fundamental tool to analyze the statistical properties of
large random matrices, namely the 1/N expansion [12].

Random tensor models [13—16] of rank D > 3 are the first and most natural attempt
to generalize this success to higher dimensions D > 3. The natural vertex is the
D-stranded ¢P*!-type vertex associated to the complete graph on D + 1 points. Since
such points define a D-simplex, the Feynman graphs of the theory are dual to triangu-
lations of D-dimensional topological spaces. However until recently there was no way
to address statistical properties of large tensors of rank higher than 2 through a 1/N
expansion, hence such models have been mostly studied through computer simulations.
See also [17-19] for other related approaches.

Group field theory is a special kind of random tensor model in which one adds a
Lie group G and a gauge invariance [20-24].! In dimension D the natural Lie group
is SO (D) (or its covering group). Gauge invariance consists in averaging over a single
simultaneous action of G on all D-strands of the propagator.” This gauge invariance
implements the flatness condition of the B F' theory, because it ensures trivial holonomy
for parallel transport of vectors along all faces of the triangulated space. In three dimen-
sions it seems related to the quantization of gravity because the classical Einstein-Hilbert
action reduces to the B F theory in D = 3.

In four dimensions more elaborate propagators have been proposed [25-28] to imple-
ment the Plebanski simplicity constraints on the 4 dimensional Ooguri GFT or 4DBF
theory. Hopefully, this could free the local modes of classical 4 D gravity, those respon-
sible for gravitational waves. However, the analysis of the corresponding amplitudes has
turned out to be harder than expected [29]. Detailed studies for the power counting of
group field theory amplitudes [30-36] have not lead to any renormalizable group field
theory yet.

Recently a breakthrough occurred. A new class of colored models [37] provided at
last tensor theories and group field theories with their missing analytic tool, namely the
1/N expansion [38—40]. Results on statistical mechanics on random D > 3 geometries
followed quickly [41-43]. We refer to [44] for a review and to [45—48] for other results
or aspects of this thriving subject.

1 Group field theory is related to loop quantum gravity since the Feynman amplitudes of group field theory
are the spinfoams in the covariant version of LQG. But it improves the latter with key ingredients: canonical
combinatoric weights for the spinfoams from the Wick theorem, plus the potential to harness the power of
quantum field theory tools: functional integrals, non-perturbative expansions and the renormalization group.

2 In the initial paper of Boulatov and many subsequent works, the propagator is incorporated into the vertex,
an unfortunate convention from the QFT point of view.
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Even more important perhaps, actions for uncolored random tensor theories were
developed [49]. They obey an infinite dimensional symmetry algebra, based on D-ary
trees and their fusion rules, which we propose to call the Gurau algebra. This theory
and this symmetry has been proved universal in the precise sense of probability theory:
every independent-identically-distributed or even invariant probability law on uncolored
random tensors is governed in the large N limit by the 1/ N expansion of colored models
[50]. Hence it is the correct extension in higher dimensions of the central limit theorem
and of the Wigner-Dyson theory of random matrices.

This breakthrough opens a new program, namely the systematic investigation of ten-
sor field theories of rank higher than 2 and the classification of their renormalization
group flows and critical points using these new analytic tools. We hope this could lead
to a simpler and more convincing quantization of gravity in 3 and 4 dimensions. It could
also provide the correct extension to higher dimensions of 2D conformal symmetry and
integrability which have been so useful in the study of 2D statistical mechanics models
and of their phase transitions.

This paper is a first step in this program. We use the 1/N expansion of colored random
tensors to build the first renormalizable uncolored rank 4 tensor quantum field theory.
Our model can be considered as a natural higher rank analog of the Grosse-Wulkenhaar
model [51,52], which was built around the ordinary 1/N expansion of random matrices.
It can be also considered as a group field theory with group G = U (1), but we prefer not
to use this terminology since we perform no gauge averaging on the propagator strands.
Our model is a four dimensional quantum field theory of a single scalar field with the
ordinary (—A + m?)~! propagator. For earlier approaches to group field theory with
inverse Laplacian propagators see [53] and references therein. We also mention that the
requirement of Laplacian dynamics in a renormalization analysis of group field theory
has been underlined in [54]. Each coordinate is associated to a tensor index, so the model
is both 4 dimensional and rank 4. For simplicity, we choose to formulate the theory on
the four dimensional torus 74 = U (1)* rather than on R?, but this is not a fundamental
feature.

Only the interaction of our model is new. We obtain this interaction by truncating
the infinite series of melonic terms in the Gurau action [49] to eliminate the irrelevant
terms. This parallels exactly what is done on the infinite series of local interaction terms
f ¢ (x)"*dx in ordinary renormalizable quantum field theory. The usual f ¢* (x)dx action
is the correct truncation for renormalizability in 4 dimensions. Irrelevant terms do not
appear in the bare action. It is also the recipe for renormalizable matrix-like quantum
field theories such as the Grosse-Wulkenhaar model, where the infinite series of TrM"
terms is truncated (in that model again to order 4). This is because the TrM" terms are the
right matrix analogs of local interactions. Similarly melonic terms are the right analogs
of local interactions for tensor theories of rank 3 or more.*

It happens that 6 is the right order of truncation for this model to get just renormaliz-
ability with the (—A +m?)~! propagator. We need also to add the correct terms of order
4 and 2. The theory generates a single unexpected ( [ ¢ (x)?dx)? anomaly which could

3 The compact four dimensional space 7y = U (1)* on which the theory lives could be replaced by R*. This
would introduce the usual distinction between infrared and ultraviolet divergences. The infrared divergences
could be cured by an infrared regulator such as an harmonic potential a la Grosse-Wulkenhaar. This is left to
a future study.

4 We nevertheless agree that when written in terms of coordinates on T# the melonic interactions look
unfamiliar at first sight. The four different coordinates of U * correspond to different strands in the propa-
gator which are identified according to the melonic drawings. The resulting interaction is certainly not local
in the usual sense.
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be interpreted as the generation of a scalar matter field out of pure gravity (see Subsect.
6.3). Adding the corresponding fourth order term to the Lagrangian we prove through a
multiscale analysis that our model is renormalizable to all orders of perturbation theory.

Our model being defined on a compact space there is only one half-direction for the
renormalization group. According to the usual quantum field theory conventions we call
it the ultraviolet direction, as it describes short range fluctuations of the field.

Section 2 introduces the model and notations and states our main theorem. Section 3
writes its multiscale decomposition and bounds. Sections 4 and 5 identify the contribu-
tions to renormalize, including the anomalous term. Section 6 performs renormalization
through suitable Taylor expansions around the local melonic parts of every divergent
subgraph in the multiscale analysis. Section 7 lists some perspectives and open problems.
An appendix provides some details on calculations invoked in the text and introduces a
similar just renormalizable theory in dimension 3. The important physical issues of the
underlying model symmetries, renormalization group flow and possible phase transitions
of such models are postponed to subsequent works.

2. The Model

We start by a blitz review of the basic ingredient, colored rank 4 tensor field theory [37].
Let us consider a family of 5 = 4 + 1 complex fourth rank tensor fields over the group
U@, ¢ U(* - C. They are labeled with anindexa = 0, 1, 2, ..., 4, called color.
These colored fields can be expanded into Fourier modes

Ol asa= D ¢ PP 6;€10,27), [pj1=(p1, P2, P3, Pa),s
pPj €z
(1
where the group elements #; € U(1). We adopt the notation ¢“(hy, h, h3, hy) =
<pf’2,3’ 4- Remark that no symmetry under permutation of arguments is assumed for any
of the field ¢ and for the corresponding tensors goflpj].

The kinetic part of the action for the last four fields is the standard “local” colored
one

4
kin,1,2,3,4 _ —a a
S = Z/h ¥1,2,3,491,2,3,4+ 2)
a=1 J

The symbol |, h stands for the Haar measure over all group variables with label of the form

h ;. For each variable, this is merely the normalized compact integral (1/27) fo2 Tde I
The interaction part of the action is the standard colored action in 4 dimensions [37]

int _ 3 0 1 2 3 4
ST = k/ ©1,2,3,4%94,5,6,797,3.8,9 99.6.2,10 ¥10,8,5,1
ij

5 -0 -1 -2 -3 -4

+A /h %1,2,3,4 ¥4,5,6,7 97,3,8,9 99,6,2,10 ¥10,8,5,1 )
ij

where A and A are coupling constants.

5 Recall that the large Fourier modes in group field theory or spin-foams are often considered the infrared
direction, because of a different interpretation. If space-time is the effective product of a phase transition, this
interpretation may be dubious.
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We want to build a model in which the field with color O is singled out and is the
only dynamical field. Hence for that single field we introduce a different propagator with
quadratic action

4
ghin-0 = / 95?,2,3,4( - z Ay + m2)¢?,2,3,4» “)
hj s=1
where A, = 8(23) , denotes the Laplacian on U (1) = S acting on the strand index s.

2y=1 is noted

The corresponding Gaussian measure of covariance C = (— > Ay +m
asdiuc.
We integrate over the four colors 1,2,3,4 and obtain a partition function with an

effective action for the last tensor (po [49]:

_Sinl,U

4 =/dﬂc[<ﬂo] e ;

~= (5)
. (AM)B D)— 2w (B _
Smt,o — E Sym(B) Nf(Pw ) (D—2)_w( )TTB[¢O¢0],
B

where the sum in B is performed on all bubbles, or connected vacuum graphs with col-
ors 1 up to D and p vertices; f(p, D) is a positive function of the number of vertices
and the dimension; w(B) := > ; gy is the sum of genera of sub-ribbon graphs called
jackets J of the bubble, and Trz[@%¢"] are called tensor network operators. Graphs with
o (B) = 0 are called melons. Non melonic contributions defined by w (B) > 0 are clearly
suppressed from (5). For details on all this terminology we refer to [44] and references
therein. We will concentrate only on the melonic sector of the theory. A fundamental idea
of [49] is to attribute a different coupling constant to different tensor network operators.
We simply write (dropping from now on the last color index 0)

int,0 __ )‘B -
sint0 — % Sym(B) Trplggl. ©)

In order to get a renormalizable theory, we have to truncate this action to a finite number
of marginal and relevant terms, in renormalization group language.

The trace operators or effective interaction terms that we will consider in the following
are monomials of order six at most, given by

S6;l = / ¥1,2,3,4 @1’,2,3,4 1,23 .4 @1”,2’,3’,4’ 17,27 3" 4" @1,2”,3”,4”
hj
+ permutations, 7

S6:2 =/ $1,2,3,4 P17,2/,3.4 P12 3 4 P17 23,4 P17.27 30 47 P12 37 4"
hj
+ permutations, ®)

Sa:1 = / $1,2,3,4 912,34 912,34 $1,2,3 4 + permutations, ©)
hj
where the sum is over all 24 permutations of the four color indices.

Feynman graphs are tensor like: fields are represented by half lines with four strands,
propagators are lines with the same structure (see Fig. 1), meanwhile, vertices are non
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Fig. 1. The propagator

I, =0

Al A

Fig. 2. Vertices of the type Ve (left) and V.o (right)

N W

Fig. 3. Vertices of the type Vy.1 (left) and Vy.5 (right)

local objects as depicted in Figs. 2 and 3. For convenience, we will sometimes use
simplified diagrammatics where the strand structure will be hidden.

Furthermore, the renormalization analysis of Sect. 6 also leads to add to the action
another ¢*-type anomalous divergent term, namely:

S4.0 = / ©1,2,3,491,2,3.4 // O Y A A U VU I (10)
W,
J

hj

The interaction (10) can be considered as a joined pair of two factorized ¢? vertices
which we represent as two lines with a dotted line between them, see Fig. 3.

In the next section we shall introduce an ultraviolet cutoff A on the propagator, which
becomes C*. We introduce as usual bare and renormalized couplings, the difference of
which are coupling constants counterterms, called CT. We have also to introduce count-
erterms in the bare action to perform the mass and wave function renormalization, hence
we also define quadratic terms in the action:
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4
S2:1 =/ 01234901234, S22 =/ @1,2,3,4(— ZAS)¢1,2,3,4' 1D

hj s=1

The propagator C has for coefficients the renormalized mass 72 and the renormalized
wave function 1.
The action of the model is then defined as

S™ = A8 et + 1062 + Mgy Sait + Mgy San + CTS So.1 + CTS, 800, (12)

and the partition function is

z =/ducA[¢] e 5" (13)

The renormalization theorem means that we can define four renormalized coupling
constants he1s Mg )\ff‘i Ay such that choosing appropriately the 6 counterterms power
series then the power series expansion of any Schwinger function of the model expressed
in powers of the renormalized couplings has a finite limit at all orders. More precisely
Theorem 1. There exist 6 counterterms C Té{\l ,C Tﬁ{\z, C T41,\1, C T41,\2, C T2‘,\1, C T21,\2, each
of which a multi-power series of the four renormalized couplings (kgf’f , )»gfg , )»fff , )»2?3 ,

with A dependent coefficients, such that C Té\l, C Té\z, C T41;\1, C T4/;\2 have valuation at

least 2 and C Tz‘.\l, C Tz{\z have valuation at least 1, and such that if the bare couplings
in the equation are defined as

My = M+ T Gy . 1, (14)
My = M+ CT GG 1), (15)
My = M+ CT G 2. 1), (16)
My = M + CT GG 2. 1), a7

then the Schwinger functions of the model with partition function 13, when re-expressed
as multi-power series in the four renormalized couplings (Ag?f, Ag?;’, Af‘??, AZ‘?;), have

all their coefficients finite when the ultraviolet cutoff A goes to infinity.

This is the usual statement of perturbative renormalizability of the model. The rest
of the paper is devoted to the proof of this theorem.

3. Multiscale Analysis

In this section, we define the multiscale analysis leading to the power counting and proof
of Theorem 1. First, we need a bound on the propagator adapted to the scale analysis.
Then, we apply the usual multiscale formalism [55]. We obtain a prime power counting
of the amplitude of any graph in term of its high or quasi-local subgraphs. The fine
analysis of this power counting and renormalization program will be differed to the next
sections.

3.1. Decomposition and bounds on the propagator. Let us consider the U (1) tensor
dynamical model defined by the kinetic term



76 J. Ben Geloun, V. Rivasseau

4
shin = / @1,2,3,4( — D A+ m2)<p1,2,3,4~ (13)
hj s=1

Given a set of integers ({gs}; {q;}) := ({q1. 92, g3, q4}; {4}, 93. 95, 44D). Gs. 45 € Z, the
kernel of the propagator [— Z?:l Ay +m?]~! in momentum space can be written

4 B 4
Clla talh = [ D@ +m?] [Hs%,q;]. (19)
s=1 s=1

Choosing a local coordinate system on st ~ U@, parameterized by 6 € [0, 2r7),
consider a set of such coordinates ({0s}; {6,}) := ({01, 02, 63, 04}: {07, 65, 05, 6;}) and
the corresponding elements ({/;}; {h}}) such that h; = €% s =1, ..., 4. The kernel
(19) expressed in the direct space can be evaluated as

CAok ) = D Clagsh {gihe Zolasti=aied]

qs.qs €L

Z / Zg qY +m ]+l ZA q;(f); 0 )dot (20)

qs €L

where we have introduced a Schwinger parameter «.
A direct calculation yields, up to some unessential constant k = 72,
—mza

e~ 3 Zol6 =0 (g1 40} (61)) dev,

C{B): 101) = k/o

T(a;{@s};{QS’,})—H[1+ZZe = cosh[—[@s—e]]]

where T can be related to the third Jacobi elliptic function (although this special function
is not used in this paper) [56]. This is the general expression of the covariance in this
U (1) theory, which is the simplest finite volume four-dimensional theory with periodic
boundary conditions on the Laplacian. The latter is an important feature of this theory:
amplitudes and functions involving the quantities |0; —0; | will be all translation invariant
as functions on the torus.

In the following developments, we do not actually need the explicit expression of
this propagator but only its behavior at small distance will be useful. The problem of
infrared divergences is simply avoided in this paper by the fact that U (1) is compact and
for simplicity we can even assume m? = 0, to have no problem with the zero mode of
the propagator.

We introduce the usual slice decomposition of the propagator:

o0
c=> 0.
=0

Col6s}: 10D =k/1 ¢

M —m2a

21

71”’[20(

e~ Tl OF 7 (o (6,); (6]) der, @)

Ci({es};{es’})=k/ e~ D001 7 (g1 {0, : {6])) da.

M2+ O(2
The following statement holds
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Lemma 1. Foralli =0, 1, ..., forallm € N there exist some constants K > 0, K, > 0
and § > 0 such that

Ci({6,): {6])) < KM% ¢=8M" Zicy 10631, (23)

m .
(TT 000 ) Ci0s1: 161 = K G2 =3M Xm0 24)
k=1

Proof. For small «, the propagator can be faithfully approximated by a heat kernel. In
a high slice i > 1, the following bound is valid (see Appendix A for the calculation
details)

M2 —m?a

Ci((6:): 16)) < K’ / do €

. o~ da TylO—0 < g g2 8 M E 1061
M2+ o

(25)
where K’, K" and 8’ are constants. From this last expression, we get the useful bound
Ci(16); (6))) < KM% =0M" 2 10011, (26)

with K and § some constants and the sum is performed over s = 1, ..., 4. For the last
slice, we have (see Appendix A)

0 ,—mla)2 ,
Cotl6s}; (1) < K’ /1 o da = Ke X @7)

where we used the fact that |0; — ;| < 27. This proves the first bound (23).

For the second inequality, we can differentiate m times the propagator with respect
to a set of strands and get (note that we reintroduce the momentum space representation
as intermediate step using a slice decomposition from (20) for simplifications)

|(£[1 B, ) Ci(164); (6D

M2

m
(—inJag.)|e 012 a4m) pi Xy asl6s=6]
< Z/ —2(3i+1) oc’"/2 H l\/aqsk)]e ‘ !
=1

_“[Z; qs2+m2] i Zx qs [0 _03,]
<K, ml Z/ Ny e do|

< K, M2+2m/2i oM X, 16,651 (28)

where, in the last stage, we perform the summation in ¢’s and use again the bound on 7
(according to the same procedure yielding (25)).
Similarly, for the last slice, we have

—m oz/2

m 00
((TT 207 ) Cotte: 61 < K’/1 S e < Kne T 09)
k=1

O
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Imposing an ultraviolet cutoff consists in summing the slice index only up to a large
integer A in (22),

A
ch = ZCi , (30)
i=0

and the ultraviolet limit is A — oco. From now on, we forget the superscript A most of
the time for simplicity.

3.2. Momentum attributions and optimal amplitude bound. Let us consider a connected
amputated graph G with set of vertices )V, with cardinal V = |V, and L set of lines, with
cardinal L = |L]. Let Nex be the number of external fields or legs. Since wave-function
counterterms have special power counting because they carry an extra p2, we suppose
first for simplicity that the graph does not have wave-function counterterm, then we add
the easy correction for wave function counterterms.

Direct space - The bare amplitude associated with G is of the form

A6 = 3, [T 00T Coogn (Brctonsls . DI [] 8660 = 0,0,
w v,s

el veV; s
(1)

where 6, ¢(v),s are coordinates involved in the propagator which should possess a vertex
label v, a strand label s but also a line index ig; 6, are the same position coordinates
involved in the vertex which should have both vertex v and strand s labels; 8 (0, s — 6, s)
is the delta Dirac distribution on the torus; p = (i, i2, ..., iy) is a multi-index called
momentum assignment which gives to each propagator of each internal line £ of the
graph a scale iy € [0, A]; the sum over p is performed on all possible assignments.
The graph being amputated, there is no external propagator but rather external vertices
where test functions or external fields can be hooked. It is conventional to give a fixed
scale iexe = —1 for those external lines. We focus on Ag,,. The sum Ag = > Ag.,
can be done only after renormalization.

The next stage is to perform some spatial integrations of the 6, ¢ vertex variables in
Ag:. .. The main point is to bound this integral in an “optimal” way.

Given a momentum assignment u and a fixed scale i, we consider the complete list of
the connected components G Ek), k=1,2,...,k(i), of the subgraph G; made of all lines
in G with the scale attribution j > i in p. These subgraphs called high or quasi-local
are the key objects in the multiscale expansion [55]. A partial (inclusion) order can be
defined on the set of Gl(.k) and Gy = §. The abstract tree made of nodes as the ng)
associated to that partial order is called the Gallavotti-Nicolo tree [57], for which G is
merely the root. Given an arbitrary subgraph g, one defines:

ig(pn) =infi(n),  eg(n) = sup i(w). (32)

leg I external line of g
The first quantity is the lowest scale inside the subgraph g whereas the second corre-
sponds to the higher scale of all lines (external to g) to which the subgraph g is hooked.
The subgraph g is a ng) for a given w if and only if iy (1) > i > eg (), in other words,
any internal scale is higher than the greater external scale. In the ordinary field theory
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situation, the key point is to optimize the bound over spatial integrations by choosing a
spanning tree T of G © compatible with the abstract Gallavotti-Nicolo tree. This can be
done by considering the restriction Tl.k of T to any ng) in such a way that Tl.k is still a
spanning tree for Glgk).

The present situation is slightly different. Due to the particular form of the vertex
operator, i.e. a product of delta functions, the graph amplitude Ag factorizes in terms
of closed or open circuits called “faces”. This notion coincides with ribbon graph faces
in the matrix model, see for instance [58]. Let F be the set of such faces which can be
decomposed in closed or internal faces, say Fiy;, and open faces which touch on external
vertices, we call them Fey. The cardinal F of F is of course the sum of Fey and Fiye
cardinal of Fjy; and Fey¢, respectively.

We write, using at first the bound (23) (and dropping some indices, for simplicity
ie(n) = ip),

. _(SMI'Z 4_ Oy i S_Q/ .
Ag;u| = /[I Idev,s][l I KM?*te Lm0, v’l(“rl] | | 8(Oy,s — Oy )
v

tel veV
< [1_[ KMZI'Z]/[H Hdef,f] H He—SMi/é |9Lf—92,f\_ (33)
tel feFtef feFtef

In the last step, we simply rewrite the amplitude in terms of faces and the product [,
is performed over all lines (here strands) from which a given face f is built. After this
factorization, each variable 6 can be now indexed by a couple (¢, f),i.e. by aunique face
and a line where it can appear. Each variable can only appear (at most) in two such lines.
Each integration in position coordinates 6 will bring a “good” factor of M~'. We
therefore need to integrate as much as possible position coordinates with decay factors
from high indices i; in order to bring more convergence. There is a way to optimize the
bound on position integrations but, first, let us define the “scale of a strand” as the same
scale of the line generating this strand. We can integrate all positions but one in each
open or closed faces. Along any open face of a ng), we can integrate all positions but
one; each integration will give a factor M /¢ corresponding to the strand (and its scale
index) where the integrated variable belongs. It remains a last integration with respect
to a variable touching an external strand. It will be made later with a lower line and
that will bring a larger factor of M —J, with Jj < iy — 1. Hence for an open face, all
internal decays can be used once. For closed faces, the problem is similar but one last
integration cannot be performed with scaled decays. The integration of the closed face
can be optimized by simply choosing the highest scales of strands belonging to the face.
This integration, similar to a momentum routine, will be performed on position labels
on a tree Ty (this tree is not a tree of lines as in ordinary quantum field theory, but a tree
made of strands which possess also a scale index) associated with the face f. If f is
open Ty = f,if fisclosed Ty C f and Ty consists in the set of all strands of f save
one. The tree Ty C f (which is the analog of the spanning tree 7') will be chosen to be

compatible with the abstract Gallavoti-Nicolo tree associated with the G gk) in the sense
that, the restriction T”Si =TrN ng) is an open face in ng) (see Fig. 4). The set of T;‘-i
is called a “spanning forest” and is made of a set of connected strands, a tree, belonging
to the same face.

6 A spanning tree of G is a set of lines passing through all vertices of G without forming a loop. Integrations
on vertex variables will be associated with the choice of T'.
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{G }={Gys., G, . .Gs , .. .G}
L1(10) Gyg={L2} i Gy ={L2} i .o G, ={l2,L4}} G, ={L2,l4,L1}
={L2,L4,L1,L3}; ... ={L2,L4,L1,L3}
way X e Gy ={L2,L4,L13} G, ={ 3}
T,=f T, =
Tas = Ta NGs =17 Ts = Tn NG5 =112}
Tan = Ta NG =143

Ta0 = Ta NGy = 14110

Tfl,a =Ty nGs = {l4, 11,13} TQ’ =Tg nGB = {I2}

L3(8)

Tao =Ta NG, ={41L13} Too =T NG, =12}

Fig.4. A graph with a given scale attribution: lines of the graph are {L 1, L2, L3, L4} withscale {10, 15, 8, 11};
the face f1 (in red) is open and formed by the strands /1, /4, [3; the face f2 (in green) is closed and formed

by 12,13". All G;k:I) have a unique connected component. The trees 71 and Ty decomposed on scales

appear as Ty ; and Ty ; the set of which forms a spanning forest of f1 and f2, respectively (color in on-line
version only)

‘We rewrite each factor in terms of Gfk) in the manner of [55]:

HMZiz:HﬁM2:H M w= ] [] = ] e,

leg leGi=1 leg (i,k)EN2/ZEG§k) (i,k)€N2 ZEGFM (i,k)GNz
ip iy
CIT TT» " IT IT =t [T TTITm e [T 1T TIm
feFext Lef feFin LeTrC f feFext Lefi=1 f€Fint LeTrC fi=1
=tIT I IT »wll IT  IT M~
JeFe Lef (i pyen2/eeG® JE€Fim LT C T (i kyeN? /eeG®)
M T M w0 I w0
GR feFanG etk =rnGH feFmnGY terk,=T;nG
=H H H M*l=HM74L(G,(~k))+Fim(Gf“)’ (34)
(i.k) feFﬂGEk)@ET;,- (k)

where L(G lﬁk)) and Fip (G l(k)) denote the number of internal lines and internal faces of
the subgraph Gfk) , respectively. In the last equality, we use the fact that, given the line
at scale i, all 4 strand positions can be integrated and then they should contribute to

the same the subgraph Glgk). However, since one position label per closed face is not
integrated (with any line decay) but is simply integrated over the torus (without decay),
it brings a full factor 1. Therefore we have the relation

k k
ALGy= 3 ke D (ThI+D. FnGEH= > L
feFenGH feFmnNGP feFmnG
(35)
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Combining the results (34) with the factors coming from spatial integrations, we obtain
a bound of the graph amplitude at a given attribution p,

® g (G®
|Ag.l < K" HM—ZL(G,- )+Fint (G (36)
@k

where K is some constant and # is the number of vertices of the graph (assumed without
wave-function counterterms).

Momentum basis - We briefly sketch in this paragraph how the same prime power count-
ing can be recovered in the momentum basis. The action will mainly remain the same:
each field has to be replaced by a tensor ¢, m,,ms,m, and the interaction pattern will
be the same but with respect to the discrete indices m; € Z. In this representation, the
propagator kernel is of the form (19) and we can use its parametric form. Decomposing
the propagator in the same slices C = »; C;, we have

M2 4
Cillas): lg) = / da e=el@0 @ @+l T g, 0
: M—2G+D) 1 $
4
< KM YoM ek T 5, (37)

s=1

4 4
o0 _ 2 2 2 2,2
Cillas): {q;})z/] da o=@ +@)*+(g3)>+(ga)>+m JHS%% <K H(gqs’q,_‘
s=1 s=1

s

Given a momentum assignment g, the multiscale representation of a given amputated
graph amplitude can be expressed as

Ag. = Z H Ciy(wy ({qv.ew).s 1 {qv 0w 5D H S dy.yr s (38)
Quvs el veV;s

the last §’s are Kronecker symbols associated to vertices. The sum is performed on
all integers g, s € Z in the momentum basis. Using the fact that faces factor in the
amplitude, we obtain

|Aglﬂ| = K" 1_[ M_Zil Z H li[ 8‘1'[ q E_SM_Q [Z: Iq,g|+m2]
igs iy s

el qs tel s=1 .
=K [ T [T (39)
tel 95 feFtef

where the bound (37) has been used. We introduced also g s as momenta per face ampli-
tude and the notation “/ € f” to mention the particular line (in fact, strand) contributing
to the face f. Two cases may occur: (1) the face f € Fin, then the face amplitude is of

the form Zq ; ¢~ Leer M lag Presently, we optimize by taking the lowest possible i,
in the face because, up to some constants §, &', ZPGN =M — 5 M4 O(M~); (2)
the face f is open, then all sums in g, can be performed and one gets O(1). Hence, the

first step is to bound again the above amplitude by only terms involving Fjy; . Its remains
to choose a tree Ty of each internal face f € Fjy compatible with the Gallavoti-Nicolo
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tree in the same way as done above. The contributions can be again recast in terms of
the Gl(k) (once again by introducing the restriction of T}‘ ;=TrN Gﬁk)). One infers the

same bound as given by (36).
The previous bounds apply to connected graphs without a wave function counterterm.
If the graph contains such counterterm vertices of the type S»;», let V; be their number.

For each such counterterm, we have an extra p2 hence M2 factor. Hence, we finally
have:

Lemma 2. For a connected graph G (with external arguments integrated versus fixed
smooth test functions), we have

(k)
Ag.l < K" [T M@, (40)
(i.k)

where K and n are large constants, wd(Gl(k)) = —2L(Gl(»k)) + F,-m(GEk)) + 2V2’(G§k)).
We call degree of divergence of the graph G, the quantity
wa(G) = =2L(G) + F(G) +2V;(9). (4D

4. Divergence Degree and Topology

This section establishes another expression for the divergence degree w, (G Ek)) in an ade-
quate form for the renormalization procedure. We will consider a general graph G rather

than some ng) and we introduce more ingredients for carrying through the analysis.
The following definitions follow the main ideas of jackets [33,38,39] and boundary
graph [45].

Definition 1. Let G be a graph in our 4 dimensional theory.

(i) We call colored extension of G the unique graph Geoor obtained after restoring in
G the former colored theory graph (see Fig. 5).

\ 4 4 0
3
2 1l
L /3 3 {2 21
) 0 = —
2 3 3

Fig. 5. A graph G, its colored extension Geolor (five valence vertices with colored (half-)lines), the jacket
subgraph J(01234) of G¢o1or and its associated pinched jacket J
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Fig. 6. The boundary 9G of G (see Fig. 5) and its rank 3 tensor structure

(ii) A jacket J of Geolor is a ribbon subgraph of Geoor defined by a cycle (Oabed) up to
a cyclic permutation (see Fig. 5). There are 12 such jackets in dimension 4 [39].

(iii) The jacket J is the jacket obtained from J after “pinching” viz. the procedure con-
sisting in closing all external legs present in J (see Fig. 5). Hence it is always a
vacuum graph.

(iv) The boundary G of the graph G is the closed graph defined by vertices correspond-
ing to external legs and by lines corresponding to external strands of G [45] (see
Fig. 6). It is in our case a vacuum graph of the 3 dimensional colored theory.

(v) A boundary jacket Jy is a jacket of 0G. There are 3 such boundary jackets in our
case.

Consider a connected graph G. Let Vg be its number of [ @9 type vertices (of any
type) and Vj its number of [ @* vertices of the type 1, V, its number of vertices of
type ([ @)%, V, the number of vertices of the type Ik @? (mass counterterms) and %4
the number of vertices of the type f (V)2 (wave function counterterms). Let L be its
number of lines and Ny, its number of external legs. Consider also its colored extension
Geolor and its boundary 9G.

Remark that the vertices contributing to V are disconnected from the point of view
of their strands. Hence it is convenient to reduce them in order to find the power count-
ing with respect to only connected component graphs. We will consider these types of
vertices as a pair of two 2-point vertices V', hence V)" = 2V,. The vertices V,’ are
identical to the mass vertices V, except that they occur in pairs. The pairing is pictured
in the dotted lines in Fig. 3. The power counting can be established separately for each
connected component after removing all the dotted lines.

The following statement, in the above notations, holds

Theorem 2. The divergence degree of a connected graph G is an integer which is written:

1 1
0a(@) = =3 | 2,87 =2 80 | = (Cag = 1) = Va=2(Va+ V) = ~ [New — 6],
J Jy

(42)

where g and g j, are the genus of J and Jy, respectively, Cyg is the number of connected
components of the boundary graph 3G; the first sum is performed on all closed jackets
J of Geolor and the second sum is performed on all boundary jackets Jy of 0G.

Proof. Given a connected graph (with respect to V" and not to V,;) G with the above
characteristics, we have the following relation between the numbers of lines, of external
legs and of vertices:

6Ve+4Vy+2(Va+ Vy+Vy) = 2L + Nex. (43)

Consider its colored extension Geolor. The latter graph is connected. Its number of vertices
VGeoior and its number of lines Lg_, . satisfy
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1
Vgcolor =6 V6 +4 V4 +2(V2 + VZI + V2N) ’ Lgcolor =L+ Liﬂl? Geolor — 5 (5 Vgcolor - NeXt ) ’
(44)

where Lint. G, are the internal lines of Geolor Which do not appear in G. Let us denote
Fg,,, the number of faces of Geolor. The latter can be decomposed as well in terms of
the number of faces of the initial graph, that is ', but also additional faces Fiy.g,,,,, due
to the internal colored structure:

Fgcolor =F+ Fim; Geolor* (45)

Let us focus now on the 12 jackets of G¢olor- Any such jacket is connected since Geolor
is connected. The following relations hold in the colored theory:

V] = Vgcolor’ LJ = Lgcolor’ NeXt§ J = NCth Geolor — Next . (46)

Like the initial graph, a jacket may have open and closed faces. Each face of the graph
Geolor (open or closed) is shared by exactly (D — 1)! = 6 jackets. We have

Z FJ = 6Fgc01(yr' (47)
J

The Euler characteristic of an open ribbon graph (i.e. a ribbon graph with external
legs) is not well defined. Nevertheless, closing all external half-lines in a ribbon graph
leads to another unique (closed) ribbon graph for which the above topological number is
perfectly defined. This is the purpose of the pinching procedure applied to J leading to
J. The resulting jacket J has the same number of vertices, the same number of lines as
J, but a different number of faces than J. The number of faces of J can be partitioned
into Fj = F,. 7+ Fey. 7> Where F, . 7 corresponds to Fint;y the number of faces of J
and F,,.7 is the number of additional closed faces created by the pinching procedure.

Using the formula for the Euler characteristics of J. , we have

Fi. 7+ F

i ext;

7=2-2g7—Vy+Lj. (48)

Note that all external pinched faces J come from some open faces of the initial graph
G. However Fy,. 7 can be decomposed in two categories of faces: one category of faces
which belong to G (the number of such faces is denoted by F, . 7. ¢) and another cate-
gory of faces belonging only to the internal structure of Gqor (the number of these latter
faces is denoted by F,. 7. g.,..)- Hence

Ent;j: F‘il’lt;i;g-i-F‘int;i;gco]or. (49)
The first step is to sum over all jackets in the L.h.s of (48):
Z(Fint; 7. G + Fint; T: Geolor + Fext;f) = 6Fim§g + 6Fim; Geolor T Z Fext;]~' (50)
J J

Note that the number Fiy; g, of internal faces of Geolor can be directly evaluated from

any graph: each ¢ vertex contains 12 such faces whereas each ¢* vertex contains 9 and
each ¢ type vertices contains 6 internal faces so that

Fint: Geolor = 12V +9V4 +6(V2 + V2/ + V2N). (51)
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Summing over all jackets in the r.h.s. of (48), we focus on the following part:

D =V + L1 =12[9Vs+6Vy+3(Va+ Vs + Vy)] = 6Nex. (52)
J

Equating the Lh.s and r.h.s, we extract the following relation for Fiy.g:
1 1
Fim;g:—EZFCM;;—§Zg]~+4+(6V6+3V4)—Next. (53)
J J

The next stage is to re-express »_; F,,.7 in terms of topological numbers of the

boundary graph of the graph G. This boundary 9G is defined such that
VBQ = Next, Lag = Fext. (54)

Since each external leg of the initial graph G has 4 strands and an external leg is made
with two end-points belonging to two external legs, we have

4Next = ZFext' (55)

The boundary graph is a closed (vacuum) colored graph living in the lower dimension
D — 1 = 3. Hence, the boundary graph is again a tensor graph with jackets that will be
denoted J;. Remarkably, the boundary graph may be made of several connected com-
ponents. The degree of dG is defined as the sum of genera of its jackets (which are all
closed since 3G is) whichis wyg = > ;. g7, Where g, is itself the sum of the genera of
its connected components labeled by p, i.e. g7, = >, o 8J,,- Naturally, some relations
on the numbers of vertices and lines between the boundary graph and jackets can be
found:

VJ@ = VBQ = Next, Lja = LBQ = Fext. (56)
Let Fj, the number of faces of J;. The ordinary three dimensional colored relations
apply to Jy and 9G:
1
;Fja = (3 —1)! Fyg =2Fyg, ;1 =73=3 (57)
] ¢l

Thus, we have, using the Euler characteristic formula for boundary jackets,

3
D Fu=2 [@Cs, =281~V +Ly] & Fag=2 Cy —wig+5Nex,
Ja Ja Jy

(58)

where we restrict the study to the case 0G # @ so that C;, > 1. But Cj, = Cyg, then

3
Fag =3(C3g — 1)—w3g+3+§Next. (59)
On the other hand, consider the pinched jackets J of Geolor- From the fact that each face
of the boundary graph aG (labeled by three colors, say (Oab)) is shared by exactly 2
pinched jackets of the graph Gcolor (Which will be labeled as (Oa . . . b) where the dots can
be only the two remaining numbers a, b € {1, 2, 3, 4}\{a, b}; see Fig. 7), we can relate
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oG

Fig. 7. The boundary 9G of graph G (see Fig. 5), one of its colored faces f(014) (in red) and the unique
two pinched jackets J (01234) and J'(01324) of G¢olor containing f (as highlighted) (color in on-line version
only)

ZFext;7= 2Fg. (60)
J

Inserting (59) into (60), then plugging the result in (53), furthermore, noting that
Fini:g = F and 2L = 6V +4V4 +2(Vo + V) + V') — Nex, the divergence degree
wq(G) (41) can be recast in the form

wa(G) = —2L + Fipr.g +2V;

1 3 1 B
—3[B(Cag = 1) — wsg +3+ SNew)] = 3 ;g;w — V4 —2(Va+ V)

1 1 1
= =3 2,87+ 3 280 — (Cag = D) = Va =202+ V}) = Z(Nex = 6),
J Jy
(61)
which is the desired relation. 0O

The detailed analysis of the divergence degree is in order. An important part of that
analysis is the understanding of the quantity

1 1
—32.87% 32 85— (Cog = D). (62)
J Jy

This is purpose of the next section.

5. Analysis of the Divergence Degree

This section is divided in two parts: the first part addresses the study of the sign of
the quantity (62) which is essential in the understanding of w,4(G) and, based on this
analysis, the second part classifies the primitively divergent graphs.

5.1. Bounds on genera. In this subsection, we restrict ourselves to the only important
part of the problem, namely the analysis of graphs without any two-point V5, V,; and
VZ” vertices. Indeed, when such vertices are present, we can first contract any maximal
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a a
b b 79—
Fig. 8. Ok-dipole contraction: external lines get glued

chain of these vertices into a single line, then analyze the resulting reduced graph, then
reintroduce the chains and the full graph analysis follows easily.

We now introduce a new tool to study the divergence degree, namely a sequence of
contractions which generalizes the idea of dipole contraction [38,59,60]. Contraction of
dipoles separating bubbles in a colored theory can be performed without changing the
degree. In particular a tree of O-lines in a graph can always be contracted leading to a
single “big” bubble with many 0-loops attached, which is the tensor analog of a rosette
graph. This bubble is melonic if the initial vertices of the theory were melonic, which
is the case here. In this subsection, we continue loop contractions on this generalized
rosette which may change the degree. Hence, we generalize to the tensor context the
analysis by Filk moves [61] of a ribbon rosette in non-commutative field theory [58].

Definition 2 (Ok-dipole and contraction). We define a Ok-dipole, k = 0,1, ...,4, as a
maximal subgraph of Geolor made of k + 1 lines joining two vertices, one of which of
color 0. Maximal means the Ok-dipole is not included in a O(k + 1)-dipole.

The contraction of a Ok-dipole erases the k + 1 lines of the dipole and joins the
remaining D — k lines on both sides of the dipole by respecting colors (see Fig. 8).

Lemma 3 (Graph contraction). Performing the maximal number (6Vg +4V4 — Ny ) /2
of Ok-dipole contractions on Geeor in any arbitrary order and erasing the external legs
of G leads to the boundary graph 9G.

Proof. The graph Geolor possesses Vg, = 6V + 4V4 vertices which can be decom-
posed in internal vertices Vin. G, = 0V6 +4Va — Nexe and external ones Nex; . To each
internal vertices corresponds one half-line with color 0, therefore Vip.g/2 = Lo.int:g 1S
the number of lines of color 0 on which the contraction procedure will be applied.

Let us call the graph resulting from the contraction by G. Since all vertices and lines
of 3G are not concerned by the procedure,’ they will appear again in G and hence, obvi-
ously, dG C G. Furthermore, given any order of contraction, the final graph has exactly
the same number of vertices and lines as dG. Therefore, these graphs should coincide:

G=0G. O

We turn now to the proof of two local lemmas which study the change in the sum over
jackets of the difference in genera under a dipole contraction. We consider a colored
connected graph Geolor, a fixed Ok-dipole and the contracted graph ggolor, which may or
may not be connected. We notice first that during the contraction the numbers of vertices

and lines change as
V>V =V-2L—>L =L-5, (63)

and the number of connected components can change from ¢ = 1 to ¢’ < 4. Note
however that ¢’ is constant for all jackets. Indeed, all jackets have the same number of
connected components corresponding to the number of connected components of the
graph obtained after contraction.

7 For instance, an open face (0a) cannot be deleted by the dipole contraction procedure, it can just be
shortened.
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=/
7R

Fig. 9. An inner face (in red) of a 01-dipole diagram (color figure online)

To track the change in faces, we introduce the notion of pair types for the contraction.

A pair for which the two colors are external to the dipole is called “outer”. A pair
which has one color inside the dipole and one out is called a “mixed” pair. A pair with
two colors inside the dipole is called an “inner” pair. The total number of pairs is always
10 and the number of mixed pairs is at least 4. A pair is said to belong to a jacket if the
pair is one of the five adjacent pairs in the jacket cycle.

We say that an outer pair is of type A, or disconnected by the dipole contraction if
the half-strands at each corner on the left and on the right of the dipole belong to two
different connected components of the graph after the dipole contraction. In the converse
case, we call it a “special” pair. A special pair can be single-faced if the two corners
belong to the same face of the graph, or double-faced if the two corners belong to two
different faces of the graph. A moment of reflexion about open faces reveals that any
type A outer pair must be single-faced at the beginning. Hence we have a classification
of outer pairs into three types:

e Type A outer pairs are single-faced,
e Type B outer pairs are single-faced,
e Type C outer pairs are double-faced.

Transverse pairs do not change their number of faces under contraction. Inner pairs
have one face less after contraction. Type A and B outer pairs have one face more after
contraction and type C outer pairs have one face less after the contraction. Hence for
any jacket,

(Fp — Fp) =[A7l+|Bj| = |C7l = |I7l, (64)
where |A 7| is the number of pairs of type A in the jacket and so on, and |/7] is the
number of inner faces (for an illustration, see Fig. 9).

We prove now two lemmas® analyzing the difference (64) after summing over jackets.

Lemma 4. Performing any Ok-dipole contraction on a graph, we obtain

D (g7 —gm) = 0. (65)
J

Moreover, if 3 (g7 — g5) > 0 then

D (g7 —g7) = 6. (66)
J

8 We warmly thank the referee for his constructive remarks improving the formulation and proof of these
lemmas.
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B

Fig. 10. 00-dipoles configurations

Proof. We have

2—-2g5=V —-L+Fjy,
2 —2¢7 =V —L'+F; =(V—=2)—(L—-5)+Fj, (67)

1
(87 —85) = 5[(F,~, —Fp+3-2(c -]
Now using the fact that each face is shared by 6 jackets and that ¢’ is constant for all

jackets, by summing the last expression (67) over all jackets (recalling there are 12 of
them) and using (64), we infer

Z(gj—gj,)=3(A+B—C—I)+18—12(c/—l), (68)
J
where we introduced the quantities A = >, A7, B = > ;B7.C = > ,C7, and

1= 15
We perform a case by case study, proving that 3(A+ B —C —I)+18 —12(c' — 1) is
always positive and, always greater than 6 whenever it turns out to be strictly positive.

e [’ Case: 00-dipole contraction. An unique internal line with color 0 is contracted.
There are four mixed pairs, six outer pairs and no inner pair. Each jacket contains
two mixed and three outer pairs.

— I*" subcase ¢’ = 4 (Fig. 10-A). This can happen only if the resulting graph has
on each line 1, 2, 3, 4, a connected two-point subgraph. In that case, all six outer
pairs must be of type A. Hence, the 00-dipole contraction yields for all jackets:

3(6) + 18 — 12(c' — 1) = 0. (69)

— 2" subcase ¢’ = 3 (Fig. 10-B). This case happens if we have two connected two-
point functions plus one connected four-point function on four half-lines hooked
to the dipole. In that case, we have 5 corner pairs of type A and one special pair,
which can be type B or type C. We symbolically write for any possible choices:

35+ D) +18—12(c' — 1) € {6, 12}. (70)

— 3" subcase ¢’ = 2 (Fig. 10-Ca and Cb). This can happen with two subsubcases:
one with two connected four-point functions and one with one six-point and one
two-point connected functions.

In the first subsubcase, there are 4 corner pairs of type A, and 2 of type either B
or C. We have

34+ 1+£1)+18—12(c' — 1) € {12, 18, 24). (71)
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In the second subsubcase, there are 3 outer pairs of type A and three special pairs.
This corresponds to

33E1£1+£1D)+18—12(c — 1) € {6, 12, 18, 24}. (72)

— 4" subcase ¢’ = 1 (Fig. 10-D). Contracting the dipole gives a single connected
component, hence ¢’ — ¢ = 0. It can happen if we have an eight-point connected
function. There are no pairs of type A and six special pairs, hence

3(E1£1 1+ 141+ D+18—12(c —1)€{0, 6, 12, 18,24,30,36}.  (73)

2" Case: 01-dipole contraction. There are one inner pair, six mixed pairs and three

outer pairs. There are three subcases.

— I’" subcase ¢’ = 3. In this case, the three outer pairs are type A, and there are no
special pairs:

33—1)+18—12(c — 1) = 0. (74)

— 2™ subcase ¢’ = 2. This situation yields two outer pairs of type A and one
special:

32+ 1—1)+18—12(c' — 1) € {6, 12}. (75)

— 3" subcase ¢’ = 1. Here, no outer pair is type A, the three outer pairs are special.
This yields

31 £ 11— D +18—12(c — 1) € {6, 12, 18, 24]}. (76)

374 Case: 02-dipole contraction. There are three inner pairs, six mixed pairs and one
outer pair. There are two subcases.
— I’" subcase ¢’ = 2. In this case, the outer pair is type A, and in all cases

3(1=3)+18—12(c' — 1) =0. a7)
2" subcase ¢’ = 1. Here, the outer pair is special and one gets
3(£1—3)+18—12(c' — 1) € {6, 12}. (78)

4'" Case: 03-dipole contraction. There are six inner pairs and four mixed pairs,
(¢’ — 1) = 0 such that one has

3(—=6) +18 — 12(c' — 1) = 0. (79)

5t Case: 04-dipole contraction. This is the easiest case as it destroys completely a
full vacuum connected component with two vertices and five lines. In that case, there
are ten inner pairs, (¢’ — 1) = —1 and so

3(—=10) +18 — 12(¢' — 1) = 0. (80)

Hence in all above cases (65) and (66) are true. O

Definition 3 (Jacket inclusion). We say that a 4-jacket J (i.e. a jacket defined by a cycle

of length 5 up to orientation) contains a 3-jacket J' without the color 0, and we write
J' C J, if J' is the cycle obtained by contracting the color 0 is the cycle of J (up to
orientations).
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There are obviously 4 jackets J, namely (Oabcd), (a0bcd), (abOcd) and (abcOd)
containing a given (boundary jacket) J’ = (abcd). They correspond to inserting O at
any position in J'.

Lemma 5 (Genus bounds). We have
>er—4> gs eN (81)
J Jy

Moreover

D=0 = D gr—4> g, =6 (82)
Jy J Jy
D gn=0and D g7>=0 = > g;>6. (83)
Jy J J

Proof. We perform a full sequence of Ok-dipole contractions on the initial graph G and
arrive at the graph G =ag. By Lemma 4, any genus of any pinched jacket J decreases
along that sequence® and, at the end, the pinched jacket coincides with the jacket Jj.

To each boundary jacket Jy we can associate four J such that Jy3 C J. This proves
(81)—(82). If > 7, 87, = 0 and 2.7 &7 > 0, then at some point along that sequence we
can again use (66), which proves (83). O

5.2. Classification of divergent graphs. We have G # ¢, hence Cj, > 1, this means
that we will always consider a graph G with a boundary in the following develop-
ments. Furthermore Cj;, < Nex:/2, because each connected components must have
at least a non-zero even number of external legs. Let us define the integer P(G) =
(Coag — D+ Va+2(Va+V)) + % [Next — 6]. Lemma 5 translates into

Lemma 6 (Power counting bound). We have

1
0a(@) = =3 287 =28 |~ PO = =D 85— PO, (84)
J .
D en>=0 = wi(G)<-2->g,—P@G). (85
Jy Jy
D 85, =0 and Zg,>o = wi(§) < -2~ P@). (86)

Jd

We search now for the list of graphs with wy(G) > 0 which are those which should
be renormalized.

Case Nex; > 6. In this situation, Nexy > 8, so that P(G) > 1, w(G) < —1 and hence

the graph has a converging amplitude.

Case Nexi = 6. The divergence degree is at most zero and can be so only if

Zg,d Zg]—O Va=Va+ V) =0. (87)

9 Given a jacket J and its contraction J', we can also prove that g7 > g7 using similar techniques as
developed in Lemma 4. This inequality, holding jacket by jacket, is a stronger result than Lemma 4.
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Fig. 11. The tadpole of V., has a disconnected boundary graph

Case Nexy = 4. P(G) = (Cyg — 1) + Va4 +2(V2 + V') — 1. The divergence degree is at
most 1. It can be 1 only if P(G) = —1, and in fact if

Cr=1, D gn=>87=0 Vi=V+V)=0. (88)
Jy J

But it could be zero if P(G) = 0, in which case we must have either

Cj, =2, Zg,,, Zg,_o Va=Va+ V) =0, (89)

or

Cr=1, D gn=28;=0, Vi=1 Vi+Vy=0. (90)
J

Finally, when P(G) = —1,hence Cj; = 1,V4 = Vo + V) = 0, if Zfa gs, > 0, we
have w;(G) < —2 by (85) and if ZJa g5, =0 and > ;g7 > 0wehave wy(G) < —1
by (86).

Case Nex; = 2. P(G) = (Cyg — 1)+ V4+2(V2+V,') — 2. In that case ZJa g, = Osince
the only possible colored boundary graphs made with two external vertices is the stan-
dard one with six planar jackets. The analysis is slightly lengthy and we get 5 possible
cases of divergent graphs.

In summary, the divergent graphs are determined by Table 1

Table 1. List of primitively divergent graphs

Next Vo + V) V4 20, 87 Cyg — 1 > 787 wq(G)
6 0 0 0 0 0 0
4 0 0 0 0 0 1
4 0 1 0 0 0 0
4 0 0 0 1 0 0
2 0 0 0 0 0 2
2 0 1 0 0 0 1
2 0 2 0 0 0 0
2 0 0 0 0 6 0
2 1 0 0 0 0 0
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5.3. The [ @? Il @? anomalous term. Since V' is even, no graph with internal counter-
term of the V' can appear in the previous table. However the fourth row of the table
corresponds to melonic graphs with disconnected boundary graphs, they do appear and
are really divergent. The first and lowest order example is the special “diagonal tadpole”
built on the Vg.» vertex (see Fig. 11). This graph has one line and two internal faces Oa
and 0b, where a and b are the colors of the two “inner strands™ in the Vg.» interaction.
Hence —2L + F = 0. The graph is really logarithmically divergent as the propagator
1/(p? +m?) is positive, hence there is no way any unexpected cancellation could affect
its amplitude.

It is difficult to interpret yet this anomalous term but it happens in 4 dimensions and
not in 3. This kind of factorized log-divergent term is best represented as an integral
over an intermediate field as

eU? = c/do e_faz_zif‘”pz, 91)

¢ being some constant, and whose propagator is the dotted line in Fig. 3. It joins the
two two-point functions. But this propagator does not have any strand, hence our gravity
theory generates a scalar matter field.

6. Renormalization

We now implement the renormalization program for the p-point functions which are
divergent and characterized as given by Table 1. We use Taylor expansions around the
local parts in direct space in the manner of [55,62].

6.1. Renormalization of the six-point function. Consider a general six-point function

subgraph Glgk), namely with Neq (ng)) = 6 of the type of the first line of Table 1. Since
> 7, 87, = 0, we know that the boundary graph is itself a melonic graph and hence the
pattern of external positions follows the form either of Vg, or of V5.

We reintroduce the graph with external propagators and call its amplitude AG(G(k))
External positions variables are labeled by 67X,/ = 1,2,3,4,5,6 and s = 1,2,3,4,
where s is, as usually, the strand index whlle [ can be considered as the external leg
index with scale j;. Recall that j; indices are strictly smaller than i, the index of Gfk).
91 , denotes the position connected to the external end- p01nt 93’“.

The following procedure is standard [55] and consists in performmg a Taylor expan-
sion in direct space by interpolating moves of the external legs. Remark that this inter-
polation should be periodic and consistent with the fact that we are dealing with a torus.
For convenience, we also change the local parametrization and integration bounds of the
Haar measure to be [—m, 7). Hence, we interpolate Qﬁv)’s, using a parameter ¢ € [0, 1]

such that, for 919(”,) e [0, ),

0 0 0 0 0 0
O1(v).s € [91/(1/),5 =7, 7)) Oy s = 01’(v’),s +1 ()5 — 91’(1/),5) 1

0 0 0 0 0 0
O1tvy,s € (=70 60y s =703 01y s = Oprys — 270 #1000y 5 — Opry s
92)
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where 919(1),) , 18 the internal position connected to the external index Gf,": which can be
associated with /%" according to the particular pattern of the ¢ vertices. From the above,
one can easily infer the interpolation for the other range of values 69 s € [—m,0).

We relate the lines [ and /" and their strand index s in two possible ways dictated by
the boundary graphs of a ¢° form:

(1) thecouples (Gl?s, 919’5) for (I,1") € {(2, 1), (4, 3), (6, 5)} are connected with respect
to the strand indices s = 2, 3, 4, whereas pairs (I, [’) € {(1, 6), (5, 4), (3,2)} will
be connected only for the strand index s = 1; performing a permutation on the role
of s =1, 2, 3 and 4 gives the parametrization for remainder vertices of Vg.1;

(2) the couples (91 o ,’S) for (I,1") € {(3, 2), (6,5)} are connected for strand indices
s =2,3,4,(,I") = (4,1) connected for s = 2,3, (l,I') € {(2,1), (4,3)} are
connected for a single index s = 4 and (I,1") € {(5,4), (1, 6)} are connected for
s = 1; a permutation on the role of (2, 3) for any other couple in {1, 2, 3, 4} yields
the parameterizations for remainder vertices as defined by V. >.

In the following, we will focus on the vertex of the first kind defined by pairings (1).
For the second kind, it can be checked that similar results will be also valid.

Consider the amplitude of the subgraph ng) with external propagators characterized
as above given by (in simplified notations)

Ae(GIHOE )] / { Hdegs][HC,l({e‘”“} {0,@)5})]

[ TTCictens: e D] T 6Gus =000 - 93)
0l vey

We introduce a function A6(G(k) )[{Gle’“} t] and write the amplitude (93) as Aﬁ(G(k))
{65 )it = 1] = A(GIUO Yt = 01+ [y dr £ A6(GI)[{65%): 1], where the
function A6(G(k) )[{Ge’“} t] is obtained by interpolating (93) using (92), namely

As(GHHo5 Y 1] = / ([ ] d6e.1 {[Hcﬂ({ee’“} (s + 1Oty = 0 D]
l

[ TTCicttercn.sh {eavq,s})] [T660s — 000} (94)
041 vey

Henceforth, {69 Py ¥ t(@l(v) o 91(’)(11/) ,)} denotes any formula of the periodic interpo-

lation (92) according to the range of values of the coordinates.
The term at ¢ = 0 is given by

A6(GI {65 ) 01 = / [T Tas. ;][ch({@e’“ ©F . sD)]
O£l

/ UTT a6t [T dopaaofsaefd][ TT CirttOen.sh: e sh] [T 66us 605}

1=2p+1 1=2p L#£l veV
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6
[Tcidersy: 0, H

= Cj ({107 1061, 07 2. 073, 00 NC 1, (057 ): (691,67 5. 67 5. 67 1)
Ciy ({05351 (09 1. 055,695, 09 NCj ({653} (69 1. 09, 65 5. 69 4)
Cjs (1085 ): 405 1. 695, 693, 09 ) C g (06 }: {661,692, 06 5. 0.4 95

where we remove the possible 27 coming from the interpolation using the periodicity
of the functions. Next, the remainder finds the following expansion:

Re = /d;/ Hd@h Hc,p({ee’“} {Gp(v,)s+t(0p(v“—92,(1/)’5)})]

I=1 p#l

Ty Ci (65" ): (O s +1Eluys = 0 ID)

[TTCitteein.s): G sh] TT 6Cus = 600} 96)
CH#L veV

where the operator 7; differentiates with respect to particular strands according to the
vertex pattern and is given by
3 4
= [81211 By 1 =80y +) 0051 #8121 D Ofty s —OPu s + P05 |- OD)
k=0 s=2
where 9y, is a partial derivative with respect to the second set of arguments of C}

containing #°’s and taken at the strand s and » = 427 or 0 according to the sector of
interpolation. It remains to analyze these terms. Considering (95), the following state-
ment holds:

Lemma 7. The quantity

/ [TT ao? T dopadofsaela || TT Cittben.s): 6ean.oh | TT 8B =000

1=2p+1 1=2p £l vey
(98)

does not depend on {919.3} defined by Hl6=1 o ({06”} {69 ), oD

Proof. This is a consequence of translation invariance of the propagators in spatial coor-
dinates that we now review quickly. Having performed a Taylor expansion of the inter-
polated amplitude (94), the zeroth order term is of the form (95), where the set arguments

{OQ(U,)’S} present in the product H?Zl C; ({Ge’“} {69 b (0').s }) may be still involved in the
internal structure. For simplicity, we focus on 96 | and we can consider the external face

formed by successive positions 931, 01,516,555 -+ O 15q> 9871. The propagators gen-
erating the face amplitude associated with this sequence are functions of the differences
Or,.50 — Ggﬁ’xﬂ). Since 9?1 and 98 | are external end-points, we can always perform a

change of variable 6 .55 = Ol,.5, — 0155 to remove one of these external position labels.
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Note that, since we are dealing with a compact space, the bounds of integration of the
new variables 6, 5, change. Nonetheless, recall that the propagators here are periodic
so that all these integration bounds can be translated indifferently to [—, 7). In the
present situation, choosing to remove 91 |» we obtain a face amplitude independent of
that variable. Reproducing the argument for each external face, one proves the lemma.

O
Lemma 8. The remainder Rg of the amplitude interpolation can be bounded by
k) (®) ®
|R¢| < KM_(l(Gi »e(G; ))Mw(Gi )’ e(G?k))z sup ji l(G(k))_ lnfk i,
| external to Gl@ IEG
99)

for some constant K.

Proof. Let us first make a remark concerning the integration bounds due to the splitting
introduced by the interpolation which is in the rough form (focusing on r = +2m)

T T
0 0 (0 0
/ ey /0 49 Ory.s = Oy s) HC
0 91/&_77

b4 69 —xm
U
+ /0 doy | / A0 Ofyy.s — Oy + 20 [ ] € (100)
-7

We can perform a change of variable in the term 91 W.s = 910(1;) ; 127 for which, clearly,
the products of covariances and delta functions remain invariant such that

T T
0 0 0 0
/ del/,s /0 del,s(el(v),s _91/(1/),&)1_[(:
0 OI,J—T[
T 0 .5+ 450 ()0 0
+ /0 doy | / AP, Oy s — B [T € (101)
T

By summing the two internal integrals we get a single integral as fe’ i d90 (91%)) s
1 W.s): What we have gamed here is that the final integral can be fully bounded in
terms of the difference (6 Iw)s — 91,@,) -

Lemma 1 yields a bound on the first derivative of the propagator (24) as

80.5C 5 (105 {Oy)) < K M3ie™dM" X 07 =001 (102)

so that, taking the best estimate between external scales, the following bound holds:

(k) (k) g
IRs| < K'M*Ci ) M~(Gi >/ dt/ [Hdgé N Z[HM—ZII B X

I=1 p#l

w2 MR V0 N [T € (Bran.h B oD ] [ 8660 = 000}

L#£l veV
(103)
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we have used the facts that high internal decays entail |(010(v) o= 919(1),) I ~M ~i and

t 0 0 0 ~ t_ g0
hence, |07% — (Gp/(v/)’x + t(@p(v)’s - Gp,(v,)’s))| 1057 Gp/(v/)yyl and, also, that the

distance between the two internal positions, say 010( s and Gﬁ(v,)’s, can be optimized by
. ) . .
choosing |6‘1(%U) = 01(,)@,) S| < MG Ag an effect, the integral in ¢ factors and we

get the result. O

In conclusion, we have found that the zeroth order counterterm is given by (using
Lemma 7)

6
Ae(GI6): 0] = log M / ([Tdeor1 []Cidetyop b, (104
14 =1

hence is of the form vertex Vi.1'® and is logarithmically divergent, whereas the
sub-leading term is actually convergent due to the power counting improvement by

B (S N () - . .

M~EGT)=e(G) This is exactly what is needed in order to perform the sum over the
momentum assignments. One can easily check that performing the similar analysis to
other kind of permuted vertices Vg1 or V.2 will lead to the same result.

6.2. Renormalization of the four-point function. We use the same procedure as above in
order to find the counterterms of the four-point function and for that consider a four-point
function subgraph G ISk)’ characterized by one of the three lines of Table 1. Three cases
may occur but, in all situations, the graph (which should be melonic with a melonic
boundary graph in all cases) has an external structure either of the form V4.; or of the
form V.. The latter class includes graphs with disconnected boundary graph (the last
line of the table for Nexe = 4).

Letus call Ay( Gl(k)) the amplitude associated with ng) equipped with external prop-
agators. External position variables are labeled by 01":’;‘, [=1,2,3,4ands =1,2,3,4
and external legs are at scale j;. We keep the same meaning of GSS as the positions
connected to the external end-points 91":’;‘.

; using (92), according to the particular pattern of external positions

of the boundary graph of the ¢* type, we have:

Interpolating 91(2 )

(1) the couples (Ql(?s, 619 ) for (7, Iy € {(2, 1), (4, 3)} are connected with respect to the

strand indices s = 2, 3, 4, whereas pairs (I, ") € {(1,4), (3, 2)} will be connected
only for the strand index s = 1; performing a permutation on the role of s = 1, 2, 3
and 4 gives the parametrization for remainder vertices of V4.1;

(2) the couples (67, 67 ) for (I, I') € {(1,2), (3, 4)} are connected for all strand indi-

ces s = 1,2, 3, 4 and this defines the pattern of Vg.».

Once again, we will only focus on the vertex of the first kind (1) since the same
reasoning will be valid for any other cases. The amplitude A4(G§k))[{0f’s“ }] of the sub-

graph ng) with external propagators (with the above characteristics) is given by a

10" In fact, this a vertex V.1 with six external propagators integrated to it.
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formula similar to (93), and using external leg interpolations giving the parametrized
amplitude A4(G(k))[{96’“} t], we write

AGOHOE ) 1 = 1]

= Ay GO ) 1 = 01+ j Ay GO Y1 = 0]

1 2
+/ dr (1 - t)d—2A4<G§“)[{ef’;‘}; al (105)
0 dt ”

where the function A4(G(k))[{9‘“"“} t] is given by a quantity analogous to (94), with
four external propagators. At t = 0 we get the contribution

AGIHPY); 01 = / {[Hdez ?][Hc,,({em} {91/(v)5})]
01

/[[ [T a6’]] d9;?2d9;?3d9194]][HC@({%(U)J}; {Qé(v’),s}):l I1 5(9u,s—9v,s/)};

[=2p+1 1=2p LH£l vey
Hc,l A0} 40 ) D)

- C]l ({Qext} {04 1 91 2 91 3’ 4})C12({96m} {92 1’ 01 2 l 3 91 4})

Cjs (1053 {091,695, 09 3. 09, D C i, (0575 ): {05 1. 695, 69 5. 65 4)). (106)

The second term is given by

A =0 = [ {[Hdem (Z[H Cjp (U051 60,y D]

=1 p#l
Tre Cir (65 160, ) )| TT CirtOein.o): 6en D | T 8 =6u00}.  107)
041 veV
where the operator 7; now refers to

2 4

Tr= 3 [81.2601 Oftoy 1 =00y 1 #7801 +81.26 D Ofy =60y 4005 | (108)
k=0 s=2

with dg.; and r keeping their sense as in (97). Finally and in the same anterior notations,
the remainder computes to

1
R4=/ dr (1 —t)/[HdGz,s]
0 ¢

6
(X[ DT Con 0% 460 s + 1 Catins = B, OD)
I=1 V£l gl
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xTy > Cj, ({(053"); {9,,,@/) o+ z(@,,(v) R 9,9,(,1,)"?)})
< T e Ci (053} (0] ). + 1Oy s — Oy )P
HL T Cip 40551 Oy s + 1 @prs = Opwry. D]

p#l

TroTro Cir {651 60 + 16y = 0. )

[T CirttBe.sd: e oD | TT 6660 = 600} (109)
0] vey

The following statement holds

Lemma 9. The internal contribution of A4(G (k))[{Gw }; 0], namely

/ [0 TT aef T defsdefsaotd) [ TT Cioewnsd: GensH] T80 ~600)

I=2p+1 I=2p O vey
(110)

does not depend on the set of variables {919(1),) ) used in the interpolation moves. Fur-
thermore, the second contribution identically vanishes:

j AyGI)[ery; 01 = 0. (111)

Proof. The first claim can be proved using translation invariance along the lines of the
proof of Lemma 7. Indeed, the main point here is that, once again, one of the external
positions on external faces can be absorbed by successive changes of variables along a
face. We simply choose to gauge away the interpolated positions belonging to {91, 3.

The second claim can be proved using the parity of functions. To this end, we start
by writing the said contribution as

d Ay (GI{B; 0]

dt
-/ Jaee. (Z[H Cj, (05 ): (6% D]
I=1 p#l
2 4
> [B1aun1 @01 =60 #0001 4812 D (O, =60 +r)30., | Cir (EF): (60,1, D)
k=0 s=2
[ TTCicttbecn.s): Ben.ah | T 8us = 60} (112)
041 veV

One notices that the internal contribution

/[]"[dee 60,60 +0)| [T Cio (e 16w, oD | TT 66us =005 (113)
£l veV
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does not depend on {019 ,} by translation invariance and factors from the external data.
We make two successive change of variables such that, élo = 910 ¢ +r,inall correspond-

ing sectors of the theory, and then, for all lines ¢, (6 s — 91(,) S) = éz(z),s’ and the internal
part becomes

/ ddp; 00, Cir (10053 b1y s} 1B1ory.s )
/ [ ] ee. Y] ]‘[c,z({eam} {eav/)s})]]'[wm—ev . (114

Ll O£ veV

The result of this integral is vanishing due to the parity of all propagators (see (21)) and
delta functions while 91(,)‘; isclearly odd. O

Lemma 10. The remainder R4 of the amplitude interpolation can be bounded by

- ~(k) (k) (k)
|R4| SKM_Z(l(Gi )—e(G; ))Mw(Gi ), e(Gl(k))z sup .jlv l(G(k))_ ll'lf ll,

l external to G ;k) leG

(115)
for some constant K.

Proof. The proof starts by removing all  in the same manner as performed in the
proof of Lemma 8 using the periodicity of all kernels. Then, expanding the deriva-
tive in the propagators of the T2 form, we can bound the second order products as

0y < M-2G") wh I Cib
[ 1.1 )( s » =6, =M , whereas each derivative dg.;C, by (24)
20" '

yields a factor M e(Gi h (second order derivative will contribute twice, and so forth). We
collect these improvements and write, using internal decay to remove the differences
t(@los — 919 ,) and dropping the integral in ¢,

(k) .o ~(k

_ ext k) _ Ji ext 0
(Z[H M2Ja e M1 3 165~ q "W, ]MZe(G ) OM! 2 1675 6 ), sl)

=1 q#l
[TTCirnsd: Beansh ] TT 6us — 6,.60). (116)
CA] vey
O

At this stage, we have proved that the local part of amplitude is linear and of the form
of the initial vertex Vy.1. For the second kind of vertex appearing V4.2 and permutations,
the same analysis also applies.

6.3. Renormalization of the two-point function. We perform now the interpolation
moves for external legs of the two-point function of a subgraph ng) defined by one
of the five lines of Table 1. Here, we will be dealing with a graph with boundary of the
form of a mass type vertex of the kind V5.
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Let Ay(G l(k)) denote the amplitude associated with G l(k) equipped with external prop-
agators with external positions variables 9;”“ l=1,2,ands = 1,2,3,4, and scale jj.
The couples (6° s Ge’“) keep their earlier relationship and sense.

We use the formula (92) in order to rewrite 92’ ¢ according to the particular pattern of

the ¢? vertices: the couples (9? o 93 ;) are connected with respect to the strand indices
s=1,2,3,4. ’

The amplitude Az(G(k))[{é?CXt of the subgraph ng) with external propagators (with

above characteristics) is re-expressed using the modified amplitude Az(ng))[{Qlf’;t 3]
as

AGIHOE ) 1 = 11 = A (GO ); =00+ Az(G“‘))[{ee’“} t=0]

1 d? )\ gext
+§d_2A2(G )[{9e }t=0]

/ (1—t>2 Az(G‘“)[{ef“} 1, (117)

where we define
AGO O ) 1= / [Hd@s [C)05): 160 DCi (165%): (69, +65, — 60 D)

[H Cie{Oein )i o oD | TT 80 = 00,0} (118)

U#] vey

The different quantities involved in the expansion can be studied. The first contribution
is of the form

AGIHE Y 01 = / {[HdeJ[Hcﬂ({ee“} (60 .sD]
0]

/ [Hale2 [T Cicttben.s): e, on | TT 8660 = 600}

01 veV
ch,({ee“} )
- le ({eext} {01 1 1 2 '91 3 '91 4})Cj2 ({eext} {91 1 91 23 91 3 91 4}) (119)

The o derivative terms, o = 1, 2, are given by

o
T MG ) = 0]

= / {14001 (Ciidtess: 60 D17 = Cutes™): (6f,1)
14

[ TTCicttbecns): Een. D | TT s = 6050} (120)
L#£l veV
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where T¢ stands for the operator, using previous notations,
=> [163,, -0, +1 [0, @=12.3. s=1234 (121)
Sq¢ o o

Last, the remainder can be written as

1 1
Ry, = 5/0 dr (1 —[)2/[Hd9£,s] {

(CHUE 1 69 D) T2 & C((654): (67 + 163 — 67D

[T Cir (6o 0D | TT 6660 = 600} (122)
041 vey

The main properties of the different parts of the expansion are summarized in the fol-
lowing propositions.

Lemma 11. The internal contribution of Az(ng) )[{fo }; 01, namely

/ [Hdezb [T Cicttbe.s): e n | [T o0 =600 (123)

O] veV

does not depend on the set of variables {910 s} used in the interpolation moves. Further-
more, we have

d - ,
EAZ(G,?")M{@;?}; 0] =0, (124)

and the third term reduces to
2

d
MG ) 0]

= log M / [Hd91 ey {elu»ZA CHUOs5): (69, (125)

where A; is a Laplace operator on U (1) acting on the strand s.

Proof. The first claim is a consequence of translation invariance and provides a mass
renormalization. The second claim can be proved using the parity of propagators along
the lines of the proof of Lemma 9. Let us focus on the last claim and write (using more
symbols in order to differentiate strand indices)

2

d
MG ) =0]

Z / e 0 (CHUBED Y 60, ) st € (1855 (6,1

/ ([T 0e. @, — 60, + @8, 69+ T] 6 ]
£l £l

[Té6. —0..0}. (126)
veV
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We first implement a change of variable which removes all r. Next, we use translation
invariance in order to remove from the internal part the dependence in 9? s~ One gets

/ (I dée,s][ég,xég,x/ []Ci(tbecwy.s): {ém,s})] [186us—bu5). 27
0£1 0] veV

When s # s’, the above integral vanishes because of the parity of the integrand function,
recall that 93 , and 93 o belong to [—m, ). The terms at s = s’ only remain which are

d> -
MG = 0]

4
-> / {(TTaons1 (Cictess: 160,003, Cties3: 67,))
s=1 s

[T @033 T €ieticn.abs Gerd] [] 36~} 128)
0#£1 041 veV

In fact, the internal part does not depend on the strand index s because, from the begin-
ning, all s = 1,2, 3,4 are treated in a symmetric manner. Hence all integrations as
[ ddy . for any s, should produce the same result. Moreover, the 69 factors are of order
M~22_This contribution cancels the internal quadratic divergence (same as for the mass
local part) thus yielding a logarithmic divergence for a wave function renormalization.

O
Lemma 12. The remainder R; of the amplitude interpolation can be bounded by
a® ® ®
[Ro| = KMUCT@ye @ eG)= sup i, i(G{)= inf ir,
[ external to Gl(-k) ZEGSk)
(129)

for some constant K.

Proof. As in the earlier setting, in the convenient variables, the 73 operator applied to
the propagators yields a prefactor of the form |(9£ o = 910’ Sk)3| which can be bounded

. (k) (k)
by M3 whereas each derivative dg;sC}, yields a good factor M ¢(G;) according
(24). We infer the bound (removing the differences t(QIO o= 919 ;) due to strong internal
decay) ’ ’

(k) (k)
Ral = ky—00C) [T aor
4

(

M-

. J ext _ 0 (k _ j ext _p0
[H MZJ‘[E SM’a Zx \qus Gq’(v/),s‘]Mze(G,' ))e SMII ZS \GM 91,(1",)“?\)

I=1 q#l
[T Cirttbea.s): e on | TT 866 — 600} (130)
0] vey



104 J. Ben Geloun, V. Rivasseau

In summary, the expansion of the two-point function gives a local contribution to
the mass which is quadratically divergent, a wave function renormalization which is
logarithmically divergent and a remainder which will allow to sum on the momentum
assignments.

The fact that the theory is renormalizable at all order of perturbations then follows
from the standard techniques of summation on momentum assignments developed in
[55]. Remark that the theory is well-prepared by the multiscale expansion to be written
in terms of an infinite set of effective couplings which follow the renormalization group
trajectory. It is almost a pity to add the counterterms corresponding to non-quasi-local
subgraphs to re-express the theory in terms of the standard renormalized couplings. This
does not of course introduce any divergence and the coefficients of that renormalized
power series can be proved term by term finite. However the renormalized series is in
fact much less natural than the effective one, and is plagued by large undesirable con-
tributions called renormalons. These phenomena, analyzed at length in [55], will not be
further discussed here.

7. Conclusion

The tensor model presented here is not claimed to be the right final model for quantum
gravity but hopefully a first step in that direction.

It also completes nicely the progressive discovery of new forms of the renormaliza-
tion group with different types of divergent graphs. There seems to be a natural hierarchy
of these forms. In ordinary just renormalizable models such as the local qbi theory or
Yang-Mills theory, the divergence degree is simply a function of the number of exter-
nal legs. In the condensed matter theory of interacting electrons in any dimension, the
renormalization group is already very different. It is governed by the approach to the
Fermi surface, which is a codimension 2 singularity in space-time. In this particular
instance, the important flow is that of the Cooper pair four-point coupling constant in
the s = 0 channel. Only a very simple category of four-point graphs contribute to that
flow, namely those which are chains of bubbles. They are also the ones leading in the
1/N expansion for vector models and form a geometric series. The BCS transition can
be analyzed accordingly. N can be interpreted as the number of sectors or quasi particles
around the Fermi surface [63]. We propose to consider the renormalization group for
such models as vector-like.

In the Grosse-Wulkenhaar model [51,52] as well as the ¢®-theory as developed in
[64], the non-commutativity of the underlying space-time translates into a matrix rep-
resentation of the theory with a perturbative expansion indexed by ribbon graphs. The
divergent graphs are the planar graphs with all external legs incident on a single face.
They are the ones leading the 1/N matrix expansion. Obviously the renormalization
group for such models should be called matrix-like.

The models of this paper pioneer a new category of renormalization group, based on
tensor fields of rank higher than 2. The key divergent graphs are the melonic ones. Their
renormalization group should be called tensor-type. This issue and the systematic study
of such models including their renormalization group flows, symmetries (either in the
spirit of [65,66] or in that of [47]), the issue of their constructive stability and possible
phase transitions is left to future studies (the corresponding program and its relationship
to other approaches to quantum gravity is further discussed in [67]).

As a final remark, we conjecture that if we restrict the couplings of the model studied
above to the precise values given by the integration of the standard colored theory, that is
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if we link A¢.1A6:2 and A4, as they should be when integrating the D fields of a colored
tensor theory with single coupling A, we should obtain an even more interesting just
renormalizable theory with a single coupling, i.e. the corresponding manifold should be
stable under the renormalization group flow.
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Appendix
A. Propagator Bounds
We consider the propagator in the slice i as

M~ —m2a

Ci({65); {0, =k / e~ 10 D00 7 (g1 {0,): {0))) dar,

M2+ o

4 (A.T)

T 105 10 = [[{1+2> e cosh (=16, —001]
=1

s=1

Since only positive terms are involved in each series in the product 7', we can find an
integral bounding the series as

00 22

_minZ nmw g2 T®
> cosh[—@]f e 3 Cosh[—x]dx, (A2)
o 1 o

n=1

where |®| < 2. The latter integral can be recast in terms of Gaussian error functions:

©?
0 g2 ® I 271 — O 27+ 0
/ e « cosh [T[—]dx = \/&76 erfc o= + erfc e s
1 o 4.7 2/ 2/

fo()=1—— /Z i e erfe(r) < — e
eric(z)=1———= e sy < ;o CreX) = —(—=——F—— =
v Jo NEIN

T

therefore, given —27 < ® < 2,

62 — o2 m-0)? w02
e% erfc —271 © + erfc —271 O < e(4)a e_(TJ&)) + e_( 2/“9)
2/ 2/

=2 |: 0 aC)

se [ 5 4o <2 (A4)

Then, combining (A.4), (A.3) and (A.2), we find a bound for 7' (A.1) as

4
T 63 46) < [] {1 + %] (A.5)

s=1



106 J. Ben Geloun, V. Rivasseau

hence the following bound is achieved:

M~ —m?a 4
({04): 16 S WO Ve
Cloitoy <k [ e [T]1+2]a @

By expanding the product, it can be observed that the term with coefficient 1 is the
dominant one. The sum of remaining terms, including powers of /« in their numerator,
can be bounded by a constant (mainly, the number of terms) times the leading term.
Indeed, for instance, focusing on the subleading term of the form

s=1

M2 _m2a M2 —mPa
k / e Lsa-a PN / L e L0l gy
M2 o2 ﬁ M—2G+D) a%

M~ —m2a

1

B s T
M2 o2

Higher order terms involve o g ,d > 1,inthe numerator, hence they will be less divergent.
This validates the bound C; (25) for all i > 1.
For the last slice, we have

2 4
A | "2 Ja
Y —7g 2s10s—0;] el
Cotteek 65 <k [ < e H[l+ﬁ]da. (A7)
This expression can be bounded, this time, by the term containing the highest power of

Ja:

s=1

2

o0 —m-a 1 /2
Colls}: 10]) < K’ / R F
1
2
<K' sup (e_mZ“/Zaze_ﬁ Zs[‘)s—9§]2) /OO ¢ m;/zda
ae[l,+00) 1 o
0 e—mza/z
< K" / —da (A8)
1 o

which validates (27).

B. The Three Dimensional Case

In three dimensions, there is also a just renormalizable similar model but with propagator
(Zgzl |ps| +m)~! and a single melonic “pillow” interaction

S4 =/ V12,3 Y123 ¥, 3 ¥i1,2,3 + permutations. (B.9)
hj

As usual, we have to introduce a mass counterterm V> and a V2’ wave function Z?’:l | psl
counterterm.
The scaling of the sliced propagator is now

Cl < KM% =M X, 105=6]], (B.10)

hence the power counting is wg = —L + F + V;. Following the analysis of Sect. 4 and
5, with the same notations we have 4V, + 2(V> + Vz/) = 2L + Nex and
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Vgcolor = 4V4 +2(V2 + VZ/) ’ Lgcolor L+ Lmt Geolor = (4 Vgcolor NeX[ ) ’ (B 1 1)

There are 3 jackets in Geojor- Each face of the graph Geolor (Open or closed) is shared by
exactly 2 jackets so that ", Fy = 2Fg_,  and

Z( int; J; gt mt;f; gwlor ext J)_zFlm g+2Flm gcolor+z ext; J - (B.12)
J

Each ¢* vertex contains 4 internal faces and each ¢? vertex contains 3 internal faces so
that Fii. Gooior = 4Va +3(V2 + V). Hence

3
D =Vy+ Lyl =3[4Va+2(Va + V3)] - 2 Next, (B.13)
J
and
3
Fin:g = 2Va = T Nexi +3 — Zj:gf Z 7 (B.14)

The boundary graph is a closed ribbon graph living in dimension D — 1 = 2, hence has a
single jacket. Since each external leg of the initial graph G has 3 strands and an external
leg is made with two end-points belonging to two external legs, we have in this simpler
case

1 1
Lag=Vag=5Next, Fag =2Cag — =280 +2+ 7 Next, D Fo; 7=Fag -
J

(B.15)

(with again ggg = > o gagp) and finally we get the divergence degree

1
©0a(G) = =Va = 3 (Newt =4) = D 87+ 8ag — (Cag — 1), (B.16)
J

appearing as a simpler analog of Theorem 2 and formula (42). The complete proof of the
renormalizability of this model following Sect. 5 and 6 has been addressed in a recent!!
work [68]. O
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