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Tensor models admit the large N limit dominated by the graphs called melons. The melons are
characterized by the Gurau number @ = 0 and the amplitude of the Feynman graphs are proportional to
N~7. Other leading order contributions, i.e., @w > 0 called pseudo-melons, can be taken into account in the
renormalization program. The following paper deals with the renormalization group for a U(1)-tensorial
group field theory model taking into account these two sectors (melon and pseudo-melon). It generalizes a
recent work [V. Lahoche and D. Ousmane Samary, Classical Quantum Gravity 35, 195006
(2018)], in which only the melonic sector has been studied. Using the power counting theorem the
divergent graphs of the model are identified. Also, the effective vertex expansion is used to generate in
detail the combinatorial analysis of these two leading order sectors. We obtained the structure equations,
which help to improve the truncation in the Wetterich equation. The set of Ward-Takahashi identities is
derived and their compactibility along the flow provides a nontrivial constraint in the approximation
schemes. In the symmetric phase the Wetterich flow equation is given and the numerical solution is studied.
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I. INTRODUCTION

The consistent formulation of the quantum theory of
gravity (QG) is one of the fundamental and tedious problems
of modern physics, which remains unsolved, and most
probably intertwines between quantum mechanics and
general relativity (GR). It has evolved a lot since the past
two decades due to the appearance of new background
independent approaches such as loop quantum gravity,
dynamical triangulations, and noncommutative geometry
(see [1-7] and references therein). Recently, tensor models
(TMs) and group field theories (GFTs) are developed as a
new way to investigate this conundrum question [8-27].
TMs generalize matrix models and are considered as a
convenient formalism for studying random geometry in
dimensions D > 3. It provides a well-defined framework for
addressing QG in higher dimensions and its cortege of
consequences on integrable systems [18]. GFTs are quan-
tum field theories over the group manifolds and are
considered as a second quantization of loop quantum gravity
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[15]. GFT is characterized by a specific form of nonlocality
in their interactions, with the basis variable being a complex
field, function of d-group elements [8,26]. Recently TMs
and GFTs are merged to provide the so-called tensorial
group field theory (TGFT) [28-57]. It can also be viewed as
a new proposal for quantum field theories based on a
Feynman path integral, which generates random graphs
describing simplicial pseudo-manifolds. It aims at providing
a content to a phase transition called geometrogenesis
scenario by relating a discrete quantum pregeometric phase
of our spacetime to the classical continuum limit consistent
with Einstein GR [43—45]. In short, within this approach, our
spacetime and its geometry has to be reconstructed or must
emerge from more fundamental and discrete degrees of
freedom. Its very encouraging features such as renormali-
zation of large class of models and asymptotic freedom on
the one hand [46-49], and a coexistence with a Wilson-
Fisher fixed point on the other hand [50-56], ensure not only
the quantum consistency at macroscopic scales but also the
possible existence of the condensate phase [58].

The renormalization of TGFT models started with the
work given in [36,37]. The multiscale analysis and power
counting theorem are used to prove that the U(1)-tensor
models in three and four dimensions are just renormalizable.
Very quickly several other interesting models are studied and
have proved to be just and superrenormalizable [28—42]. The
classification of the renormalizable TGFT models frame-
work is also investigated [31]. The computation of the
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p-functions to prove the asymptotic freedom and safety is
also given [46—49]. Very recently the functional renormal-
ization group (FRG) method is introduced in the context of
TGFT and allowed to solve the flow equations of these
various models [50-56]. The occurrence of nonperturbative
fixed points and their critical behavior in the UV and IR is
studied. The confirmation of the asymptotic freedom and
safety are also given. The FRG for TGFT [53] derived from
the method used in the case of matrix models [59—-68] can be
simply applied when the dimension of tensors is not very
high (d = 3,d = 4, d = 5). In the case where d > 6 due to
the combinatoric, other technical methods require to be
proposed. In [52] this question is solved and turned on a new
way for investigating the FRG to higher dimensions tensors
models [55-57]. FRG can be roughly described as aflow ina
certain infinite dimensional functional space for actions, the
theory space. The scale plays the role of time for this flow. Its
allows the construction of a set of effective action T,
—oo0 < 5§ < 400, which interpolates between the classical
action S and the full effective action I" such that this full
effective action is obtained for the value s = —oo [60]. I"is
also called the generating functional of one-particle irre-
ducible vertices. At the same time when s walks R the flow
equations enable us to interpolate smoothly between the UV
laws and the IR phenomena for our systems. The flow
equations are described by the Wetterich equation in which
the choice of IR regulator and the full effective action
remains the only condition to provide solutions and prob-
ably maybe help to derive the fixed points.

The Feynman graphs of TM can be organized as a series
in 1/N and therefore the class of combinatorial objects can
be selected. In the large N limit the dominant graphs are
called melon [23,24]. This limit allows us to understand the
statistical physics properties such as continuum limits,
phase transitions and critical exponents. Taking into
account the Gurau 1/N expansion the amplitudes of the
Feynman graphs are proportional to N™7 (w is the Gurau
degree), and the melonic contributions are characterized by
w = 0. However, it might be possible to consider the
nonmelonic leading order contributions @ # 0, which we
call in this work the pseudo-melonic graphs. The canonical
dimension of the melons and the pseudo-melons is iden-
tified for the m-point graphs. The new leading order
contributions (the pseudo-melons) modify drastically the
power counting theorem and the renormalization properties
of the class of models studied in this direction. In the
nonperturbative analysis of the TGFT with melonic and
pseudo-melonic graphs the FRG should be carefully used.
There are several reasons to consider the mixing melon and
pseudo-melon; see [69,70] for more explanation. The
combinatorial analysis of these two sectors generated an
intermediate sector between melon and pseudo-melon and
should be taken into account in the renormalization pro-
gram. This point will be discussed in detail throughout
this work.

Recently one new breakthrough is done in the context of
FRG of TGFT models, to improve the truncation and to
choose the regulator in the appropriate way [71]. This is
possible by adding in the Wetterich equation, the so-called
structure equations and the Ward-Takahashi (WT) identities.
In the case of symmetric phase a nontrivial UV attractive
fixed point is given. The WT identities are used to define the
nontrivial constraint on the flows and therefore the method
proposed in [71] is totally different from the usual FRG
method. Despite all the results in this recent contribution, a
lot of questions need to be addressed. First the nonmelonic
leading order contribution should been taken into account in
the flow equations. The nonsymmetric phase needs also to be
scrutinized using probably the intermediate field represen-
tation. The purpose of the following work is to provide the
FRG by taking into account the leading order contribution
(the melonic and pseudo-melonic graphs) in the flow
equations. The new power counting theorem is derived
and the classification of the graphs that contributes to these
two sectors is given. The structure equations and the set of
WT identities are used to provide a nontrivial constraint on
the reliability of the approximation schemes, especially on
the truncation and the choice of the regulator. The compar-
isons between these new results and what we obtain in the
case of usual truncation is also given.

The paper is organized as follows: In Sec. I we provide the
useful definitions and notations, which will be used through-
out the paper. Particularly we give the definition of our model
and its symmetries, and then introduce the FRG method by
giving the Wetterich equation. In Sec. III the effective vertex
expansion is studied. We identified the renormalization
sector by using the power counting theorem. We also com-
puted the canonical dimension of the n-point Feynman
graphs that contribute to melons and pseudo-melons inde-
pendently. In Sec. IV the same analysis as the previous
section is given by mixing these two sectors. By contracting
the elementary melon we generate the family of six point
vertices in which we considered only the nonbranching
sector. We identified one new leading order contribution that
we called intermediate sector. The structure equations for
melons, pseudo-melons and intermediate graphs are also
given carefully. Section V is devoted to the FRG analysis of
the model using not only the structure equations but also the
set of WT identities as nontrivial constraints in the approxi-
mation schemes. The phase diagrams around the fixed points
are also built and examined. We then provide discussion
between our method and what we obtained in the case of
ordinary truncation. In Sec. VI discussions and conclusion
of our work is given. The set of two Appendices is given.
In Appendix A the computation of the useful formulas
concerning convergent sums that we used in the core of this
paper is given. In Appendix B the usual FRG analysis for a
model is given. Chosen the truncation in appropriate way and
the regulator, the flow equations of the couplings and the
mass parameter are given.
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II. FLOWING ON TENSORIAL GROUP FIELD
THEORY SPACE

A tensorial group field theory (TGFT) is a field theory
defined on a direct product of group manifolds. In this
paper we focus on an Abelian group field theory, defined on
d-copies of the unitary group U(1) isomorphic to the
complex numbers of module 1. We consider a pair of fields,
say ¢ and ¢ on U(1)?,

¢.¢: U(1)! > C. (1)

The dynamics of the TGFT model is governed by the
classical action S(¢, ) chosen to be of the form

S(¢.d) = /dgffﬁ(g)(—Ag +m*)p(g) + Sin(¢. h).  (2)

where A, denotes the Laplace-Beltrami operator on the
torus U(1)4 and g = (g;, ..., g4) € U(1)“. For a tensorial
theory, the interaction S;,, is a sum of connected tensorial
invariants Siy (¢, @) = >_,V, (¢, $) made with an equal
number n of fields ¢ and ¢, whose arguments are identified
and summed only between ¢ and ¢. A generic interaction
term in )V, is then of the form

nx) —Ah/Hdg,,dg,,Hqﬁ 2,)0(8,)

X H Hé(gzp gzh (3)

p=1i=

where & denotes the Dirac delta distribution over U(1) and
A, denotes the coupling constant. The interaction as well as
the coupling are indexed with a set of maps & := {h;,i =
.,d} such that for any p € [1,n]; h;(p) € [1,n[]]. We

|

. d
—= E Tﬁele:I 191‘[7]”

pez?

P60y, ....,0,)

can then associate black and white nodes respectively for
fields ¢ and ¢, and a link between black and white nodes
for each delta, labeled by a color index running from 1 to d.
As a result, each interaction can be then labeled from a
unique colored bipartite regular graph rather than with the
map h; and V, may be decomposed as a sum of terms
indexed with such a graph y,, with n white nodes:

= v, (#.9). (4)

Vn

V(. 4)

For the rest of this paper, we call valence the integer n. Such
graphs are called tensorial invariants bubbles, or simply
bubbles. As an example, for n =4 and d =5 we get

) d d e
(¢,0) = ; Adi + ; Adij ;
(5)

where each color on the graphs corresponds to one of the
integers of the set [[1,d]], and A4, A4;; denote coupling
constants. Note that in this representation we identified the
diagram with the interaction itself. For convenience, in the
rest of this paper, we do not work on U(1)? but on its
Fourier dual space Z¢. Fixing the group representation, any
element g € U(1) can be uniquely represented as a
complex number of module 1: g = ¢ with 6 € [0, 2x].
The fields can then be viewed as functions over the
complex unit circle, depending on d-angular coordinates
(0, ....0,) and (6, ...,0,), so that their Fourier decom-
position writes as

ZT e 12’1 9]1)j (6)

pez?

5(0,.....0,

T and T are maps from Z? to C. They are d-tensors with infinite size. In Fourier components, the classical action (2)

becomes, for d = 5,

d
T) = Z Tﬁ<ﬁ2 + m? )Tﬁ + A Z
7 i=1

+/\42Z T (7)

7<i

where we have chosen the same coupling for the two sets of interactions pictured above. In Fourier space, the Dirac delta
occurring in the interactions like in (3) become discrete Kronecker delta. Because their explicit expressions shall be useful
in the next sections, we give the decomposition of the following two diagrams:

(4,1)4
Z VPLPLPB p4T_’ T T Tﬁ‘l )

{p:}

6 ) =

G2is T T Ty

P1,D2,03,P4 pa> (8)
{pz}
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where
(4,1)i _ H
D1.P2.P3.P4 5[711'[741'517211731 ! '5171/172_/5173_/174;’ (9)
J#
and
4 2)ij
f)l D2D3:Ps H61111P41 PaP3i H5]71k1’2k P3kPak” (10)

I=i.j k#i,j

In the literature, the first diagrams are known as melonics.
For our purpose, we then denote as pseudo-melonics the
second ones with two weak edges rather than one. Because
of their importance in the rest of this paper, we will denote
by B, the four-valent melonic diagrams and B;; the four-
valent pseudo-melonic ones. The indices i and ij refer to
the weak edges in both cases.

Among their properties, the tensorial interactions have
revealed a new and nontrivial notion of locality, said
traciality, which is the only one appropriate to deal with
nonlocal structure of the interactions over the group
manifold. In particular, traciality allowed to renormalize
the quantum field theory version of these classical theory,
and it plays an important role in the building of their
renormalization group flow [29]. Without additional gauge
invariance like closure constraint, traciality reduces to
tensoriality [38]. Then we retain the following definition.

Definition 1.—A connected tensorial invariant bubble
interaction is said to be local. In the same footing, any
interacting action expanded as a sum of such diagrams is
said to be local.

The quantum theory is then defined from the partition
function':

Z(J.J) = / dTdT e ST THITHIT, (11)

where dT (respectively dT) is the standard Lebesgue
measure for path integration and J7T :=) 55 T,,
Because of the ultraviolet (UV) divergences, we introduce
a regularization which suppresses the high momenta con-
tributions. There are different choices of regularization
functions. The most common for renormalization are
Schwinger and sharp regularizations. For our purpose, it
is suitable to consider the sharp regularization, such that the
UV regularized free two-point functions is

L @(A2 —’2)
Ca(p.P') = W%,}u (12)

where O is the Heaviside step function. The presence of the
Laplacian propagator in the classical action (2) generates a

'Stn'ctly speaking the term “quantum” is abusive, we should
talk about statistical model, or quantum field theory in the
Euclidean time.

canonical notion of scale over the Feynman graphs. For
TGFTs, these graphs are dual to the simplicial topological
manifold, and then generate discretization of topological
spaces from the perturbative expansion itself. An example
of such a Feynman graph is given in Fig. 1, the dotted
edges being Wick contractions between T and 7 fields. We
conventionally attribute the color O to these edges. An
important notion for tensorial Feynman diagrams is the
notion of faces, which we recall in the following definition.

Definition 2.—A face is defined as a maximal and
bicolored connected subset of lines, necessarily including
the color 0. We distinguish two cases:

(i) The closed or internal faces, when the bicolored

connected set correspond to a cycle.

(i) The open or external faces when the bicolored

connected set does not close as a cycle.

The boundary of a given face is then the subset of its
dotted edges, and its length is defined as the number of
internal dotted edges on its boundary.

To complete this definition, we provide what we call
internal/external edges and interior/boundary vertices.

Definition 3.—On a given Feynman graph, the set of
edges split into internal and external edges. External edges
come from the Wick contraction with external fields and
internal edges come from the Wick contractions between
vertex fields. Moreover, a vertex is said to be a boundary
vertex if at least one of the external edges is hooked to him.
It is an interior vertex otherwise. Finally, we define the
interior of a Feynman diagram as the set of internal vertices
with dotted edges.

The quantum fluctuation can then be integrated out from
higher to lower scales, generating a sequence of effective
theories which describes a curve into the theory space.
Along the trajectories, all the coupling constants move from
their initial definition, their running describing the renorm-
alization group flow. The FRG is a specific method to build
such a running, well adapted to the TGFT context. To
parametrize the flow, we then introduce a real parameter
s €] — 00, +o0[ and a one parameter family of models Z;
such that

Z,J, j] — /deTe—S(T,T)—RS(T,T)+]T+TJ‘ (13)

FIG. 1. A typical Feynman graph contributing to the perturba-
tive expansion of the connected two-point functions. The dotted
edges correspond to free propagator contractions between pair of
fields.
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The regulator term R (T, T) depends on the running scale
k = €° such that A > k > 0, and introduces a dynamical
splitting into high and low scales. It acts as a mass term
which decouples the low scale contributions from long
distance physics, allowing to build an effective action I'; for
the long distance observable, such that higher scale
fluctuations have been integrated out and the coupling
constants moved from their initial values to their effective
values at the given scale k.

To make this more concrete, the regulator is chosen of
the form [60-62]:

R(T.T) = > r(p))T;T;. (14)
pez?

so that the regulator function ry(p) may be suitably
introduced in the kinetic part of the action, providing us
the effective Gaussian propagator:

1
C, p2) = — —, 15
) = e () (15)

where we assumed A >k so that the UV regulator
disappears. The regulator function satisfies some properties
ensuring that fluctuations are well integrated, among them
(see [72] for more details)

@ r, >0,

(ii) lim,_,_ r, =0,

(iii) lim,_ o r, = oo.
The last condition ensures that the initial conditions are
those imposed by the classical action itself. Moreover, the
second condition ensures that all the fluctuations are
integrated out in the deep infrared (IR). The first condition
finally protects the flow from singularities. Note that UV
and IR correspond respectively to the ending points of the
domain of s: k = oo in the UV sector and k = 0 in the IR.
The central object in the FRG approach is the averaged
action Ty, defined as the (slightly modified) Legendre
transform of the free energy W, = In(Z,):

[, [M, M)+ R M, M| =JM+ MJ—-W,J,J], (16)
where M (respectively M) is the means field:

_ oW,

M = ——
aJ

_ JOW
tively M =——= ). (17
<respec ively 57 ) (17)

The presence of the regulator on the left-hand side ensures
the following initial conditions hold:

Iﬁs:—oo =T, FS:+00 =S, (18)
where S is the classical action and I" the full effective action
for r; =0. The renormalization group flow is then

described from an order 1 nonlinear differential equation
for I’y [63]:

I, = SR (PGP ). (19)

p

where the dot designates the derivative with respect to s,
re., I'y = % and

or
_1 = S_
Gy OMOM

is the effective two-point function. Moreover, the regulator
is chosen such that only a finite window of momenta
contributes to the sum, ensuring that it is finite both in UV
and IR. This equation is both simple and complicated.
Simple, because it is of order 1 with respect to the flow
parameter s. Moreover, it only involves a single effective
loop rather than a multiloop expansion as in the standard
Wilson-Polchinski approach, and is then well adapted to
nonperturbative considerations. However, this equation is
also highly nonlinear, and except for very special cases, it is
impossible to solve it exactly. Extracting from it a non-
perturbative information on the renormalization group flow
then requires approximations. The most popular for TGFT
are truncations [50-56]. With this method, the flow in the
full theory space is projected into a reduced dimensional
subspace. Another method, already considered in [71] and
that we will use in this paper, may be called effective vertex
method. Taking successive derivatives of I’y in flow
equation (19), we then get an infinite hierarchical system,

expressing " in terms of T2 and T{"*") . The effective
vertex method stops the infinite hierarchical tower of

equation expressing I\""? and T{""™" in terms of deriva-

tives up to a certain n, so that the system of equation
becomes closed. The importance of this new method comes
from the fact that we keep the full momentum dependence
on the effective vertex. We will compare the two methods in
the last section, and point out the new behavior coming
from the full momentum dependence.

Now let us give an important aspect about the construction
of the flow and the difference between symmetric and
nonsymmetric phases. Usually, these terms refer to the value
of the mean field M. For M = 0, the model is said to be in the
symmetric phase. Otherwise the model is said to be in the
nonsymmetric phase. For tensorial group field theories, we
adopt another definition, already considered in [71].

Definition 4.—Symmetric and nonsymmetric phases.—
As long as the effective two-points function G, remains
diagonal, G(p,q) 655, the theory is said to be in the
symmetric or perturbative phase. If this is not the case the
theory is said to be in the nonsymmetric or nonperturbative
regime.

This definition comes from the fact that in a perturbative
regime, all the IPI correlations functions of the form

FEZ”H) vanish. Moreover, the conservation of the external

momenta running along the boundaries of the external faces
ensure the presence of a global conservation Kronecker

+r =T 4 r, (20)
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delta 6; ;. For instance, let us consider the violet external
face on the Feynman graph given on Fig. 1:

The path of the boundary of the violet face in Eq. (21) is
indicated with arrows. Each propagator shares a Kronecker
delta, as well as each colored edge. Then, the momentum is
already conserved along the path. The same property is true

for all colors. Now, let us consider F@‘}(M, M) for a
nonvanishing mean field. Expanding it in powers of these
fields, we get

' (M, i)
Pq

) @)
=T 570,00+ T 555

£ 2
P1-P2

(0,0)M s, M5+  (22)

Perturbatively, the first term of the expansion r‘f}lﬁ(o, 0) is
proportional to 5 ;. However, it is not the case of the next
term. Indeed, a leading order contribution to the second

term could be, at the first order in perturbative expansion

x Z ME,PMME,;D% H 5pljp2j

kezd—1 J#

(23)

where the fat black edges correspond to Kronecker delta
contractions. As a result, except for very special mean field
configurations ensuring that

Z MZ,PUM/:,PZ[ & 617“172"’
kezd-!

.
5:pq
the rest of this paper, we consider only the symmetric phase

cannot be diagonal for nonvanishing means fields.” In

Note that the last condition holds for theory with closure
constraint, a gauge invariat_lce ensuring that, “on shell,”
>4 pi=0. If M and M are on shell, the product

M ,;_p“M i is therefore proportional to o, .

4 |

1 3
1 | 3
T I N —
g

4 2

o Boundary graph of G

|

Graph G

FIG. 2. An opening Feynman graph with four external edge and
its boundary graph. The strand in the interior of G represents the
path following by the external faces.

and the effective vertices then can be considered as the first
terms correction in means field expansion like in (22).

Finally let us end this section by introducing the notion
of boundary graph.

Definition 5.—Consider G as a connected Feynman graph
with 2N external edges. The boundary graph 9G is obtained
from G keeping only the external black and white nodes
hooked to the external edges, connected together with
colored edges following the path drawn from the boundaries
of the external faces in the interior of the graph G.0G is then a
tensorial invariant itself with N black (respectively white)
nodes. An illustration is given on Fig. 2.

III. MELONIC AND PSEUDO-MELONIC SECTORS

This section addresses the renormalization of a TGFT
model, mixing standard melons and a new interacting
sector called pseudo-melonic. First, we recall some proper-
ties of renormalizable theories and consider the purely
melonic sector, which has been shown to be just renorma-
lizable for d = 5. Second, we define the new family that we
call pseudo-melons, and show that it is power-counting
renormalizable for ¢° interactions.

A. Renormalizable sectors

Basically, a renormalizable sector is a proliferating
family of divergent graphs having the same combinatorial
structure and the same power counting, such that their
divergences can be canceled from a finite set of counter-
terms. For our model with a kinetic Laplacian term as a
boundary condition in the UV, the degree of divergences @
of a Feynman graph with L internal propagator edges and F
internal faces is

w=-2L+F. (24)
We recall the well-known classification criterion. Let us
consider a given sector.

(1) If the degree of divergence depends only on the

number of external edges, and decrease with him,
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the theory is said to be superficially just-renorma-
lizable.

(i1) If the degree of divergence depends on the number
of external edges, and decreases both with the
number of vertices and external edges, the theory
is said to be superficially super renormalizable.

(iii) If the degree of divergence depends on the number
of external edges, and increases with the number of
vertices and/or the number of external edges, the
theory is said to be superficially nonrenormalizable.

The adjective “superficially” refers to the fact that such a

classification remains heuristic without a rigorous proof for
finiteness of renormalized amplitudes. The renormalization
of TGFT models by considering only the melonic sector is
given in [28-38] and references therein. We expect that the
new sectors that we will consider in this paper require
minimal modifications on the proofs given in these refer-
ences, and we will only proof the key properties allowing to
extend them trivially. Moreover, we left the adjective
“superficially” for the rest of this paper.

We now give a precise definition of a sector.

Definition 6.—Families and sectors.

(1) A family F is a set of proliferating connected
nonvacuum graphs which have the same degree of
divergence and the same boundary graph. A family
is then labeled with a couple F = (w,y,) with
n>1, y, being a connected invariant bubble of
valence n. The leading family 7, , has the maxi-
mal divergence degree w,, i.e., ®, = max, o.

(ii) A leading sector S is a set of leading families S =
{F, &, } such that each boundary graphs y,, are sums
of the boundary graphs having smallest valence—up to
an eventual prescription for the sum. The set of family
whose boundary graphs have the smallest valence is
called root set, and their elements root families.

(iii) A subleading sector is a sector whose families have
the same boundary graphs as the families of the
leading sector, but smallest degree of divergence.

Then all the diagrams in a given family behave like A®

with the UV cutoff A. Moreover, we recall the definition of
the sum of connected invariants.

Definition 7.—Let y,, and y,, be two bubbles with valence

n and m respectively. Let n; € y,, and n, € y,, be two black
and white nodes. The sum y, *, , 7, is the connected
bubble of valence n + m — 2 obtained from y, and y,, as

(i) Drawing an edge between n; and n,

(i) Contracting it, deleting the end nodes n; and n, and
connecting together the colored edges hooked to
them following their respective colors.

Figure 3 provides an example.

Among the motivations for these definitions, we recall

that the sum of connected tensorial invariant’ does not

which is nothing but a contraction of a O0-dipole see
definition (10).

FIG. 3. The sum of two connected melonic bubbles.

change the Gurau degree characterizing the tensorial
invariant of colored random tensor models [23,24]. The
sectors could be then labeled with their Gurau degree.

From the definition of families and sectors, we define the
notion of divergent families and sectors as follows.

Definition 8.—A family is said to be divergent if @ > 0.
Let S be a sector. The divergent sector S, C S is the subset
Sp = {(®,7,)|@ > 0} of divergent families included into
S. Note that Sp can be an empty set. If S = @, the sector
S is said to be safe.

Among the families and sectors, we must make the
difference between the case for which the divergent degree
increases, decreases or is constant with respect to the
number of vertices. Note that when the divergent degree
depends on the number of vertices, the families have a short
length. In contrast, when a family is made of an infinite
number of graphs, the divergent degrees, for fixed n does
not depend on the number of vertices. This consideration
leads to the notion of a superficially renormalizable sector.

Definition 9.—S;, C S the divergent sector on S and
ISp|| the number of elements in Sp. If ||Sp|| < oo and
vV F € Sp, || F|| = oo, the sector is said to be superficially
renormalizable. If @ = 0, the corresponding family is said
to be superficially just renormalizable.

Note that the subleading order sectors must have a
divergent sector, requiring to be separately renormalized.
The power-counting renormalizability is a first requirement
to prove that a given theory is renormalizable. In particular,
arenormalizable theory requires the definition of a finite set
of local counterterms canceling the infinities coming from
the divergent families. Then, renormalization requires a
locality principle, allowing to localize and subtract the
divergences occurring in a Feynman diagram (including
eventually the full diagram itself). For tensorial theories,
the relevant locality principle has been given in the
definition (2). Now we have to show that the renormalized
amplitudes whose divergences have been subtracted with
appropriate counterterms are finite at all orders. Technically
such a realization requires an appropriate slicing on the
graphs, allowing to subtract only the dangerous parts of the
divergent graphs. All these technical subtleties have been
already considered in the literature for tensor field theories
[29,38], especially for the melonic sector. Beyond the
melonic sector, other leading order sectors have been
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considered in [57] called necklaces. As mentioned above,
the sector that we consider in this paper in addition to the
melons, the pseudo-melonic sector has many similarities
with the melons, and a rigorous proof of its renormaliz-
ability is a small modification of the proofs given in
[49-57] for the melonic sector. We will briefly recall some
of these requirements, and then we will show in a second
time that (the pseudo-melonic sector) satisfies many of them.
Let us mention that our presentation is highly sketched with
respect to a rigorous treatment, and have to be completed
with the bibliographic details for unfamiliar readers.

Then let us recall some useful definitions that we will use
in the rest of this work. We start by giving the definition of
k-dipoles and their contractions.

Definition 10.—G a connected Feynman graph. A k-
dipole is made with two black and white nodes n and 7
joining together with a dotted edge and k colored edges.
Contracting a k-dipole corresponds to delete the &k + 1
edges between the nodes as the nodes themselves, and
reconnect together the remaining colored edges following
their respective colors. An example is pictured in Fig. 4.

Another important aspect, especially concerning the
power counting theorem is the notion of contractibility,
playing an important role in the localization and subtraction
of divergences. A first important remark is that the power
counting for a given graph G increase exactly of 2 under the
contraction of spanning tree edge. Indeed, if an edge [ € 7
for 7 C G, be a spanning tree of G, then, the graph G/I
obtained from G by contracting the edge / does not change
the number of internal faces. However, the number L of
edges decreases to L — 1. Contracting all the edges of the
spanning tree, we then get a connected graph, said rosette
and denoted by G. The divergence degrees of G and of one
of its rosettes G4 are then related by

o(9) = w(G) -2(V(9) - 1), (25)
V(G) being the number of bubble vertices in the initial
graph G, and V(G) — 1 is the number of edges in a spanning
tree of G. A rosette is then said to be contractible as soon as
the following definition holds:

Definition 11.—Consider the family F, G € F and G the
corresponding rosette. G is said to be contractible if there
exists k > 0 such that all the dotted edges in G can be
successively contracted by k-dipole contraction.

This definition makes sense due to the fact that for a
family whose rosettes are k-dipole contractible, the degree
of divergence for rosettes can be easily computed leading to
the following divergence degree of G:

o(G) = =2L(G) + k(L(9) = V() + 1).  (26)

4 . . .
In general, there are more than one spanning tree in a given
graph.

P U

FIG. 4. A 3-dipole (on the left) and its contraction (on the right).

Indeed, contracting one k dipole is equivalent to removing
one dotted edge, such that the divergent degree is increased
by 2. In the same time, we remove k internal faces, and
therefore @(G) = (k — 2)L(G). Finally a relation between
the number of internal edges and vertices can be easily
found, expressing L in terms of a sum involving the number
of vertices with a given valence [30]. Then, the renormaliz-
ability criteria may be directly investigates.

First let us consider an example of the melonic sector and
let us adopt the following definition useful particularly in
the next section and also compatible with [23,24].

Definition 12.—The melonic sector Sy, is the sector in
which the root families have the set {;} as boundary
graphs. Its elements are called melonic families. Moreover,
among all the families having boundary graphs of valence
n, the melonic families optimized the power counting. We
call melonic bubbles and denote as M the set of all the
tensorial invariants obtained as sums of elementary melons
in the set {3B;}.

The melonic sector has then the set {B,} as smallest
boundary graphs. The melonic graphs satisfy a recursive
definition, and the nonvacuum diagrams can be obtained
from the vacuum ones. Note that the vacuum diagrams as
well as two-point diagrams are not in the sector Sy,.

Definition 13.—Vacuum melonic diagrams.

(i) For a purely quartic model containing only the
set {MB;} as interactions, the vacuum melonic dia-
grams are recursively obtained from the elementary
diagrams:

(27)

(28)

for arbitrary i. Figure 5 provides us an example of such
quartic vacuum melons.

(i) For models involving higher melonic bubbles,
obtaining as sums of elementary quartic melon,
the vacuum diagrams are obtained from quartic
vacuum diagrams by contraction of some O-dipole.
As illustration, Fig. 5 provides an example of such a
contraction.
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FIG. 5. A quartic vacuum melonic diagrams with three vertices
(on left), and a vacuum melonic diagram with one 3-valent
melonic interaction obtained from the first diagram by the
contraction of the edge e, (on right).

Note that the elementary procedure allows to replace one
edge with a two-point tadpole does not change the degree
of divergence: To be more precise we add two dotted edges
and therefore decrease the degree by 4, but this variation is
exactly compensated from the creation of four internal
faces. It is easy to check that w = 5 for the quartic vacuum
diagrams, and this quantity increases exactly by 2(n — 2)
when we add an n valent melonic interaction with n > 2.
We denote by Sy, the set of vacuum quartic melonic
diagrams. The 1PI two-points melonic diagrams may be
obtained from vacuum melons from the deletion of one
dotted edge. Obviously, deleting a dotted edge along a face
of length higher to 1, we obtain a 1PI graph. Then, to build
a two-point 1PI graph, we have only the choice to delete a
tadpole edge. The deletion suppresses five internal faces,
and one internal edge. The degree of divergence for
melonic two-point graphs is then equal to 2. We then
defined Sy, as the set of quartic melonic two-point graphs.
The 1PI four-point graphs will be then obtained from the
deletion of another tadpole dotted edge, and it is easy to
check that the optimal way is to delete an edge in the
boundary of one external face. A four-point graph has then
two external vertices, 2(d — 1) external faces of length 2,
whose boundaries are pairs of external edges hooked to the
same external vertex, and two external faces running
through the interior of the diagram. Figure 6 provides an
example with two quartic vertices.

For 1PI melonic diagrams with more external edges, we
get [30-35]:

Proposition 1.—Let G be a 1PI 2N-points diagram with
more than one vertex. It has N external vertices, d — 1

00 OO

- ~ - > ~
» J—

FIG. 6. A four-point melonic diagram with two vertices. We
have 2 x 4 external faces per external vertex, and two external red
faces running through the internal dotted edges.

external faces per external vertex, and N external faces of
the same color running through the interior of the diagram.

Among the interesting properties of melonic diagrams,
their rosettes are d — 1-dipole contractible, so that for-
mula (26) becomes

@(G) = =2L(G) + (d = )(L(G) = V(9) + 1).  (29)

Counting the number of edges in a Feynman graph with
N external edges, and V vertices of valence 2k, we get
2L = > ,2kV, — N and setting d =5,

> 2(k=2)Vi(G) +4 - N(9). (30)
k

so that the melonic interactions are just renormalizable for
the quartic set {28;}. Then, the dangerous sector Sp, 5, for
the melonic graph only contains the leading families with
boundary graphs y, € {3;}. This family is built of graphs
with arbitrary size, meaning that each leading family is an
infinite set. Spy, is then a just-renormalizable divergent
sector from definition III A. To this set, we have to add the
infinite set Sy, of two-point melonic graphs, which have
power counting @ = 2. To illustrate how the renormaliza-
tion works, let us consider the four-point graph pictured in
Fig. 6. Let Aj, 5, 5, 5, be the amplitude of the correspond-
ing diagram. Assuming that the red edges correspond to
component 1 in the momentum space, we get

5 5 o5 o 411
A(P1,P27P37P4):—4/1214(17%1’P%1)SymV§;hﬁ)Zﬁ3ﬁ4’ (31)

where
AR L) =Y : (32)
G @+ Ph A G+ p3y +m?
and
(4,])1 o (4,1)1 (4,1)1
SYMV5 5, 0 = Virbninie T Viebririe (33

From power counting, A(p?,, p3,) diverges logarithmically
with the UV cutoff. However, any derivative with respect to
the external momenta p;; and p,, is convergent. Then, only
the first term in the Taylor expansion of A(p?,, p3,) is
divergent and requires to be subtracted:

A(P1. Pa. B3 Pa) = —422A(0.0)SymV)! .+ finite.
(34)

Note that 2SymVi34]’.lﬁ)zly53ﬁ4 is nothing but the combinatorial
factor coming from the contraction of four external fields
with an elementary two-valent vertex B;. The divergent
term can be then exactly canceled adding in the original
action the following one-loop counterterm:
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ﬁ4’ (35)

5,8 =222A(0,0)y VS T T5 T T
{pi}

The counterterm is then factorized as an elementary bubble.
For two-point graphs, the first derivative of the divergent
function has to be kept, leading to a wave function
counterterm. This is in this sense that the connected
tensorial invariant can be viewed as locals. For the melonic
sector, this property may be generalized for all orders:
Any divergent diagram may be factorized as an elemen-
tary melonic bubble times a divergent contribution (see
[30-35]).

In standard field theory, interactions can be classified
following their dimensions. However, in TGFT, there is no
background space-time, and roughly speaking the action
(2) is dimensionless. An appropriate notion of canonical
dimension appears from renormalization group flow con-
siderations. Renormalizable interaction in particular has
zero dimension, a property corresponding to the marginal
behavior of its renormalization group flow in the vicinity of
the Gaussian fixed point. Such a property is recovered for
tensor field theories, where just-renormalizable interactions
have a marginal behavior. We can then define the flow
dimension as follows.

Definition 14.—Let Sp be a renormalizable leading
sector and F € Sp a divergent family with @ = 0. The
flow dimension of the corresponding boundary graph y,, is
then fixed to zero.

In words, the renormalizable interaction scales logarith-
mically with the UV cutoff, which is another way to say
that their weight on the power counting is zero—as in
Eq. (30) for quartic melonic diagrams. The flow dimension
of renormalizable couplings being fixed for all considered
renormalizable sectors, we can associate a dimension for all
couplings as their optimal scaling. Moreover, this scaling
may be directly read on the power counting as well, if it
exists. This is explicitly the case in Eq. (30). Without
explicit power counting, the flow dimension is obviously
closely related to the degree of divergence. Moreover, w is a
sum and difference of integers, the number of dotted edges
and faces, respectively weighted with 2 and 1. To add an
edge decreases by 2 the degree of divergence, while to add
a face increases it by 1. It is then coherent to associate a
canonical dimension 2 for each edge of a theory with a
Laplacian type propagator, and a dimension 1 for each face.
From these considerations, we associate a canonical
dimension 2 for mass and Laplacian. One more time,
the dimension of these two operators being fixed, the
canonical dimensions for other tensorial operators may be
deduced. Moreover, canonical and flow dimension seem to
be closely related, and to make contact between them, we
have to show that renormalizable interactions have zero
canonical dimension. In the literature [71], the dimension
estimate d,, of a bubble b provides an upper bound for
canonical dimension d,,.

Definition 15.—Let b be a connected tensorial bubble,
and G, (b) the set of one-vertex two-point graphs obtained
from b. The estimate canonical dimension d,, of the bubble
b is then defined as

&’b =2- max w(9),

dy, > d,.
GeG,(b) b b

(36)

Note that d, = 2 if G,(b) = @, meaning that estimate
canonical dimension for two-point bubbles is then fixed to
2, with respect to our preliminary discussion. This state-
ment may be checked as follows. Let us consider a 1PI
2n-point leading graph G, in a renormalizable sector, built
of bubbles y, with zero flow dimension. A leading order
2n-point graph G, may be obtained from a leading two-
points graph G, from deleting n — 1 internal edges. Let
®(G,) be the divergent degree of the two-point graph.
Consistency with renormalizability then requires that the
leading quantum corrections for considered renormalizable
sectors behave like A2, then we come to

() =2. (37)

Deleting a k-dipole leads to removing one edge and at
most d internal faces. However, the number of deleted faces
can be reduced if we choose to delete an edge on the
boundary of a maximal number of external faces. We
restrict our attention on the cases of k-dipole contractible
families. Then, deleting n — 1 edges correspond to deletes
k(n —1) faces, and

(%) = (k=2)(n—1)

=2—-(k=2)(n-1)=0—- k:2+%. (38)
Note that this equation make sense only for n =2 and
n = 3. For n > 3, the equation 2 — (k —2)(n — 1) = 0 has
no integer solutions. Then, we expect that the only k-dipole
just-renormalizable models are given when n = 2, k = 4 or
n = 3, k = 3. The first condition corresponds to the quartic
melonic sector. The second condition will be described
later in the next subsection.

The canonical dimension of the different boundaries
bubbles for a given sectors have to be closed. From the
bubbles with valence n in a k-dipole contractible family,
n—1 valent bubbles may be obtained from optimal
contraction of a k-dipole on a just-renormalizable inter-
action y,,. Creating such a dipole increases the number of
0-edges of 1, and then creates k internal faces. The scaling
is then given by

2

O(7umt) = 0(ra) + (k=2) = —

L9

implying that w(y;) =2 from construction. w(y,_;) is
nothing but the optimal scaling, that is, what we call flow
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dimension. Moreover, it is easy to check that w(y,) =
2-2/(n—1), then

@(yp-1) =2 = 0(r2), (40)

meaning that the flow dimension for couplings in a
renormalizable sector coincides with the estimated canoni-
cal dimension. The canonical dimension will be inves-
tigated in full detail for the two considered renormalizable
sectors of this paper at the end of the next section.

B. Pseudo-melonic sector

In this subsection we consider a new leading order sector
that we call pseudo-melonic. The power counting theorem
and the classification of the graphs that contribute to this
sector are given. Let us start by the following definition.

Definition 16.—The pseudo-melonic sector Spy is the
family set of graphs whose root family boundaries are in the
set {B,;}. We call pseudo-melonic bubbles and denote as
PM the set of all pseudo-melonic tensorial invariants
obtained as sum of the elementary pseudo-melons in {$B,;}.

An elementary investigation suggests that d — 2 dipoles
will play the same role for pseudo-melonic graphs as d — 1
dipoles for the melonic ones. We then give the following
lemma which provides the effect of a d—2 dipole
contraction.

Lemma 1.—The set PM U {y,} is stable under d —2
dipole contraction.

Proof.—We prove this lemma recursively. Let y,, € PM
for n>2. First of all, for n =2, y, € {B,;} and the
contraction of any d — 2 dipole leads to the elementary
graph y; with valence one. We then consider the case
n > 2. From its definition, y,, is a connected sum of two-
valent bubbles. Then, y, can be considered as a tree made
with n — 1 elementary pseudo-melons. Assuming that the
property holds for n = n, any ny + 1 valent bubbles can be
obtained from y, _; € PM as sum of an elementary
pseudo-melon y,. Let y,,, = y,,—1 * y2. We have to distin-
guish three cases. First of all, the (d — 2)-dipole is on the
added y,. Contracting this dipole leads to a y;. But y; is the
identity element of the x-algebra on PM, then: y, _; *y; =
Yn,—1- The second case is when a (d — 2)-dipole is con-
tracted on the component y, _; itself. Moreover from
induction hypothesis, the contraction leads to a connected
Yno—2 € PM of valence ny—2, summed with y,, and
Yno—2 * Y2 € PM. The third and last possibility is to contract
a (d — 2)-dipole corresponding to a dotted edge between
Yno—1 and y,. The only possibility is that y, _; and y, share
(d — 2) internal faces of length 2 as on Fig. 7 below. But it is
easy to check that the contraction of the two dotted edges
bounded the faces yield again the pseudo-melonic bubble
]/”0_1 € PM. O

Definition 17.—A connected Feynman graph G is said
pseudo-melonic if it contains only pseudo-melonic

o

-
- e

FIG. 7. llustration of the third configuration: The two pseudo-
melonic connected tensorial invariants y,, _; and y, share three
internal faces of length 2. Contracting e;, we get a 3-dipole,
whose contraction leads to y, _; itself.

tensorial bubbles. Now contracting the V(G) — 1 dotted
edges of a spanning tree leads to a pseudo-melonic rosette
with L(G) — V(G) + 1 dotted edges.

Definition 18.—For any pseudo-melonic graph G, we
define p(G) as

p(G) =(d=2)(L([G -V +1)-F(G). (41)

Lemma 2.—For any pseudo-melonic graph, p(G) is
invariant under (d — 2)-dipole contraction and also as well
under a tree edge contraction.

Proof-—Let us consider an edge e in a spanning tree.
Contracting it does not change the number of face as well as
the combination L — V, due to the fact that contracting a
tree edge decreases both L and V of one unit. Then, p is
invariant under a tree edge contraction.

Let us consider a (d — 2)-dipole. Contracting it deletes
exactly d — 2 internal faces. Moreover V is invariant and L
decreases of one unit. Finally, the variation of the first term
exactly compensates the variation of F. U

Proposition 2.—Let G be a pseudo-melonic nonvacuum
graph containing only two valent vertices. Then

p(G) €N, (42)

and
p(G) =0, (43)

if and only if G/7 is (d — 2)-dipole contractible for any
spanning tree 7 C G.

Proof.—We proceed by induction on the number of
elementary pseudo-melonic bubbles. For V = 1, the propo-
sition can be easily checked. For V > 1, we assume the
proposition true for V =V, and consider an arbitrary
pseudo-melonic graph G having V =V, + 1 vertices.
Choosing an external vertex b € G, we have to distinguish
three cases [see Fig. 8(a)l:

(i) Only one external edge is hooked to the vertex b. It

is then connected with one, two or three connected
components.
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@ X
(a) ®

FIG. 8. (a) Anillustration for the first item: One external edge is
hooked to b, and two connected components are hooked to him,
namely G, and §,, pictured as grey disks. (b) The only
configuration creating d — 2 internal faces. Note that at least
one of the two edges e¢; and e, have to be external.

(i) Two external edges are hooked to the vertex b. Then
one or two connected components can be hooked
to him.

(iii) Three external edges are hooked to b, and only one
connected component is hooked to him.

Note that the last case with four external edges hooked to

b is then excluded from the recursive hypothesis V > 1. Let
us consider the generic case pictured having ¢ connected
components G;. From recursive hypothesis, these two
connected components satisfy p(G,) €N, i=1,...,c.
Let §' :=U{_, G, the graph with ¢ connected components
obtained from G deleting the external vertex b. We have
F(G;) < (d=2)(L(G;) = V(G;) +1), Vi, and

F(G) <(d=2)(L(G)=V(G)+ 1)+ (d=2)(c-1).
(44)

Moreover, V(G) =V(G)+1 and L(G)=L(G)+7,
where 7 is the number of dotted edges hooking the vertex
b to G'. Obviously £ > ¢, and

F(G) <(d=2)(L(G)=V(F) + 1)+ (d=2)(c=2).
(45)

Moreover, it is easy to check that, from all the possibilities
listed above, we have F(G) < F(G') + (d —2)(¢ — ¢) and
then p(G) > 0.

From Lemma 2, if G/7 is a (d — 2)-dipole contractible
rosette, p(G/T) = p(G) = 0. Reciprocally, assuming that
p(G) =0, then p(G/T) = 0 for any spanning tree 7 C G.
Moreover, from recursion hypothesis, one has

p(Gi)=0 Vi=F(G;)=(d=2)(L(G)=-V(G)+1) Vi,
(46)

and for each i, and any spanning tree 7; C G;, G;/7; is
(d — 2)-dipole contractible. Any spanning tree 7 C G can
be decomposed as follows: 7 =US_, 7, U {l,....[},
where {l,....1.} Cc{l;,....1,} is a subset of ke edges
hooked to b. (]

Contracting the edges of the trees 7 ;, we get contractible
rosettes which can be contracted themselves. It remains at
most £ — ¢ loops, carrying at most d — 2 faces. Optimally,
we then have to F(G) = F(G') + (d —2)(Z —¢), but it is
easy to check that there is only one such configuration, for
¢ —c¢ =1, pictured in Fig. 8(b). After contraction of the
remaining tree edge, we get a (d — 2)-dipole contractible
graph, completing the proof. U

Corollary 1.—For any nonvacuum pseudo-melonic dia-
gram G, p(G) € N. Moreover, p(G) = 0 if and only if G/7T
is (d — 2)-dipole contractible, 7 being a spanning tree of G
containing all the 0-dipole edges of the decomposition of
all the pseudo-melonic bubbles into sums of elementary
quartic pseudo-melonic bubbles.

Proof.—Any pseudo-melonic diagram can be obtained
from a purely quartic pseudo-melonic diagram from the
contraction of O-dipole edges. However, 0-dipole contrac-
tions do not change the p(G). O

As a direct consequence, we deduce that a necklace
bubble cannot have more than three colored edges between
a pair of black and white nodes. Otherwise, it will be
possible to obtain a four-dipole, which violates the bound
p > 0. Indeed,

Corollary 2.—Let us consider a nonvacuum pseudo-
melonic graph G having V,(G) pseudo-melonic bubbles of
valence 2k, L(G) internal edges and N(G) external edges.
From the relation 2L(G) = ) ,2kV(G) — N(G), we then
have

0(0) =33 (2h-6V,(0)+ (3-3¥(0)) -0(0). @)
k

Then, Proposition 2 and Corollary 1 motivate the following
definition.

Definition 19.—For a fixed configuration ({V,k},N),
the leading order graph satisfies p = 0. We call pseudo-
melons these leading families which bound the power
counting and build the pseudo-melonic sector Spy;.

From (47), it is clear that the corresponding divergent
sector will be of finite size if and only if V;(G) = 0 for
k > 3. In other words:

Proposition 3.—The pseudo-melonic sector is just renor-
malizable up to 3-valent pseudo-melonic interactions.
Moreover, power counting graphs with N > 6 admit the
following bound:

w<-— N > 6.

N
5 (48)

For a purely 3-valent model, the power counting reduces
to w =3 —N/2, and vanishes for the 3-valent leading
family. We then fix to zero the canonical dimension of
3-valent pseudo-melonic bubbles. The complete set of
renormalizable 3-valent interactions is given on Fig. 9.
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(a) (b)

(© (d

FIG. 9. The complete set of just-renormalizable interactions, having zero canonical dimension.

p=0,w=2

p=1lLw=1

p=2, w=0

FIG. 10. One-vertex two-point function examples for leading and subleading orders.

A direct inspection shows that all the divergences have
not taken into account in the leading divergent set of
pseudo-melons. Indeed, for p = 0, two-, four- and six-point
functions have respectively @ =2, ® = 1 and @ = 0. The
remaining functions are power-counting convergent.
However, for p =1, the two- and four-point functions
remain divergent, respectively as @ = 1 and @ = 0; and for
p =2, the two-point function remains logarithmically
divergent @ = 0. We have then two subleading order
sectors, characterized by p =1 and p =2. Figure 10
provides some examples. Moreover, for p > 2, the diver-
gent degree admits the bounds:

N
® < > (49)
ensuring power-counting convergence. The complete
renormalization of the theory then requires to renormalize
sector by sector with appropriate counterterms. In the rest of
this paper, we will only focus on the leading order sectors,
mixing melons and pseudo-melons, which dominate the
renormalization group flow in the deep UV limit. From
Definition 15, we then deduce the estimate canonical
dimension for each of the pseudorenormalizable inter-
actions, that is, with valence smallest or equal to 3. We
then get d), = 0 for each of the bubbles pictured in Fig. 9, in
agreement with their expected marginal behavior. Moreover,
the dimension of the quartic bubbles in the set {8} is equal
to 1, corresponding to an essential coupling. To close this
section, we will discuss this point with some detail. Let us
consider the quartic melonic sector. From definition, the
coupling 4, ; must have a zero flow dimension, because all
leading four-point quantum corrections have zero divergent

degree and then behave logarithmically.5 Fixing d,; = 0, it
is easy to see that the optimal quantum corrections for two-
point functions and then for mass scales as A%. The flow
dimension for mass and Laplacian then is fixed to 2, and then
corresponds to the canonical dimension coming from
power-counting itself. Moving on to the pseudo-melonic
sector, the flow dimension for all the couplings correspond-
ing to the bubbles pictured in Fig. 9 have zero flow
dimension. Moreover, optimal quantum corrections for
two-point functions made only with these bubbles scales
as A% as well from power counting (47). Finally, optimal
quantum corrections for four-point functions scale as A, in
accordance with a canonical dimension 1. In general, from
power counting and for a general tensorial invariant of
valence n:

4 —2n In melonic sector
Tn 50)

13-n In pseudo-melonic sector.

IV. EVE FOR A MIXING TENSORIAL
THEORY SPACE

This section aims at building the effective vertices
for a renormalizable sector beyond the standard melonic
Feynman graphs. We deduce the effective vertices for a
model including melonic and pseudo-melonic renormaliz-
able interactions as initial conditions in the UV. For the rest
of this paper, we consider 5-dimensions TGFT with these
two leading contributions, and we restrict our attention on
the UV sector A > k> 1.

°In other words, adding a new vertex has no additional cost,
which is explicit in Eq. (30).
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A. Mixing melons and pseudo-melons

In this section we investigate the leading sector for a theory mixing melonic and pseudo-melonic renormalizable sectors.
The theory from which we start in the deep UV is the following:

d
Sut(T,T) = Xax Y
=1

Note that we have chosen one among the three type of
interactions pictured in Fig. 9. We call this sector non-
branching pseudo-melonic. Nonbranching graphs have
been studied in [57]. The boundary graphs for these
restricted sectors y,, are such that

n—1times

Figure 11 provides the structure of general pseudo-melonic
interactions. The nonbranching pseudo-melonic sector then
splits into d(d — 1) sectors labeled with a couple (i, j),
i > j, such that each family of valence n has boundary
231.;). The interest of this restriction is that the pseudo-
melonic sector is stable in the deep-UV: There are no
leading order quantum corrections which generate an
effective vertex outside of the nonbranching sector from
the initial conditions (51). In other words, the renormal-
ization group flow is stable on the nonbranching sector.

As a first step we will investigate the general structure for
the leading order (LO) graphs. Let G be a Feynman graph
obtained from the classical action (51). Moreover, let Q be
the map from G to its quartic representation Q(G), i.e., the
graph obtained from G by replacing all the 3-valent vertices
with their connected sum of quartic interactions.

Definition 20.—We denote by G the complete set of
connected Feynman graphs obtained from action (51). We
call quartic sector the connected Feynman graphs with
only two-valent vertices. We denote by Q(G) the corre-
sponding subset.

Obviously, for any LO graph G, Q(G) is a LO graph in
the quartic sector. Reciprocally, LO graphs in the full sector
can be obtained from contraction of some O-dipoles on a
given LO quartic graph. We then investigate the quartic
sector in the first step.

FIG. 11. Structure of general pseudo-melonic interactions.

el

J<i

(51)

N Z

1. The quartic sector

The quartic sector is most conveniently studied in the
Hubbard-Stratonovich (HS) representation. For tensorial the-
ories, HS representation has been largely discussed in the
literature [28-42]. The procedure can be summarized as
follows. In the HS representation, each vertex corresponds
to acycle of edges of color 0 of the original representation. The
ares® are the edges of color 0 in the original representation. For
our model, there are two types of edges in the HS representa-
tion; Monocolored edges labeled with i (i = 1, ..., d) corre-
sponding to melonic vertices, and bicolored edges of colors i,
(i > ), corresponding to pseudo-melonic interactions, open-
ing simultaneously both strands of color i and j between two
HS vertices. Finally, external edges in the original representa-
tion are matched as cilia on the vertices in the HS representa-
tion, in such a way that such a vertex has at least one bear at
least one cilium. The exact way to construct the correspon-
dence can be found in [25,73]. Then, a graph in the HS
representation is made with three types of bicolored lines
joining some vertices with at least one cilium, in such a way
that the number of cilium in the HS representation is half of the
number of external edges in the original representation. We
call maps the graphs in the HS representation and denote their
set as M. Note that the correspondence between the two
representations is exact, in the sense that we can construct a
bijective mapping F: G — M such that for any quartic
Feynman graph G in the original representation we may
associate a unique graph F(G) in the HS representation and
reciprocally. The construction of the mapping F is pictured in
Fig. 12 for some example, and detailed in [69].

We will investigate the structure of the LO quartic graphs
in the HS representation. We have the first result.

Proposition 4.—Leading order quartic vacuum Feynman
graphs are trees in the HS representation, with power
counting @ = 5.

Proof.—We proceed recursively on the number of colored
and bicolored edges. Let n be the number of colored edges, m
the number of bicolored edges and N = n + m the total num-
ber of edges. For N = 1, there are two leading configura-
tions, correspondingto (n = 1, m = 0)and (n = 0, m = 1):

®It is also called corners in the mathematical literature.
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FIG. 12. HS correspondence between some quartic Feynman graphs.

I I

(n=1,m=0)

For the first one, we have two dotted edges and nine internal
faces, then w = =2 x 2 + 9 = 5. For the second case, we
have two dotted edges and eight internal faces. Moreover, a
quartic pseudo-melonic interaction has canonical dimension
1, the complete scaling is then the same. Let M s be a map of
order N > 1. Assuming that M/ is a tree,

My = , (54)

there are only four moves, to pass from M 5 to M /1, listing
both for colored and bicolored edges in Fig. 13.

Investigating separately each case, we get:

(1) We add a colored edge between two vertices,
creating a loop (a) or we add a tadpole colored
edge on a single vertex (b). From these moves, we
create two internal propagator edges of color 0, and
at most one internal face. The variation of the power
counting is then 6w = —20L + 6F < -3.

(2) We add a bicolored edge between two vertices,
creating a loop (a’) or we add a tadpole bicolored

(a) (b)
‘%\ ‘—%{ ™)
(@) )

®’

FIG. 13.
edge.

edge on a single vertex (b’). From these moves, we
create two internal propagator edges of color 0, and at
most two internal faces. Taking into account the
canonical dimension of the quartic pseudo-melonic
vertices, the variation of power counting is then
6w = —=20L +o6F +1 < —1.

(3) We add a new monocolored leaf (c) or a monocol-
ored bridge (d). From these moves, we create two
internal propagator edges of color 0 and 4 internal
faces. The variation of power counting is then
6w = —20L + O0F = 0.

(4) We add a new bicolored leaf (¢’) or a biocolored
bridge (d’). From these moves, we create two
internal propagator edges of color 0 and 3 internal
faces. The variation of power counting is then
0w = —=20L +6F +1=0.

As aresult, only the moves ¢, d, ¢’ and d’ do not decrease
the power counting. Moreover, all these configurations
preserve the tree structure, ensuring that M, is LO only
if it is a tree itself. O

Nonvacuum 1PI two-point graphs are then obtained from
vacuum graphs from cutting an internal dotted edge.
Obviously, cutting a dotted edge on the boundary of an
internal face with length upper than 1 creates a 1PR graph.
Then we have to cut a dotted edge with ends points hooked
on the same vertex, corresponding to the leafs on the HS
representation. Opening an internal dotted edge deletes five
internal faces, the variation of power counting is then
0w = =26L + 6F = 2-5 = -3, meaning that leading two
point functions scale with @ = 2.

© ()
(c")

@)

Elementary moves on the tree M . For a, b, ¢ and d, we add a single-colored edge, while for a’, b', ¢/, d’ we add a bicolored
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1PI four-point graphs are then obtained from deleting
another tadpole. However, we have to distinguish between
four-point diagrams with melonic and pseudo-melonic
boundaries.

(i) Forthe melonic boundary, we have to distinguish two
cases: The first one when at least one of the two
boundary vertices is a melonic vertex, the second one
when the two boundary vertices are pseudo-melonic.
Let us start with the first case, and assume that the first
deleted dotted edge is a tadpole over a melonic vertex.
The second move can delete another tadpole, and will
be optimal if the deleted dotted edge is on the
boundary of one of the five opened faces from the
first move. The second move then discards only four
faces, implying 6w = 2-4 = -2, and the LO 1PI
four-point graphs are such that @ = 0. When the
second deleted tadpole is pseudo-melonic we have
four external faces of length zero on the melonic
vertex and three on the pseudo-melonic one. We have
then two external faces of the same color with length
> 1 passing through the two boundary vertices, and
finally an external face of length > O starting and
ending on the pseudo-melonic boundary vertex.
These two cases are pictured in Figs. 14(a) and
14(b). The last case is when the two deleted dotted
edges are pseudo-melonic tadpoles. In this case, the
second move is optimal if the second deleted dotted
edge is on the boundary of one of the opened external
faces from the first move. There are then three faces of
length zero per external pseudo-melonic vertices, two
external faces (not necessarily of the same colors)
with length > O starting and ending on the same
vertex and two external faces of the same color
connecting together the boundary vertices. This
configuration is pictured in Fig. 14(c).

(i) For pseudo-melonic boundaries, the two opening
tadpoles have to be pseudo-melonic, meaning that
the four external dotted edges are hooked on two

e @ =0

(@) (b)

@j>g<{@ E/%E

(© (d)

FIG. 14. The four possible boundaries. The three first ones (a)
and (b) and (c) have a quartic melonic boundary while the last one
(d) has a quartic pseudo-melonic boundary. The target of the
external faces running through the interiors of the diagrams are
pictured as internal colored edges between boundary vertices.

pseudo-melonic vertices. The optimal cutting deletes
a single dotted tadpole edge in the boundary of two
external faces. Then, this move delete only three
internal faces, such that the total variation for power
counting is ow = 2-3 = —1, meaning that the LO
1PI four-point graphs with pseudo-melonic bounda-
ries with a power counting @ = 1, in accordance to
their proper canonical dimension. This configuration
is pictured in Fig. 14(d).
Nonvacuum LO diagrams with N > 4 may be obtained in
the same way. However, the structure of the effective
vertices becomes difficult to build explicitly. For this reason
we will use the Ward identities for effective vertices with
valence higher than 2.

2. Full nonbranching sector

We now move on the full nonbranching sector, including
3-valent nonbranching interaction bubbles. As recalled in
the previous section, the LO graphs may be obtained from
the contraction of some O-dipoles, corresponding to the
connected sum of two quartic pseudo-melons. In the HS
representation, the O-dipoles are the arcs on vertices having
more than one colored or bicolored edges. Moreover, in the
nonbranching sector, the contracted 0-dipoles have to be
the arcs between two bicolored edges with the same couple
of colors. See Fig. 15(a). The contraction of the arc (e)
between the two bicolored edges generates a new type of
bicolored edges that we call breaking edges, whose break-
ing point corresponds to the point of contact with the vertex
in the HS representation. See Fig. 15(b).

As aresult, from Proposition 4, we deduce the following.

Proposition 5.—Leading order vacuum Feynman graphs
are trees in the HS representation, whose edges may be
simple colored or bicolored edges as well as breaking
bicolored edges. The power counting remains the same as
for purely quartic sector: @ = 5, meaning that p(G) = -2
for LO vacuum graphs.

The last condition on the invariance of the power
counting may be easily checked.

B. Structure equations for effective vertices

In this section we investigate the structure of the LO
effective vertices with 2, 4, 6 and 8 points. We will use the

¢ \/
\./ .
(@ (b)

FIG. 15. Contraction of a O-dipole forming an arc (e) between
two identical bicolored edges (a) and the resulting diagram (b).
The 3-valent resulting from the interactions corresponds to a pair
of bicolored edges with the same color hooked to the same point
on the vertex. They form breaking edges, making a contact on a
vertex with the breaking point, marked with a black arrow.
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method discussed on [71], by using the structure of the LO
graphs established in the previous section. The aim is to get
a closed set around just-renormalizable interactions, using
them to parametrize the entirety of the renormalization
group flow in the sector including melons and pseudo-
melons. As we will see in the next section, the momentum
dependence for four-point effective vertices plays a crucial
role for the computation of the anomalous dimension,
providing a contribution, which is not included in standard
crude truncations. Moreover, six- and eight-point effective
vertices are required in order to close the infinite hierar-
chical system coming from Wetterich equation (19). From
this equation, it is clear that the flow for '™ involves
'"=2) Then, in the melonic sector, the system will be
closed if we compute the six-point effective vertices having
a three-valent melon graph as a boundary graph. In the
same way, to close the nonbranching pseudo-melonic
sector around marginal interactions requires eight-point
functions with a nonbranching pseudo-melonic graph as a
boundary graph.

1. Two- and four-point effective vertices

Let us start with the two-point function. We denote as X
the leading order self-energy, so that the LO effective
propagators G can be decomposed as

G=(-A+m>+r,—%)!
=C,+C2C, +CEC2ECy + -+, (55)

where C; is the bare propagator given in (20). We get the
following closed equation.

By expressing these diagrams as an equation and taking
into account all the symmetry factors, we obtain the closed
equation (56). O
The structure of the 1PI four-point function may be
obtained from the same strategy in terms of elementary
essential or marginal couplings, as well as effective
two-point functions. All the configurations for boundary
vertices are pictured in Fig. 14. Note that, for the quartic
pseudo-melonic boundaries, we have to add the ones
coming from 3-valent pseudo-melonic vertices. The
interior of the diagram can be determined for each
configuration with the two following statements:

Proposition 6.—The leading order self-energy X satisfies
the following closed equation:

Z(ﬁ) =—24, Z Z 5p,~q,-G(q_')

i=1 gez?

d
- 2/142 Z Z 5PiQi5qujG(q_)

J<i gez?

d
_6/16,12 Z 5p;qi5p,-q,-5p;q§-5p_/q’,-G(‘DG(‘?)' (56)

J<i gqez?

Proof.—From the previous section, we know that LO 1PI
two-point graphs may be obtained from the cutting of an
internal tadpole edge. They correspond to leafs on the HS
representation, and the final vertex on the leaf can be
hooked to a single colored edge, to a bicolored edge or to a
breaking bicolored edges. As a result, the opening tadpole
may be localized on a quartic melonic vertex, either on a
quartic pseudo-melonic or on a 3-valent pseudo-melonic
vertex. Opening a melonic tadpole on a LO graph means
that there are two half dotted edges hooked to this vertex,
and connecting it to the rest of the diagram. But it is easy to
check that the remaining part of the diagram hooked to this
vertex is nothing but the LO two-point function G. The
same result holds when a pseudo-melonic tadpole is
deleted. Finally, when the deleted tadpole is on a 3-valent
vertex, it is easy to check that the only 3-dipole contractible
configuration corresponds to the contraction of this vertex
with two effective two-point functions in order to form two
effective 3-dipoles. Graphically, all these configurations
correspond to the equation:

(57)

(1) The structure of the graph is a tree in the HS
representation.

(2) The connectivity of the external faces between the
boundary vertices has to be ensured following their
respective nature.

For the rest of this paper we focus our attention on the
renormalization group flow for local interactions, corre-
sponding to purely tensorial invariants. We focus on the
zero-momenta effective vertices. Even with this simplifi-
cation, the computation of the zero-momenta four-point
function remains difficult, especially when the boundary
graph is a quartic melon, due to the large number of
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configurations. Then, to simplify the proofs, we split the
computation into some partial results, corresponding the
elementary “building block™ configurations.

First, let us consider a LO four-point graph having
quartic melonic boundary, such that the external edges are
fully connected to melonic vertices. Such a configuration
corresponds to Fig. 14(a). Let us call “red” the color of the
external faces running through the interior of the diagram
between the ends vertices. In the HS representation, such a
graph corresponds to a two-ciliated tree and the two cilia
are joined together with a red path made of a succession of
colored or bicolored edges where one of them is red.
Figure 16 provides an example of this configuration. We
call this path the skeleton, and the length of the skeleton the
number of edges building with him. Moreover, we call
purely melonic the LO two-ciliated trees whose skeleton

edges have a single color. Let F,(f)( D1, P2, P3» P4) be the
LO four-point function obtained as a sum of Feynman
graphs having melonic boundary, with nonzero external
momenta. The skeleton being labeled with a single color,
taking into account the structure of the ends vertices,

i (D1, P2, P3» P4) have to be decomposed as

d
s > o o Nis > o o
T (Br. Ba- Ban )= D _Tu (Br. Ba. s Ba). (58)

i=1
where

(4.1)i

P1:D2:P3:P4’

T (Br. Ba. By Pa) =11 (py;. pay) SymV
(59)

in accordance with the perturbative expansion (34). In the
rest of this paper, we will refer to Hﬁf) (p1i» P3i) as effective
skeleton function, and we denote by ng) = HE,Z)(O, 0) its
zero momenta value. Note that the upper index 2 indicates
the number of cilia on the graphs contributing to it. From
their structure, obviously, HEP split into purely melonic
contributions, whose skeletons are chain of melons, and
mixing contributions, whose skeletons includes bicolored

FIG. 16. A tree with two cilia contributing to the LO four-point
function with melonic boundary. The red arrows follow the path
of the skeleton corresponding to the color 1, joining together the
boundary vertices.

edges insertions. We will denote them respectively as Hf())

and H( ) such that

a,l?

ny =n? + 0. (60)

The decomposition (58) can be generalized for all the
contributions pictured in Fig. 14. From connectivity of the
boundary graphs, it is clear that the configurations (a), (b)
and (c) contribute to the effective vertex function having
melonic boundary, while the last one (d) contributes to the
effective vertex function having pseudo-melonic boundary.
From the configurations (a), (b) and (c), the corresponding
trees in HS representation have skeletons labeled with a
single color, while the skeleton of the configuration (d) has
a bicolored skeleton, labeled by a pair of different colors.
We then have the decomposition:

d
F§11210<p17p2 p37p4 Zrmelo Pl’p2 p37p4

3 ). (61)
i=1
(4) S (4).ij
Fpseudo—melo(ﬁl’13)2’1;)3’54) =:ersell{lo—melo(ﬁl’ﬁZ’ﬁ3’ﬁ4)’
Jj<i
(62)
where
4),i 2 4.1)i
oo (B1. Pae B3 Pa) = 07 (pys, P3i)SymV;,1,;,)2,;,3_;,47
(63)
with
2 2 2
Hg )(plivPSi) = I )(Pliapsi) + HEJ >(P1i, P3i)
2
+ 10§ )(pli’ P3i)s (64)
and
4),i
rg)slu(jio melo(pl’pb P%,P4)
(4,2)ij
7H§l)j(pll’p1‘]’p3l7p3‘j)sy Vp] pzlpzm (65)
with
H(z)( e i) = T2 (Do Dot D Das 66
2,ij pll’p1j9p3l’p3j> = d,ij(plzvplj’p3zvp3j>7 ( )

H((fl)] being the skeleton function corresponding to the

configuration (d) in Fig. 14. The following result holds.
Lemma 3.—The zero-momenta effective skeleton func-

tion for purely melonic graphs, Hfl%()) writes as

24,

) . — 67
O 4 2041 Ay (67)
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where

A=Y G"(P). (68)

Z)‘Ezm

Proof.—Let us consider a LO tree having purely melonic
red skeleton. To each vertex in the way of this red path are
hooked some connected components 7 ;,7 5, .... They are
1PI two-point graphs from construction, and it is easy to
check that all of them provides a contribution to the

effective self-energy X:
>~ N,
= ~=—-=" AN
(69)

where Z(") denote a contribution of order n for the self-
energy. Then, the two skeleton edges hooked to a vertex in
the HS representation split him into two corners, to which
some connected trees can be hooked. Summing over all
possible trees we then reconstruct the effective two-point
function (55) to each corners between skeleton edges:

@
L RN - (70)
Z~ @ AN

The same structure may be repeated along the length of the
skeleton. Then, summing over lengths, we get the first
contribution to the 1PI four-point function with melonic
vertices on its boundaries:

0 + QT g (D + D) g QU T+

-@ | (0g0) |m-—

This is formally the structure of the four-point vertex.
The effective loop of length two can be easily computed,
and we get, once again in accordance with (34),

®-.
@\@/@ = —2X\s1 Ay (72)

Note that the factor 2 in front of this expression comes to
the symmetry of the melonic vertices insertion. Figure 17
below provides us an illustration.

The translation of the final diagram (71) into an equation
is then straightforward, and we get

2 . .1 .
@"’ 1"@ O\_M’O
FIG. 17. The two configurations for a melonic insertion. The

black node labeled by 1 can be contracted on the right or on
the left.

— @D "
- Qo0

1

-0 g0

1 2)
— 4N, =21®
@ 1 + 2)\4,1./4472 4,1 a,0

(73)

the last equality, coming from definition (59) completing
the proof. U

In addition to purely melonic configurations, we have to
take into account bicolored edge insertions along the
skeleton. Moreover from Fig. 14(a), it is clear that all
these bicolored insertions have to contain the color red in
the pair. An example is pictured in Fig. 18. Note that this
constraint on the existence of a common color for the edges
along the skeleton as well as the linear topology of the
skeleton will be a precious help for enumeration of the
different configurations.

Taking into account bicolored insertions introduces
another difficulty. Quartic pseudo-melons are not the only
source of bicolored edges. We have to take into account a
new type of edge, coming from breaking edges. To
understand how they occur in the way of the skeleton,
let us consider the example pictured in Fig. 18. We have
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FIG. 18. A skeleton with two pseudo-melonic insertion. The
red arrows follow the path of the skeleton corresponding to the
color 1, joining together the boundary melonic vertices.

one breaking edge, with colors red and green (1 and 2), and
following the same argument leading to Eq. (69) the
contribution of the vertex labeled with » writes explicitly as

As a result, summing over all trees having the same
skeleton, we get, as for Eq. (70):

(75)

We then observe that we have to distinguish two types of
quartic pseudo-melons for the counting. The purely quartic
pseudo-melonic interactions, which we call fype I, and the
effective quartic pseudo-melonic interactions, arising from
the contraction of a six-point pseudo melon with an
effective two-point function, which we call fype 2 quartic
pseudo-melon. We denote them by

= Se i

FIG. 19. A typical contribution for FE,4).

Type 2 vertices behave like type-1 ones. They have the
same canonical dimension and the same boundary graph,
the only difference comes from their respective weight.
Nevertheless, in order to investigate the combinatorial
structure of the skeleton, we have to sum over all repetitions
of the same (type 1 or type 2) vertex, as for the melonic
chain in Eq. (71). To this end, we introduce the zero
momenta purely pseudo-melonic effective skeleton func-
tions Hgi, with i # 1, so that Hg ; is a chain of pseudo-
melons of type 1 or 2 with intermediate colors 1i.
Obviously, such a configuration corresponds to the struc-
ture pictured in Fig. 14(d): this is why we labeled these
effective function with a lower index d. Figure 19 provides
an example of tree with two cilia and a purely bicolored
skeleton.

Therefore we have an analogous lemma to Lemma 3.

Lemma 4.—The zero momenta purely pseudo-melonic
function II, ;; has the following expression:

L AR PR ALL P

, (77)
1 - Tg17a2

where the partial effective purely pseudo-melonic skeleton
functions r,; and 7z,, are defined as

. 2/?,4’2
14 240A5,

646.1b

=——— (78
7d.2 1+ 616’113./43’2 ( )

a1
with

(79)

b= "G(3).

gez?

Proof-—The graphs structure is very reminiscent of the
pure melonic case. The essential difference comes from the
fact that we have to distinguish two elementary building
block configurations, respectively made of chains of type-1
and type-2 pseudo-melons. For the first case, when
elementary quartic type-1 pseudo-melons form a chain
with zero momenta running throughout the boundaries of
the external faces, we have the formal sum:
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+@@E®l

I
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-©-
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—e -

(80)

The second case is when type-2 pseudo-melonic interactions, coming from 3-valent vertices build a chain:

@+@i§ﬁ+@i§mi§@+

T |5(21%]

©

Dy

y @ | (81)

-/,
= @

@,

The two kernels in brackets must be computed explicitly. Introducing the function b it is easy to check:

—
e—
|

so that the formal equations (80) and (81) lead to the two
partial effective skeleton functions 7, and r,,. Note the
factor 2 occurring in the denominator of the formula has the
same origin as the factor 2 occurring in expression (71): It
comes from the symmetry exchange for the pseudo-
melonic vertices. Moreover, the factor 3 in front of b
comes from the rotational symmetry of the 3-valent
vertices: there are three different ways to build an effective
four-dipole on a 3-valent vertex to obtain a type-2 quartic
pseudo melon.

To obtain the complete four-point kernel I1, ;;, we then
have to sum over all possible partitions of type-1 and type-2
domains. We have to distinguish three cases:

(i) The boundary vertices are both of type-1.

(i) The boundary vertices are both of type-2.

(iii) One boundary vertex is of type-1, the second of
type-2.
For the two first cases, we have the sequences:

g1 + Bg 1ol + Bg 1 Wg2Wq 1 %g2%q1 + -

=741 Y (Taaman)" (83)
n=0

= —2\0Ass, 2N =3b, (82)

|
for type-1 boundary vertices, and

Tgn + Raplg1qn + Baolg 1 Bq 27,1 Wap + -

=T Z(”d,zﬂd,l)", (84)
n=0

for type-2 boundaries. For the heteroclite boundaries
however, fixing the end vertices we get

[Se]

Z(ﬂmﬂd.z)"- (85)

n=1

Ty 1T + Mg 1 Bg2lq 1 Bgp + -+ =

All the sums can be easily computed as geometric pro-
gressions. Computing them, we finally get the effective
skeleton function I1, 5. U

As we will see, a large part of contributions to the
512; require the knowledge of the
momentum dependence of the effective pseudo-melonic
function ngiz( P1. P2: P}, Ph). More precisely, because we
are only interested for zero momenta four-point functions,

we consider the restriction p; = p| =0, p, = p) = p:

effective function II
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~ (2 2
171, (p) =T171,(0. p: 0, p). (86)

which can be easily deduced from the previous proof.
Corollary 3.—

ﬁgﬁ(p) _ T (p) de;jf?()p‘;ﬂzil(;l;)ﬂd.z(P) . (87)

where the momentum-dependents effective vertex func-
tions 7, (p) and 7, ,(p) are defined as

x (p) _ 2247 - 6/16,119(17)
! 14+2445A5,(p) @1 66,1b(p)As2(p)’
(88)
and
A3,2<p> = 2542,,3(;2(67), b:= Z‘sqz,pG(‘D‘ (89)
gez* qgez*

From these elementary “pure” building block functions,
we can easily deduce all the allowed configurations for
each configuration in Figs. 14(a)-14(c), and the complete
skeleton functions may be summarized with the following
statement.

Proposition 7—The complete zero momenta skeleton
functions H(l2> and Hg;z are given in terms of the essential
and marginal couplings A4, 445, 4¢; and effective two-
point function G(p) as

2) @) . Mg oBI, . 1,08
II;7 =11 —_— 1+B)———+D, (90
1 a’0+1_Ha.OB+( + )I_HG’OB_I_ ( )
2 Ty + Tgp + Ty 1740
Mg, = == , (91)

1- Ta1742

where BB, B and D are respectively given by formulas (114),
(118), (120).

Proof.—The components ng and H[(lz()] have been
computed and are given Egs. (67) and (77). To complete
()

the proof, we then have to compute the components I17,
Hf) and H(Cz). To this end, we will proceed step by step,
computing each component separately.

(i) Computation of Hflzi

The skeletons of trees contributing to Hfi have melonic
boundaries and common color on their edges, with at least
one bicolored edge. The most general configuration cor-
responds to a succession of colored and bicolored edges;
and to take into account all possible configurations, we
introduce a new elementary building block replacing the
purely melonic pattern (70). This elementary building
block is itself a sum of blocks, made of a succession of

pure pseudo-melonic blocks between melonic boundaries.
The first of these elementary building blocks are then

Ay 2@2@ TS
Ayij = Z@g@z@i : (93)
A = g@z@g@z@i , (94)

T XoxOxCNO

where the grey bubble represents the insertion of an

effective purely melonic pattern 1), and the white bubbles

a0’
represent the insertion of a pure bicolored pattern Hgi ;le.,

the color 1 (red on the figures) being common on melonic
and pseudo-melonic insertions. The indices i, j, k and [ are
such that consecutive indices are different. There are then
d — 1 =4 different ways to choose the first index 7, and
d — 2 =3 ways for all successive indices j, k, 1, ....

The value of each diagram being independent to the
choice of the selected values for these indices, the complete
elementary pattern including pseudo-melonic contributions
may be written as

22@[ —L,,8, (%)

with

Ha,OB = 4(A12 + 3./4123 + 32./41232 + 33A12323 + .- .)’
(97)

where the big grey bubble that we called “PM” denotes the
sum of contributions coming from chains of pseudo-
melonic interactions. As for the elementary purely mel-
onics patterns (70), the same scheme can be repeated up to
infinity, as in (71):

126010-22



NONPERTURBATIVE RENORMALIZATION GROUP BEYOND ...

PHYS. REV. D 98, 126010 (2018)

®Ox- 0 OMOL--

and the formal sum can be explicitly computed as a
geometric progression, leading to

S (00 -

Finally the complete effective vertex function F< ) having
skeleton function H(2> and completing (71) is decomposed as

- e[E 000K @

Explicitly,

I, 1108 (99)

4
a,

r

Ha.OBHa,0:| (101)

YR aan
0,0,0,0) =2 .
7 ( ) X[ “10,,8B

Note that all the effective functions commute. We preserved
their order to keep the structure of the diagrams. Moreover,

S0 S

note that the skeleton with length one has been included on
the purely melonic contribution Ha 0-

(i) Computation of Hh and HC
The next contributions coming from Figs. 14(b) and
14(c), and whose effective skeleton functions are respec-

tively denoted as Hf) and H(Cz) can be computed in the same
way. In Fig. 20 we give a picture of typical trees
contributing to each of these two functions. Let us start
with the computation of Hf), whose building trees have a
melon and a pseudo-melon on their boundaries as in
Fig. 20(a). Obviously, the first edge has to be monocolored,
and the ending edge has to be bicolored. The effective
skeleton function then has to begin with an effective melon
and end with an effective pseudo-melonic function, con-
necting together with an history involving all possible
configurations of edges having a common color. The
elementary pattern then connects together the effective
boundaries. For the next term, the same pattern repeats, and
we get the structure

(102)

where the effective white pseudo-melonic vertex denoted as “PM” is nothing but that we called “PM” with a grey bubble,
where we have extracted a boundary pseudo-melonic vertex. Completing the series in (102), we then get

= (5 s ) | sedeh

(@) (b)

FIG. 20. Typical contributions to I'} (a) and T\ (b).

(103)

Obviously, the elementary building block in the bracket is
nothing that we called I1, (B in Eq. (97). Moreover, the
diagram on the right is nothing but this elementary building
block amputated from its right external loop. We denote it

Ha.OB:
M, 0B := Z I(O) (104)
i1
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and we get

- e (105)

Finally, for the computation of H£.2>, we have to dis-

tinguish the pairs of colors of the boundary pseudo-melonic
vertices. We will denote them as (17) and (1), we have to
treat separately the case i = j and the case i # j. For the
case i # j, the elementary pattern must be the following,
connecting together two effective pseudo-melonic func-
tions of type (1i) and (1;):

> (0

]

(106)

)

2N S EXNEI SIENO)-]

Then, the kernel H£2> 1S written as

m, =D+ BrI. (109)

(i) Computation of B, B and D.
To complete the proof we have to compute the kernels 15,
B and D. Let us start with 3 defined in (97). The successive

contributions in this equation, i.e., A;,, Aj2s, ..., can be
easily expressed clearly. First of all, we get
S, (p)Asa(p). (110)

Ap = Hgf())sz.z(l?
14

Now, let A;,3 be a quantity obtained from gluing I, ;, and
I1, ;5. In addition to the “short” faces of length two, coming
from gluing of the two effective vertices, there are two long
faces of effective length four, for colors 2 and 3, such that

Ay =150 Ao (p)IE, (p)Clp. P () As 2 (1),

p.r

where we defined

(111)

= ) ¢@

*-’/ezd—l

qu qu"

Note that we have distinguished the indices on ngl)z( p) and

Hgf3(p) for convenience; the structure of C took into

the white bubble being a sum over the skeleton with
pseudo melonic interactions only. The factor 2 comes from

SymVa 6 66 = 2 for zero external momenta.

This elementary pattern has to be completed with
melonic insertions between the two effective boundaries,
leading to the contribution:

(O O~ dig
( . (107)
> ) U@ (e 1) - 0o

Note that, because of the melonic insertions, the external
faces of colors i and j do not cross one in the other, and the
constraint i # j can be removed. The same structure can be
repeated up to infinity and leading to the sum:

(108)

[

account the strand structure of the diagram. Then, we may
use the indice of ngl) ,(p) only. Then, in the same way, for
A, we get

Az = Hff,é Z As.z(P)H(z?l)z(P)C(P,P'>

p.p'.p"

x I8, (p))C(p'. P (p") Asa(p). (112)

In order to write conveniently the general term, we
introduce the compact matrix notation:

A= HE,Z,())ZA&z (p) [Hfl)zcngl)zCHffz] (p.p") As2(p")-

p.r
(113)
Equation (97) becomes therefore
B = 4H512,(>)ZA3,2(P)}C(P, PAsL(p'),  (114)
p.p
with
2
K =TI, (1 +3¢NY), + (3C15,)2 + - --)
2 2) \_
=), (1= 3¢m),)! (115)

In the same way, we defined the function B as B
amputated to the right external loop as
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Bi=4(A;p + 34105 + 3 A + 3P Apsos +-+) - (116)
with
Ap =) A3 T, (117)
A = HE,%()JZA3,2(P)H§1>2(P>C(P’ 0)y 3.
P
such that, in a compact matrix form,
B=43Y Aa(p)K(p.0).  (118)

p.pr'

Finally, the last function that we have to compute is D,
built of chains of pseudo-melons of type-1 or type-2, such
that the boundaries are of type (17) and (1) with i # j. It
can be easily deduced from decomposition (97), keeping
only the contributions having such a boundary. We get

2 2 2
D=4x 3[H(2,1>26H£,32(1 + 2(CH§,1)2)

+ (20115],)% + --)](0,0), (119)
which can be computed as formula (115):
2 2 2) \y—1
D = 12[I2L,C, (1 -2(CN$,)7'](0,0).  (120)
O

The renormalization conditions impose the values of
zero-momenta couplings. They define the asymptotic
couplings in the IR, which is given for s — —o0, so that

P (s » —o0) = 245, (121)
M5}, (s = —o0) = 2255, (122)

the upper index r for “renormalized” referring to the
finiteness of the corresponding quantities in the continuum
limit A — oo. Note that this is not obvious, because some
quantities like b and A4,,, are divergent. The finiteness of
the limit is guaranteed from renormalizability of the theory.
In practice, counterterms may be defined in order to ensure
the finiteness of the effective skeleton function for arbitrary
s, from deep UV. In this intermediate regime, these
functions define effective couplings at scale s:

Definition 21.—The effective essential and marginal
couplings at scale s, A4;(s) and A4,(s), respectively
associated to the quartic melonic and quartic pseudo-
melonic interactions are defined as

T (5) = 2444 (s), (123)

and

), (s) = 244,(s). (124)
Note that in these equations, we introduce the explicit
dependence on s for effective vertex functions. This
dependence comes from their definition, and have been
left without all confusion in the hope to simplify the
notations.

2. Six- and eight-point effective vertices

The equations for the LO four-point function are
obtained above. We have to compute the same equations
for six- and eight-point effective vertices in this section.
We will investigate successively the effective six- and
eight-point vertices having melonic, pseudo-melonic or
intertwining boundary graphs. Indeed, we will see that, in
addition to the melonic and pseudo-melonic boundaries, we
get mixing boundaries, having intermediate canonical
dimensions between melons and pseudo-melons as men-
tioned in our Introduction. These mixing boundaries
correspond to connected sums of elementary quartic
melons and/or pseudo-melons, with colors respecting the
LO tadpole deletions leading to six- and eight-point
functions from LO four-point functions. We will detail
all of them for each case. However before starting this
investigation, let us make a remark about the existence of
mixing configurations. An elementary example, corre-
sponding to the connected sum of a quartic melon and a
quartic pseudo-melon is given in Fig. 22(b), and it is easy to
see that it comes from the contraction of a 0-dipole between
two vertices, as pictured in Fig. 21. Then, even if the initial
theory space is a direct sum S;; @ Spy;, the theory space
does not remain along this subspace under the renormal-
ization group flow. A new type of graph arises in the theory
space, mixing melons and pseudo-melons, and having
intermediate power counting between them. Schematically,

d
“CLS<SM@SPM)SM@SPM@{® + } K

(125)

As for four-point functions, the LO six-point functions are
obtained from deletion of the melonic or pseudo-melonic

E..
o &

FIG. 21. Contraction of a zero dipole e¢; between a melonic
vertex and a pseudo-melonic vertex. The contraction leads to the
intertwining diagram on the right.
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2 EO O

(a) (b

©) (d

FIG. 22. The four possible LO boundary graphs for melonic, pseudo-melonic and interwining graphs. A nonbranching 3-valent melon
(a), a 3-valent branching melon (b), a nonbranching pseudo-melon (d) and an intertwiner diagram (c). The canonical dimensions are also

indicated.

tadpole along the boundary of an external face from LO
four-point graphs. Then, the allowed boundaries for LO
graphs may be all deduced from the four leading order
configurations pictured in Fig. 14, and it is easy to see from
the deletion procedure that there are only four allowed
boundaries for LO graphs, see Figure 22.

The first graph of Fig. 22 denoted by (a) is an element of
the nonbranching melonic family, obtained as a connected
sum of two identical quartic melons.” The second one (b)is
a branching melon graph, obtained from Figure 14(b)
opening a melonic tadpole on the boundary of the green
external face, whose end points are hooked on the pseudo-
melonic opened boundary vertex. The last diagram (d) cor-
responds to the nonbranching pseudo-melonics, obtained
as a connected sum of two identical quartic pseudo-melons.
Finally, the boundary graph of type (c) corresponds to the
intertwining graphs, obtained from Fig. 14(d). However,
from deletion of three melonic and/or pseudo-melonic
tadpoles, it is easy to check that the connectivity of the
external faces allows three configurations and all of these
are pictured in Fig. 22. The first one (a) corresponds to a
nonbranching melon. The last one (c) corresponds to a
nonbranching pseudo-melon. The intermediate one (b)
however, corresponds to the connected sum of a quartic
melon and a quartic pseudo-melon, and intertwine between
the two sectors. It is clear from the canonical dimensions,
indicated in Fig. 22. Note that we have to take into account
the intermediate diagram for the computation of the flow
equations, due to the fact that the leading contraction
building from a four-dipole has a quartic pseudo-melon as a
boundary graph.

The intertwining configurations are relevant for our
analysis. Indeed, we will use two kinds of equations in
the next section: The flow equation (19) in order to compute
the evolution of the essential and marginal couplings; and
the Ward identities, to compute the first derivative with
respect to the external momenta of the effective vertex
functions, involved in the computation of the anomalous
dimension. In any case, all our computations involve a single

’As for pseudo-melons, nonbranching melons are obtained as
connected sums of the same elementary quartic melon. These
graphs are described in [55,71].

effective loop, and our restriction in the deep UV sector
requires to consider only the LO contractions, i.e., having
the maximal degree of divergences, as relevant contributions
for the flow of the couplings and the value of the anomalous
dimension. Then, even is its canonical dimension is smaller
than the one of the pseudo-melon in Fig. 22(d), the graph in
Fig. 22(c) will contribute to the flow of the quartic pseudo-
melonic coupling, and have to be retained as a relevant
contribution on the Ward identity. Indeed, it compensates its
lack of canonical dimension with a melonic “pole,” allowing
to create a four-dipole. For instance, the following graph,

(126)

has power counting = =2 +4 —1 =1, and it is easy to
check thatits boundary graph is a quartic pseudo-melon. The
same behavior will arise for eight-point functions, for which
we will only retain those LO six-points nonbranching
pseudo-melon after one-loop contraction.

Let us start with nonbranching melonic six-point effec-
tive vertices. As for four-point functions, the six-point
effective vertex has to be a sum indexed with the color of its
external face, being as well the color of the skeleton in the
corresponding tree in HS representation,

d
eramelo {pj )

i=1

6
T o ({5} (127)

the index a referring to Fig. 22(a). For the four-point
functions, we see that the LO graphs are trees organized
around a skeleton having the topology of a line. For the six-
point functions, the skeleton will be a tripod, with three
arms hooked to a common vertex. More precisely, inves-
tigating the structure of 3-ciliated trees with skeleton of
color 1, we get two types of tripods, distinguished both in
Fig. 23. In the first one case (a), the three arms of color 1
hooked to the three opened tadpoles and are fully hooked
on the same vertex v with nonbreaking edges. In the second
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(a) (b)

FIG. 23. Typical tree configurations contributing to the LO six-
point functions with melonic boundaries. In (a), the three arms of
the red skeleton are hooked on the same vertex v from non-
breaking edges. In (b), they are hooked to » with a common
breaking edge.

case (b), the three arms are hooked to the same vertex v
from a common breaking edge. As for four-point functions,
we can fix the size of the tripod skeleton and sum over trees
having such a skeleton, relaxing in a second time the length
of the different arms. Precisely as for the four-point
functions, we define the zero-momenta melonic effective

tripod function 1'I§3a) as

r© (0.0,0.0.0,0) =3, (128)

Similarly, effective vertices having boundaries of type

(b) and (c) in Fig. 22 may be denoted by T'9¥ and

s.b,melo
ng,’i{ner and both of these contributions depend on a pair of

indices. We define the corresponding effective skeleton
functions as

T 40(0.0.0.0.0.0)=3mp),  (129)
ri% .(0,0,0,0,0,0)=:3m". (130)

and we have the following statement.
Proposition 8.—The effective zero-momenta tripod

functions Hﬂ H(SZ and Hfl), are expressed in terms of
the essential and marginal couplings as®

H(133 = 8{(43,1(5)/\4,3 + 12/13,1@)/14,2(3)“43,3 + 36/13,2(5)/14,1(5)A2,3

+ 24723 5,(5) A13) — 12}“431_1(*?)2/16,1([77 $)(As2(p))’ + 12’16.1(s)li,l(s)(AS,Z)z}’ (131)
PEZ

TI7) = 31 % 8{223 ()42 () Ass + 361 ()23, (5) (A3 )}, (132)

H?L) =31 x {8241 (5)472(5) Az 3 + 24235 (5) As 3 — 6441 (5) 6,1 (5)As2) }- (133)

where 441 (5), A4, (s) and 44 (s) are effective couplings at scale s and Ag | (p, s) is the p dependent effective coupling at the

momentum p given by

26.1(8) —323,(5) Az 3

Ae1(p.s) = <

T 1222,5(5) A2 () — 823 5(5)ALa(P)) + 2435 (5) A (p).

1= 31045(5) As o + 1223 ,(5)A3, — 843, (s5) A3,

)(1 =3 42(5)As32(p)

3 (134)

In order to prove this statement, we have to consider the intermediate result about effective nonbranching pseudo-melonic

functions.

Lemma 5.—The bare coupling A¢ ; may be expressed in terms of the effective essential and marginal effective pseudo-

melonic couplings at scale s as

6.1

_ /16,1(5) _43_"1?1,2(*?)“43,3 (135)
1= 345(5) Az + 1243, () A3, = 843, (s) A3,
Proof.—As for the trees having melonic boundary, the LO trees contributing to the effective tripod function H?t) ; splitinto

two families: the trees whose three arms are hooked to a common vertex, and the trees whose arms are hooked to a common
breaking edge corresponding to the boundary graph of the global tree. Listing all the possible LO configurations, we get

®Note that, as for four-point functions, the upper index 3 refers to the number of cilia.
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(136)

where the first term with a grey bubble represents the
effective six-point vertex having pseudo-melonic boundary
with fixed bicolored edges (red and green on the figure):

=

r®a (0,0,0,0,0,

s ,pseudo-melo

) )

(137)

i',6r)niejlo being defined such that the effective

vertex function for pseudo-melonic boundaries is written as

(6) _ (6)ij : (6)ij

s,pseudo-melo Zj<i s,pseudo-melo* The function l—‘s,pseudo—melo
may be then computed directly from renormalization
conditions for four-point functions (122). Taking into

account the symmetry factors, we get

the function I

6)ij
Fi,;séudo—melo = (3!)216,1 [1 - 3!/14,2(5)“43,2
+2x 3”&,2@)-"‘%,2 - 23’1431,2(5)-'4%,2]

312323 ,(5) As 3. (138)

Note that the symmetry factors as well as relative signs may
be easily understood and computed considering the first
terms of the perturbative expansion, and identifying them
with the corresponding terms in this expansion. Moreover,
note that we reintroduced the variable s to make a differ-
ence between effective and bare couplings. We define the
3)

effective tripod skeleton function I1;;; as
6)ij 3
Fi,g;éudo—melo = (3')21_[%1)/ (139)

With the renormalization conditions, we provide new
definition, which completes Definition 21:

Definition 22.—The effective marginal coupling A ; (s)
at scale s is defined as

3 r
), = 6.(s),  TG)(s— —c0) =25,  (140)

we get the equality

261(8) = A1 [1 = 31A45(5) Az + 2 x 3125, (s5) A3,

4
— D38 ,(5)A3,] + 243, (5) Az,

. (141)

which ends the proof. U

However, using Lemma 5, we are able to provide the
proof of Proposition 8.

Proof of Proposition 8.—We will proceed as for the
proof of the previous lemma, listing all the allowed
configurations compatible with the corresponding boun-
dary diagram, pictured in Fig. 22(a). As explained before,
we have to distinguish the case when the three arms are
hooked to the same vertex, and the case when the three
arms are hooked to a common breaking edge, having a
common color with the three arms hooked to him. These
two configurations are pictured in Fig. 23. However, the
classification has to be refined from Lemma 5. Indeed,
among the configurations of type 23(a), some of them are
made with a tripod kernel having a pseudo-melonic
boundary graph, and allows one to build an effective
breaking edge to which are hooked three arms. These
Kernels are nothing but the fourth condribution in
Eq. (136). Adding it to the other ones having a common
breaking edge for the three arms, we build an effective six-
point vertex having pseudo-melonic boundary, with mel-
onic arms hooked to him, corresponding to effective
melonic four-point functions. It is easy to check that all
allowed configurations are those pictured in Fig. 24, the
configurations (e) and (f) having a kernel corresponding to
an effective pseudo-melonic function. Taking into account
the respective canonical dimensions for each effective
insertions, it is easy to see that all these configurations
have the same power-counting, @ = —2, in accordance
with the expected canonical dimension for 3-valent melonic
bubbles given Eq. (50). From renormalization conditions
(121), (122) and (140), and taking into account relative
signs and symmetry factors considering the first terms of
the perturbative expansion, we get

s,a,melo

F(ﬁ)i =3Ix 8{(/@1,1 (S>-A4,3 =+ 12/142&,1(3)/14,2(5)443,3

+ 3643 5(5) 44,1 () Az 3 + 24/1431,2(5)-/41,3)
—1223,(5)> e1(p. ) (Asa(p))?

PEZ

; 1216,1<s>zi1<s><«43,2>2}. (142)

We then deduce the expression of HQ for definition (128).

In the same way, the configurations contributing to
effective six-point vertex functions having branching mel-
onic and intertwining boundaries can be easily obtained
from a list of all allowed configurations. As for the previous
case, some of these contributions can be resumed as
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FIG. 24. All the possible configurations having a nonbranching melon as boundary graph. The grey bubbles denote effective vertices
whose boundary graphs are explained. The trajectories of the external faces running in the interior of the diagrams are pictured with

colored arrows.

() (b)

FIG. 25. Two configurations contributing to the six-point
effective vertices having branching melonic boundaries.

effective pseudo-melonic effective vertices, such that the
relevant LO contributions for each case are pictured in
Figs. 25 and 26 below.

Expressing this relationship in detail, we get for zero
external momenta effective functions:

()i

s,b,melo

=(31)? X8{2/1 1()42(s) Az 3

+ 3261 (5)43,1(5)(A32)%} (143)

for branching melonic boundaries, and
Gy

g7

Fgﬁc inter (3')2 X {8)“4 1( )/142‘,2(5)./43’3
+ 24/14.2(5)A2,3 — 64 (S)ﬂe,l (S)As,z)}y (144)
for intertwining boundaries. U

Let us now focus on the leading order eight-point
functions. They can be obtained as for four- and six-point
functions from deleting a new tadpole in the boundary of an
opened face running through the interior of the diagrams.
Once again all the eight-point function can be classified
from their power counting and their boundary graphs.
Moreover, in the flow equations, the melonic interactions
become closed from six-point functions. Then, the eight-
point functions are relevant only to close the pseudo-
melonic interactions. As a result, only the leading order
functions having a boundary graph whose one-loop con-
traction leads to a pseudo-melonic boundary will contribute
in our flow equations. Figure 27 provides an example.

From these considerations, it is easy to check that there
are only two relevant boundaries for leading order eight-
point graphs, pictured in Fig. 28 below.

In both cases, the corresponding eight-point functions
are labeled with a pair of indices:

e

B
RS

(b) (©

FIG. 26. Three configurations contributing to the intertwining six-point effective vertices.
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&6

FIG. 27. One-loop contraction on the melonic “pole” in a eight-
point boundary graph. The corresponding eight-point function
has divergent degrees bounded as w = —2. The created four-
dipole then increases it to 2; so that the global scaling becomes
w+2=0.

=2"

() (b)

FIG. 28. Allowed boundaries for relevant eight-point functions
with their respective canonical dimensions. As for six-point
boundaries, type (a) intertwines between melons and pseudo-
melons and has a single melonic “pole,” whereas type (b) is a
purely nonbranching eight-point graph.

§ :Fs pseudo-melo”’ r 1nter E :Fs inter’

j<i j<i

v pseudo -melo

(145)

and we define their respective zero momenta skeleton
function as pictured in Fig. 29

1 2

FIG. 29. Two allowed topologies for configurations of the four
arms of the leading order eight-point functions. In case (1), the
four arms are hooked to the same vertex. In case (2), the arms
form effective tripods, hooked together with a bicolored path.

r®)-ii

i 4
F( " - 4'1—1( ) s.pseudo-melo =4'Hg )

s,inter

(146)

As for six-point functions, there are essentially two differ-
ent configurations for the four arms of the skeleton:

(1) The four arms hooked to external deleted pseudo-

melonic tadpole can be hooked to the same vertex.

(2) The four arms can be hooked to form effective

tripods, hooked together with a common bicolored
path.

Figure 30 provides some examples of trees correspond-
ing to these two configurations for the pseudo-melonic
boundary. The first one (a) corresponds to configuration
(1): The four arms of the bicolored skeleton are hooked to
the same vertex. The second (b) and third (c) both
correspond to configuration (2): The four arms are organ-
ized as two 3-valent tripods and are hooked together with a
common bicolored path. We have the following statement:

Proposition 9.—The zero-momenta skeleton functions

) and Hg‘) are given in terms of essential and marginal
effective couplings at scale s, 441 (s), A42(s) and g (s) as

4124 41)2
mY =-== 3 W ota1 Az = <3,) P T35 (5) As 3 + 26,1 (5) 4 2(5) 20,1 (5) As 3
doa(s) =423 ,(s)A
3) 6,1 3440 33 ) )
M 1= 4245(5) Az, + 422, (s)A2,), (147
2 T 0 () A + 128,048, — 8, (47, (| MM L) (147)
o — _9x 4'/1 (s) As1(s) =343,(5)As 3
’ 2 T =Bl (0) As + 1223 ,(5) A3, — 823, (5) A3,
4!
X (1= 444(5) Az p + 4235 (5)A3,) = 24245 (5) Az 4 + = 261 (5) 45, A5 (148)

Proof.—Like for four- and six-point functions, we have
to list all leading order configurations and, for each of them,
compute their respective boundary graphs and their diver-
gent degrees. From this analysis, and taking into account
effective summations like for six-point graphs, we easily
check that there are only five configurations whose complete
set is given in Fig. 31, having a pseudo-melonic boundary

2

|

graph. The two first configurations (a) and (b) can be easily
computed from renormalization conditions (121), (122) and
(140), and symmetry factors as well as the relative signs may
be fixed from comparison with lowest orders of the
perturbative expansion. The three remaining configurations
(c), (d) and (e) require to be carefully checked on the
counting procedure. We get explicitly, using Lemma 5,
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(a) (b)

FIG.30. Three configurations for the arms of the four skeletons. In (a), the four arms are hooked to the same vertex. In (b) two arms are
hooked to the same breaking edge. In (c) the two remaining edges are hooked to another common breaking edge.

B s o
o G5 @

(a) (b) (c)

«
o

o
15 ¢ o
O O Q
(d) (e) O\ @

FIG. 31. The three leading order configurations for eight-point functions having nonbranching pseudo-melonic boundaries.

8.ij __9x (4!)2/1 (s) A61(s) = 5435(5)As 3
spesdomlo = T TS () s 12,0008, — SAL, ()AL
2 2 44 (41)? 2
X (1= 440(5) Az + 4255 (5) A3 5) — 412255 (5) Az g + T/16,1(s)’14,2“43,3- (149)

Then the expression of Hgl) can be derived easily.

Moving on to the configurations having intertwining boundaries, it is easy to check that the only ones

allowed such boundaries are pictured in Fig. 32 below; and the corresponding zero momenta eight-point function
writes as

ij 41)22* 3(41)223
FE%ithjer . 3)! Ky oha1Ass — ( 3)! H(fgxlﬁ,z(s)A3,3 + 46,1 (5)A42(5) 24,1 (5)As 3
(4')2 (3) jv6,1 (S) _%/1?12(S)A33
+ IT,” 2 1-42 A 472 A2, 150
2T =30 5(s) Asp + 1225 ,(5) A3, — 8@3,2@)“4;2( 42(8)Asp +425,5(5)A3,), - (150)
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FIG. 32. The four leading order configurations for eight-point functions having intertwining boundaries.

where the 1/3! in front of the effective skeleton function
I'[<13C) comes from its definition (133)—it suppresses the
counting of the external contractions on black (or white)

nodes. O

V.FLOW EQUATIONS AND THEIR FIXED POINTS

The leading effective vertex being obtained, let us now
focus on the building of the leading order renormalization
group flow corresponding to the initial conditions (51),
from effective interactions generated from essential and
marginal couplings at scale s. Once again, we limit our
investigation on the UV regime A > e* > 1.

A. Flow for local couplings

From Definition 3, local interactions correspond to pure
connected tensorial invariants. Therefore, we have defined
the effective couplings at scale s as the zero-momenta
n-point functions corresponding to a given boundary graph.
Then, we can compute the successive functional derivatives
of the Wetterich equation (19), and identify in both sides the
terms corresponding, at leading order to the same boundary
graph when the external momenta are setting to zero.

The effective couplings at scale s have been defined
from Eqgs. (123), (124) and (140). To complete Definitions
21 and 22, we have to define the dynamical mass m>(s),
which is a relevant coupling with canonical dimension
equal to 2:

Definition 23.—The effective mass at scale s is
defined as

(151)

We have the following proposition.
Proposition 10.—In the deep UV sector (A > e > 1)
and in the symmetric phase, the exact flow equations for

essential and marginal coupling in the sector mixing
melons and nonbranching pseudo-melons are given by

I’;’l2 — —10].4’11-4.2 - 20/14,21-3’2, (152)

. 2
A =-— <2H(13¢>4 + §H§?27>I4,2 + 425,453+ 1644 124,15 5,

(153)

. 1
Aap = — <3/16,1 + gﬂ(fﬁ)lz.z + 443,233, (154)

. 1 1
Ao =— (EH(;) + 4_!1_[(14))13,2 + 12242461235 — 823,15 4.

(155)

where the dot means derivative with respect to s, and

Tyn =Y #(P)G"(P).

ﬁezm

(156)

Proof.—Deriving the exact flow equation (19) with

respect to M and M, we deduce an equation describing
(2) )

the flow of the two-point function I'y™ in terms of ' only,
in the symmetric phase:
'(2) —» (4) - - = - rs(q)
() ==> TN5.G:5.9)—5— . (157)
7 TP (@) + (@)

where 0;A =:A. First, F£4) split into melonic and

Pa:pq
pseudo-melonic contributions. We just considered only
the boundary graphs of the effective functions to simplify
the notations and then the previous equation is written

graphically as
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®.
J

d ,/\\ '//\\I d /,\\
e = R L ) R
=1 1<J

In the deep UV limit, the second and fourth contributions may be discarded. Indeed, with respect to the first one, the second

diagram lacks three faces, and its proper power counting is @ = —1. In the same way, the fourth diagram scales as @ = 1,
while the first and third diagrams scale as @ = 2. The relevant contributions are then
d ’ - b A d ’ / N
. (2) . _ \ I B 1 \
P @) =-2) 23| . (159)
i=1 i<j

The dynamic mass m?(s) has been defined in Definition 23. Then, setting p = 0 in the previous equation, we get

it =i, Y £ (B)GE) 220, Y G, (160

ﬁezd—l ﬁezd—z

In the same way, for the four-point functions we have to derive once again one time with respect to M and M; and keep only
the even N-point functions, having the same number of derivatives with respect to the two mean fields. We get

Y = =3 "h(B)G3(P) {Fﬁﬁ)(ﬁ, 0.0.5.0.0) - 25 (5.0, 5.0)G,(p)r\" (7.0. 5.0)
p’ =4l

p

+23) 1 (PGP (5.0, p.0) (161)
b

Graphically, we get the contributions (we left the external momenta to simplify the notations):

(162)

where once again we have only drawn the boundary graphs  points. This is the origin of the factor 4 = (2!)? in front of
of effective functions. The factors involved in this relation  the six-point contractions. Moreover, the same factor 4 in
count the number of contractions leading to the corre-  the front of the four-point contributions comes from the
sponding diagram, including permutations of the external ~ derivation itself: A first factor 2 comes from the derivative
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of G? in (157); and a second factor 2 comes from a
discarded term in the first derivation, involving three-point
functions. The absence of the factor coming from permu-
tation of external points arises because of the definition of
the corresponding skeleton functions.

However, among these contractions, some of them con-
tribute to the melonic sector, and some others contribute to the
pseudo-melonic one; and we have to classify them with
respect to their boundary graphs. For instance, in the first line,
the two first diagrams have melonic boundaries, while the two
first diagrams in the second line have pseudo-melonic
boundaries. The diagrams in the third and fourth lines require
to be careful analyzed because their boundary graphs depend
on the selected indices i, J, k, [. For instance, for i = j, the first
diagram in the third line has a pseudo-melonic boundary,
while it has a disconnected boundary for i # j:

.

1
|

d
Fiﬂnelo = _42 3 X

(4) _
Fs ,pseudo-melo —4 Z

(163)

@I@@f@@)@

This diagram will not be taken into account, for melonic
and pseudo-melonic flows. Moreover, it is completely
discarded in the UV limit, its proper power counting
begins @ = —2; while the one of the case i = jis w = 0,
as expected for a relevant contribution to the flow of the
marginal coupling /14.1.9 In the same way, the second
contribution in the third line is melonic for k = j or
k=i, and completely disconnected for i# j#k

Therefore, taking into account only the relevant contri-
butions for each sectors we get

(164)

3x + +Z 4x@ .
1<j 1<j

Finally, using renormalization conditions (123), (124) and (140) to identify the relevant couplings on both sides as

Ffrilelo =444, and FE ,;seudo melo = 442, We get
Ay = —<2Hfj, +§H<ﬁ,l> 7 H(P)GP) + 43, D i )+ 1641 Y H(P)GY(P)  (165)
pezd-! pezd-! pezd-?
and
b == (3 +g1)) ¥ RGICE) + 42, 3 LEGE) (160

pez?

pezd 2

Disconnected contributions can be taken into account; and mixing sectors involving their contributions have been investigated in

[54], from a truncation approach.
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Finally, following the same strategy, we get for the six-point function

— —, — = —

0,0)G*(p) — 18TW(5, 0, 5,0)T O (5,0,0, 5, 0,0) G (p)

S\ O

where the additional factor 4 in front of the first term in line four comes from the counting of the permutation of the

(6)

external points hooked to the six-point effective vertex. Then, from the renormalization condition (140), we have I =

s,pseudo-melo

(3!)?26.1, and keeping only the relevant contributions in the UV having pseudo-melonic boundaries, we get finally

Oe GO\

@@ —36 X% \@
T

(167)
Equivalently we get
. 1 1 SN - . o - .o -
Joq =~ (6“54) WHY‘)) ST RB)GHP) + 1204061 Y F(PIGHP) =82, Y (PG B).  (168)
° ﬁGZ’I‘Z ﬁGZ"‘Z ﬁGZ"_Z
which ends the proof. O C'(P) = (Z_oP* + mH)O; L (A2 = p?), (169)

B. Anomalous dimension

Until now we have no explicitly introduced counter-
terms. However, fields and couplings in the original action
(51) have to be completed with some counterterms so that
the quantum corrections are finite. For all couplings,
including mass, these counterterms have to be understood
included in the definition of the bare couplings themselves;
the renormalization conditions in the deep IR fixing the
renormalization prescription. However, we need for our
discussion to appear explicitly the wave-function counter-
terms, which we call Z__, following the notations used in
[71]—the subscript —oco referring to the deep IR limit
s — —oo, in which the asymptotic renormalization pre-
scription are fixed. The bare kinetic kernel C~!(p) is then
replaced by

where ©;!'(A%? — p?) is a smooth invertible distribution
depending on a real parameter a, such that lim,_,,0,(x) =
O(x). As example we write

1 X
0, (x) =~ 7 / e™'/e dy. (170)

Moreover, because A > e° the regulator is unaffected from
the modification r, — r;/®, in the limit a — 0; so that the
regularized propagator C, can be written as

Crl = (ZooP? +m? + 1, (P))O; (A2 = 7). (171)
Our renormalization prescriptions, defining the asymptotic
mass m2 in the same time, is such that (see [71])
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Mw(P) =m+ P +0).  (172)
Note that this definition matches only if the trajectory does
not cross a non-Gaussian fixed point. A more general
definition, including this case, fixes the renormalization
conditions to a finite scale s so that e** < ¢°. For arbitrary
s, we conventionally define the wave function renormal-

ization and the anomalous dimension such that:
Definition 24.—Anomalous dimension.— The wave
function renormalization Z(s) and the anomalous dimen-
sion 7(s)—both depending on s are defined as
9 L) =z

Z(s) ==a—p%l"s (P)l5_5- (173)

The flow equations deduced in the previous section are
“exact” i.e., up to the limit of our approximation scheme.
However, the anomalous dimension, formally given from
Eq. (173), remains unknown. To exploit our flow equations,
we then have to complete our approximation scheme. We
have expressed all the LO effective vertices in terms of
essential and marginal couplings, as well as effective two-
point functions ng). Formally, these functions are fixed
from closed Eq. (56); however, solving exactly this
equation remains an open challenge in tensor field theories
[74,75]. Following the method explained in [71], in order to
extract available equations for renormalization group flow,
especially in view of a numerical analysis, we have to fix

the form of FEZ) ; and we adopt the following definition.

Definition 25.—In the symmetric phase, and in the range
of momenta contributing significantly in the domain
defined by the distribution 7y, the effective two-point
function ng) is assumed to be truncated around the two
first terms in derivative expansion [[76—78]]

rY(B) = () + m(s). (174)
so that Z(s) matches with the definition (173).

Note that this definition is compatible with usual trunca-
tions in the symmetric phase, that is with derivative and
mean field expansion considered in the literature [79,80].
Moreover, in the nonsymmetric phase, a dependence of Z(s)
on the mean fields M and M is expected. Finally, the domain
of the momentas defined by the distribution 7, is important.
It corresponds to the relevant integration domain involved in
the flow equations (19), and may be viewed in a sense as an
approximation “slice by slice” along the flow line. However,
it cannot be used globally in the full range of momenta,
especially in the deep UV, for p> ~ A%, without dangerous
contradictions with Ward identity, as we will briefly discuss
at the end of this section.

In addition to this definition, we recall the usual
definition for renormalized and dimensionless couplings.

Definition 26.—In the deep UV, the dimensionless and
renormalized couplings, 7, /_14’1, /_14.2 and 16,1 are defined as

m? = Ze*in?,

_ 72,57
Aap = Z7€ Ay,

Ayy = Z2;14,1 )

lﬁ,l = Z3/_16,l . (175)
Moreover, we denote respectively by B, 4.1, B4, and fg
their derivative with respect to s.

Now, let us give the set of WT identities, which will help
to extract the anomalous dimension 7.

Proposition 11.—(UV-regularized Ward-Takahashi
identity).—Let Z,(J,J) be the one-parameter generating
functional for the theory with microscopic action (51):

Z,(J.J) = / duc, [T, T]eSnlT D)WL
dyuc [T, T) = dTdTe TS'T, (176)

The free energy W, (J,J) := InZ(J,J) satisfies the func-
tional differential equation:

—1(3 —1/=1 aZWS —
> 1T 60 (€)= €5 (9) g+ MM
P P

pL.p J#F

—jﬁMﬁ’—f—JﬁfMﬁ}—O, (177)
where the mean fields M and M have been defined in (17),
and ﬁJ_ = (0,p2, ...,pd) S Zd_l.

Proof (Sketched).—The Ward-Takahashi identity was
extensively discussed in the literature [71,74,81,82]. We
provide only the sketch of this proof, to take into account
the little modifications coming from the sharp UV regu-
lation; and the new boundary graphs coming from the
pseudo-melonic sector. The given proofs follow the steps
detailed in [71].

Let us consider the unitary transformations U € U/*¢
acting independently over each component of the tensors T
and T. U is a d-dimensional vector U = (U, U,, ..., Uy)
whose components U; are unitary matrices acting on the
indices of color i. The action of U on the two tensors is
defined as (we sum over repeated indices)

U[T]Plvpz--wpd = [Ul]qul [UQ]quz o [Ud]PdlIdT‘IIa‘h ~~~~~ qa
(178)
U[T]pl-pz,---.pd = (U]}, [U3] g, -+ [Ujl]pddaqquz,--»,qd’

(179)

where the star exponent * means the complex conjugation.
Obviously, 31375 and any higher valence tensorial

interactions are invariant under any such transformations.
Then

U[Sint] = Sint' (180)

In contrast, it is not the case for the kinetic and source
terms, due to the nontrivial propagator and sources J
and J, which breaks the unitary invariance. However, the
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functional integral defining the generating functional
Z,(J,J) has to be insensitive on the bad transformation
of the kinetic term because of the formal translation
invariance of the Lebesgue integration measure. Then, it
has to be invariant under any unitary transformation; and as
a direct consequence, the two-point function (737;) and
any higher functions transform like a trivial representation
of U® U™

We can translate this conclusion as follows: In the
vicinity of the unity we can write U = I + ie, where ¢ =
€' is a Hermitian matrix and I the identity matrix. Then, at
the first order

(181)

U=1+) &,
i

where I:=1®¢ and ¢ =I®0"D ®¢; @ I“*!. In this
infinitesimal prescription, the invariance of the generating
functional simply means €[Z,(J, J)] = 0. Explaining each
term at the first order in €;, we then get

/ [dug,Je=SwITHY / e (&S] + T&T)

+ &[T) T }e St T+ = ¢, (182)
Obviously, this equation has to be true for all i. From
Eq. (180), it follows that €;[S;,] =0. Moreover, from
definition (179), it is easy to deduce the infinitesimal
variations for single tensor fields:

P Z €ip, p,H‘spjpjT”

J#i

(183)

Finally, from definition (176); the variation of the Gaussian
measure dyc, can be easily computed. In matrix notation:

Elduc] = —(ETICS'T + TCHYE(T])duc,. (184)
Because of the Hermiticity of the matrix ¢;, the two terms in
bracket have opposite relative signs. Then consider
Eq. (182), and let us use the explicit variation (183) and
finally rewriting each tensor field 7 and T respectively as
9/0J and 0/0J, we deduce the formula (177) setting
i=1. (]

In practice, in the symmetric phase, the Ward identity
allows to link up "2 to the T'™ and their derivative. In
this paper, we only keep the two first relations, involving
only essential and marginal sectors and write the following
corollary.

Corollary 4.—First and second LO zero-momenta WT
identities.—In the symmetric phase, the zero momenta
four- and six-point functions satisfy

B g
Z-(I L1+ 4115702) = =5 5107 (5) = €' () g
(185)
2
7. ( c, (2H< ) - I b) 812 U, — 3214,1,14,2142)
B
= —a—p%n?kpl,onpl:o, (186)
2
w<£2<12/161+3n )> 8/132212)
9
:_8—[)%1_[2 (P1,0)|p,:o’ (187)
where
oc;\(p -
ZoLi= ) 5 (fl)G2(m),
p’Lezd—i pl
Z_Doui = Z aC'84()G’%( ) (188)
ﬁLezd—i pl

Proof (Sketched).—Assuming we are in the symmetric
phase and taking the derivative of Eq. (177) w1th respect to
M7 and M;; 5> and vanishing the sources J = J = 0, we get

) 212 82Gﬁ’ﬁ/
= 11800 165 = C(B2)] |55+
q q

pi.py J#l

@ 5 1@ s
~Ligp%ar +1igpoa

05305 4

rs(P*)55567 5

+ rs<]_7>/2)5§/13/5‘5 [?:| =0, (189)
where we used the fact that following (16) the inverse of the
two-point function G = 9*W,/9J7 is T + r,, implying
Or',/OM = J — r,M. Then it is easy to check that

PGy

4= - 33 =/
== —G(p)l5s .21,0,0)0G . 190
G 5.5, 00G(F). (190

Inserting this relation in Eq. (189), and taking the limit
pr— p,—0and =g =0, we get

ZGQ pu)r PLPL,O O)
O @)=y _ 15
= 6—1)%[F (P) = C(P)ll5_5 (191)

Recall that C~! := C5! — r,. In fact, it is easy to see that the
LO contractions of G? are those building a 4-dipole in the
melonic contribution, and a 3-dipole in the pseudo-melonic
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one. In the first case, this implies that we have to keep only the ~ and
(4).1

contribution of '/} .

In the second case, we keep only

the contributions of " g p)geudo melo fori # 1. Finally, becausethe X, 5, 5,557 = —0p, ﬁ/rif%z 5055 05, ,;/Ff,);z PR
Sym is the decomposition of the four-point functions, only “) (4)
+05T +oni s (194

half of them contribute at LO. Formula (185) follows. PaP™ 5.5 P2iP1 D3
To prove formulas (186) and (187), we have to derive
two times with respect to M, and two times with respect to ~ and finally we introduced the notation AC,(p,p’) :=

M. Straightforwardly we get C,(p*) — C4(p"). There is an important difference with
the previous Ward identity. While the boundary graph of

Z 5mp’ AC,(p */) [ G,(B)G,(P) any connected two-point graph is the elementary melon,
A p 4P2PP3P1P denoted as y; in Sec. III B, the boundaries of connected
four-point graphs can be melonics or pseudo-melonics. In

+ Z‘spw A D1.P2P3 PP T =0, (192) both sides of Eq. (192), we then have to identify the
PLP contributions having the same boundary graphs, exactly

like for the flow equations in the previous section, Eq. (162)
for instance. Moreover, the intertwining sector has to be
taken into account in the computation of the pseudo-
55 BaF BabiB = L 5. BPaB BaBiF melonic contribution. Once again, picturing only the
. boundary structure of the effective vertices, the left-hand
o™ G (B, (193)  oouneary -t
$.PPaiP1P 5.9" P2iP2D side of Eq. (192) is written as

where we used the following definitions:

@. @ @, @. @. ] )
S EESEN Y €CEES
(195)
-@- -@- @-
-{ QU0 + T 00 g O+

and it is not hard to select, among these contractions, the LO ones, having respectively melonic or pseudo-melonic
boundaries. For instance, the first one in the upper line has quartic melonic boundary, while the second ones have pseudo-
melonic boundaries. We then have to split the series of allowed contractions as

S B |-l -0}

for relevant melonic, and

SOl -

for relevant pseudo-melonic. Then, setting p; = p, = 0 in a first time, p;, = (P}, 0 1), in a second time p, = (py, 0 1), and
finally p; — p| — 0, we get the two formula (186) and (187); taking into account the renormalization conditions (123),
(124) and (140). O

To complete this proposition, we may compute the derivative in both sizes, for C~! and C;' = C~! + r,, using the
regularized version (169) and (171) of these kinetic kernels, we get
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oc! N e, -
5, (P) =Z-<0; HA? = P?) = (Z_P® + m*) 5 (N> = p?). (197)
Pl 0;
Then, taking the limit @ — 0, and due to the fact that ® = §, we get, for the right-hand side,
oc! -
0y P=0 =70 (198)
In the same way,
ocy! or /
S (P) = Zoow + == (P) |01 (A? = p?) = (Z_oo p* + m?) =2 (A2 = p?). 199
o () = (2 55 () ) 051 (N7 = ) = (2 %) e (N2 ) (199

Moreover, we have to take into account the factors @2 of @]
U,;. Indeed,

coming from G? of G? in the definitions of the functions £; and

C
G=—"__x0(A2-p?), 200
os) < ON ) (200)
which leads to, in the limit a — O,
Ory 202 S—i 2 22 3-
ZooLi= )Y (Z +W( ) )G*(P1) _T(Z—OOA +m?)G(A) QN7 (201)
ﬁLeZd—i pl
or - 5-i 5 2\ 3 1
Z—ooui = Z —o0 8[72 (p) G (pl_) 2 (Z—ooA +m )G\ (A)Qd—i[\ g (202)
ﬁJ_GZd_ 1

where for the “boundary terms” we used the fact that G(p) only depends on p?, from which we introduced the notation:

G(P)S(A? — p?)=:G(N)S(A* -

In the continuum limit, i.e., for a large A, the boundary
terms in Eq. (201) are irrelevant for U/, for i = 1 and 2; and
for £; for i = 2. For i = 1, the boundary term remains of
order 1. The first term, proportional to Z_,A? may be
discarded with respect to the logarithm divergence of the
first term. Taking into account the proper scaling of the
mass, including counterterm, the second term is as well of
order 1; but a difficulty arises from the fact that it does not
share the factor Z_, allowing to compare it with the first
term. However, our investigations are far away from the
scale A. Then this constant term, only depending on the
microscopic initial condition at this scale does not com-
promise our conclusions, which are essentially based on
variations with respect to the IR scale k = e°. Finally, the
other regularization scheme allows to prevent the occur-
rence of such boundary terms. This is especially the case of
dimensional regularization working on the dimension of
the internal group manifold, U(1), which becomes U(1).
The integrals may be analytically continued in D, and
the divergences localized around the poles in € =1 — D.

P?). Moreover, we computed the following sum using integral approximation:

1 .
Za - 7%) / d=ix5(A? - 2) = E(S—i)gd_,.m—l.

(203)

[

All the incoming conclusions may be deduced from one or
the other regularization scheme, with the corresponding
definition.

Definition 27.—In dimensional regularization, the con-
tinuum limit corresponds to D — 1.

The Ward identity allows to compute the derivative of the
four-point functions at zero momenta, or in other words, to
keep additional information coming from the momentum
dependence of the effective vertex. Note that such a
dependence does not appear in the standard crude trunca-
tions, as it can be easily checked from Appendix B where
the truncation method around just-renormalizable inter-
actions has been briefly recalled to compare with the flow
equations deduced from the effective vertex method. The
knowledge of these derivatives allows to compute the
anomalous dimension from its definition (173) like any
other couplings. However, the Ward identities (185), (186),
and (187) are not directly practicable because of the
presence of Z_,, and divergent quantities like £;. These
quantities refer to the global history of the flow, but to be
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usable, the local flow equation (19) requires local infor-
mation. Then, we have to deal with these divergent terms to
extract local information from Ward identities. To this end,
let us first consider the case of the pure melonic sector,
setting 44, = Ag.; = 0. Note that this sector is stable, in the
sense that relevant pseudo-melonic contributions cannot be
generated from the melonic sector itself in the UV. In a
second time, we will consider the mixing sector.

(i) Melonic sector.— Setting 14, = 4¢; = 0, only the
melonic sector remains in the theory, and the
relevant theory space in the UV sector contains
only melonic functions, having melonic graphs as a
boundary. The effective marginal coupling A4 (s) =
A(s) remains the only relevant parameter to control
the large behavior of the flow. Then, all correlation
functions may be expressed in terms of this param-
eter as well as effective two-point functions. The
corresponding six-point function may be obtained
from our results of Sec. IV vanishing the pseudo-
melonic couplings (see [71] for more detail). As
mentioned before, the interest of this discussion
allows only to understand the way to deal with
nonlocal terms in the Ward identity, a point which in
not discussed in the previous work. For convenience,
and because it has to be precise, we limit our study to
the standard modified Litim regulator [72,83]:

ry(p) =Z(s)(e* - p*)O(e* — p*).  (204)

In the melonic sector, and using (201) and (198), the

Ward identities (185) and (186) are reduced to'°

27 A =-Z+7_, (205)

d
27 _ ML -8Z_ 21U = —FHQ), (206)
p

where to simplify the notations we left the irrelevant lower
index 1 for £ and U, and we denote as IT®) and 1 the

quantities respectively called Hf}l and H(lz). Defining

Z:=27/7Z_., we get from the first equation (205):

Z=1-2iL. (207)
Note that this equation has been derived in [71] directly
from closed Eq. (56). A first important relation between
beta functions and anomalous dimension can be deduced
from the first relation (205). This is useful as a consistency
ingredient for our incoming approximation as well as a test
for other approximation schemes. This is the case like the
ones considered in the reference paper [71] for the
computation of the effective loop integrals involved in

"We discard the boundary terms for this discussion.

the Effective vertex expansion (EVE) method, and for other
methods like truncation, considered in Appendix B. From

the definition (173), = Z /Z, and from definition (207),

7 =200 +28) = 2(Z - 1) =204 + &),

. (208)

The difference A := £ — A, , involves the derivative of the
regulator function: A = ;37571 G*(p)r(P), the
“prime” meaning derivative with respect to the variable
p3, setting equal to zero. For the Litim regulator,

r(P) = =Z(s)8(e* = p*) — #(P)

= —[n(e* — p*) + 2e*]7(p). (209)
The two distributions 7, and 7, are proportionals. Thus, the
approximation 25 used for computation of the sums Z,, ,, in

the flow equations must be used for computation of A and A.
However, as explained before Definition 25, this approxi-

mation becomes totally wrong for the computation of A, 4,
and all divergent quantities, for which the deep UV terms
survive. We will discuss this point carefully. From now, let us
consider the structure equations for melonic four-point

functions. They only involve TI{) = 11® = 2A(s), and it

la =
is explicitly given from Lemma 3:

A

M) = (210)

where, in the right-hand side, coupling without explicit s
dependence designates the bare coupling. Deriving it with
respect to s, we get

As) = —222(s) Ay (211)

Finally, because of the definition of r, A is proportional to
Z/Z*. Extracting this factor as A =: % B(s), and defining the

renormalized coupling following Definition 26 A := 1/Z2,
we obtain from Eq. (208)

(212)

The contribution B(s) can be easily computed using integral
approximation, valid for e* > 1,

- Q, 2 Q)
B(S) = _ﬁq B(S) :2#2>3ﬁm9

(1+m (213)

where Q,_; denotes the hypervolume of the unit ball in
dimension d — 1. Inserting this result in Eq. (208), and using

the definition of §, = (A —2y4)/Z%, we get:
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Corollary 5.—In the deep UV and for purely melonic
sector, and with approximation 25, the Ward identity rely
the beta functions and anomalous dimension as

- QL L QL
ﬂz=—nﬂ(1—2/1(lfm'2)2>+4/12(1+dm'2)3ﬂm. (214)

This equation is an additional constraint on the flow, and
among their consequences, it adds a strong constraint on
the fixed points. Indeed, let us define a fixed point p =

(im?,,) such that 8,(p) = B,.(p) = 0, we must have

Qi

. =0, 2, —
n or (1 _th)z

=1. (215)

The fixed point found in [71], recovered in Sec. V C and
Appendix B was such that p ~ (-0,55,0,003), n~0, 7
and violates the two previous conditions. This seems to be a
strong argument in favor of a disappearance of the fixed
point, which violates the Ward identities. However, this
argument requires to be carefully analyzed. First of all, the
Ward identity is written in the symmetric phase. Also, the
constraint depends on the choice of the regulator, except for
one and two loop approximation as well, in accordance to
their universality. Then, such a statement requires a proper
analysis on the influence of the regulator. However, the
strong gap between the obtained values and the requirement
of the constraint seems to indicate that this fixed point is
well a spurious consequence of the lack of the Ward
identity constraint. We keep this important discussion for
a work in preparation. At this stage, the constraint given
from Corollary 5 provides us important information for the
computation of the integrals. Indeed, if we try to compute
the integral A,, using approximation 25, introducing a
cutoff on the high momenta, we get

Ayp = (B+aln(A))/Z% (216)
The derivative with respect to s then generates a factor
—2nAy,», having the same expected behavior in A as Z. As
a result, we generate a term —2x/, which exactly compen-
sates the same term coming from /1//1 As a consequence,
the leading term in A writes as ﬁf) =2, where (!
denotes the first order term in the expansion of # in power
of 1. From Appendix B or from a direct computation, we

get () =8Q, 4, implying %) =8Q, 14> > 0. This
result is in complete violation of universality. Indeed, a
direct calculation shows that the theory is asymptotically

free and ﬂ/(lz) = —y(U]. In the decomposition of A, ,, the
problem comes from the big logarithm term a In(A)/Z>(s),
and especially from the dependence on Z(s). The bound of
the integration is so far from the allowed windows of
momenta ensuring validity of the approximation, and the
factor in front of this big logarithm does not have to depend

on s. With this hypothesis, and assuming that 1/Z — 0 in
the continuum limit A — oo, we recover the exact result 5.
For this reason, we will use this approximation only for
convergent integrals, and more generally whenever these
deep UV contributions are completely discarded. This is
the case for the integral approximations used in Ref. [71].
Even to close this discussion, let us return on the express-
ion (207). From renormalization conditions, Z(s——o0)=1
and A(s - —o0) = 4,, we have
7zl =1-21A_, (217)
where A_, = L(s — o). From the condition r,_,_,, = 0,
we have explicitly

1

Ae= 2 T 7

pezd-

1
= _ | (218)
ﬁezzd:-l |:Z—oop2 + m2 - Z—oo(p)

The counterterms subtract all the subdivergences, except
the global one.'" Then, we expect that ZZl, diverges
logarithmically in the continuum limit A — oo (D — 1),
or equivalently Z_, — 0 like 1/In(A). Then Z=
—27_ AL, without contradiction with formula (5), as we
can show from a straightforward computation. Moreover, in
the second Ward identity (200),

d
zn® +8Z_ AU = 4—1>, (219)
dp
As for L, the quantity U/ splits as
Z .
U= A4’3 + ?C(S) (220)

However, A,3 is superficially convergent and all the
subdivergences have been canceled from renormalization.
Then, in the continuum limit, we have Z_, A4z — 0.
Recall that T1®) is given in Sec. IV B2, Proposition 8.
Then, using integral approximation for the computation of
the sum, and Definition 25 for the computation of the
convergent integral, we get with Q, = 7°/2

%) = 823 Ay 5

1 7’ 1 1
— 83 1),
273e* 1 + m? ((1 +n‘12)2+ 1 +m2+ )

and

"'We lack the final subtraction in the Zimmerman forest
formula.
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C(s) == T (222)
VT T 1+ my
so that Eq. (219) becomes
dpo L p 7 L (223)
dp? C 2727 1+ m? \1 + m? '

The right-hand side of Eq. (219) may be computed from the
same approximation. Because of the structure equation for
the four-point function, it is easy to check that (see [71])

d d
— @ = —222(s) — Ay»(p = 0),
dp2 (s) dp2 4,2(1’ )

(224)
where Ay, (p) = Y ze7:6,,,G*(). Once again this func-
tion can be computed using approximation 25, because the
derivative with respect to p? is insensitive on the deep UV
effect depending on the UV cutoff. Explicitly, we get

D Non(p=0) = i L), ()
ap?” P T s T e et )

so that Eq. (223) is identically verified. Then, this simple
checking ensures at least the coherence of our approxima-
tion for the computation of convergent integral with Ward
identities.
(1) Mixing sector.— In the mixing sector, and following
the Ward identity (185), the formula (205) is
replaced by

Z=1=24,L; —8iyrLs. (226)

As for the purely melonic sector, we expect that Z ~ In(A)
in the continuum limit. Moreover, once again, we have
Z(s » —o0) = 1/Z_, so that

Z:(l,o = 1 - 212.1./44.2(—00) - 812.2A3.2(—00), (227)
and Z_,, — Olike 1/ In(A) in the continuum limit. As in the
melonic sector, this allows to simplify the Ward identities.
However, an additional strong simplification comes from the
fact that A3 ,(—o0) is a superficially convergent integral,
whose subdivergences are canceled from renormalization.
Then, we have ZZ} ~ —21; A;,(—c0), meaning that
Z_ Az, — 0in the continuum limit. This can be translated
as an approximation for Z itself. Indeed, decomposing £; as

L;=As_i»+ k¥=*ZB;/ 7, (228)

with

D Qd—i
Bl:_(] ‘l‘ﬁ’lz)z’ (229)

and imposing in the continuum limit that Z_ A3, — 0,
we get Z~—2Z_ Ay 1L —8442B,/(kZ). Also U; is
decomposed as

1 > Qq-i

Ci, Ci - —m.
(230)

Z_U;= Z_OOA5_,"3 + fd-i=6

NI

Because As_; 5 is a superficially convergent quantity, we
expect that, up to the subdivergences canceled from renorm-
alization, it is insensitive on the UV cutoff. Therefore, we
have to impose Z_,As_; 3 — 0 in the continuum limit and
the Ward identities (186) and (187) reduce to'?

6]‘[52) _ i H(3) ln(g’) 14 32),4.271'
ap% /14,1 l,a 3 1.b 322(1 +ﬁ12)2

LYY 32
— ﬁ <7'[/14’1 + ?/14‘2> s (231)
oy 41 (., 2pe)_p 32 7
opt  3Z(1+m2)2\ TN T3 )3z (1 m?)Y
(232)

The knowledge of these derivatives is the last ingredient
required for computation of the anomalous dimension.
Moreover, to find a nontrivial fixed point requires to use
renormalized couplings defined in Definition 26. To this
end, we introduce the dimensionless renormalized sums
Ty @S

—. Zl—ne(m+2—2n)s_'z'

7 (233)

m,n m,n*

Generally, we will adopt the convention that any bared
quantity X is renormalized and dimensionless, in the sense
that we have extracted its proper Z and e¢* dependence:

x = Z%%x, (234)
d, being the canonical dimension of x. From these defi-

nitions, the two equations (231) and (232) admit dimension-
less and renormalized versions as

2o _ 1 (56, a0 32407
0% = — (a® 406 ) (142222
: Aq1 < la 3 1’b> ( " 3(1+m?)?

(235)

2We recall that Q; = 4x/3.
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1 - 2_<3) 5 32 T
Iy " =————=( 124 —I1 A, .
2 3 (1+m2)2( 6,1"'3 1,c> 4273 (1+ﬁ12)3

(236)

Moving on the computation of the anomalous dimension,
from Eq. (157) and definition (173), we get

. d [ @)= = = = i(q)
Z=-— > 1" (5.35.9)
2 - -
dpi |5 (@) + r, (@)

Pi :0.
(237)

Keeping only the LO terms like for the computation of j3,,,
we get
7=-NVT,, -4 T, -177,, —4n0T,,. (238)
Then, from renormalization conditions (121), using defi-
nitions (26) and (233), as well as (173); and from the flow
equation (10), we deduce the following final statement.
Proposition 12.—In the symmetric phase and in the
continuum limit, the anomalous dimension #(s) defined in
(173) satisfies the equation

(424, — H(lz)/)”z + (3442 — ng)/) 33ﬁ

n(s) = = - :
(122 4 (7 = 6141) 5 + (I, = 5445)

(239)

and the autonomous system for beta functions:
P =—(2+n)m* =102y, L4, —20245Z5,,  (240)

— 2 o 1 2a) )z
Pag = =20y — la +§ 15 |Lan

+ 423 Zys + 16441245155, (241)

_ _ 1 - _ .
Papr=—(1421)Asr — (3/16,1 + EHQ)I&Q + 423,153,

(242)
_ 3,7 Law 1 g@\z
Pe1 = —3nde1 — gnz +4_!1_11 32
+ 124046, Z33 — 843,25 4, (243)
where we defined
T 1 s (PN 7
Znn(p) TN Z 8p.p,75(P)G"(P);
ﬁezmﬂ
- 0T
Lhn = apmén (0). (244)
1

All the dimensionless sums involved in these proposi-
tions may be easily computed using integral approximation.
The details are given in Appendix A, we get
e—(m+2)sg

Z.m,n (p> =

m

(1+m?)"

x [Zez“‘ +7 <e2“' - (mnl 5 (e* - p?) + p2>>}

x (e — p?)m/2, (245)

Finally, from the approximation Z~ —2Z_ A4 L) —
8242B,/(kZ) used before, and from a straightforward
computation following the same steps as for the purely
melonic sector, we deduce the complementary statement of
Corollary 5.

Corollary 6.—In the symmetric phase, and taking the
continuum limit, the beta functions for ¢* couplings are
related to the anomalous dimension as

Gy
(1+m?)?

— - 32n 242
I 21 1 —— - -
nisy = (Bas + 21 4,1)( 3 (1 —|—ﬁ12)2>

28, \ 32 7 -
X <'1 + > + = A (Ban + 214 5)

1+ m? 3 (14 m?)?
32 77/_14 1/_142 20,
_= 1T . 246
3 (1+m?)? 1+ m? (246)

Once again, these relations which depend only on the
choice of the regulator and on the continuum limit can be
used to analyze the robustness of the fixed points obtained
from flow equation (19). Like for the melonic case, we will
extend the discussion about this constraint in forthcoming
works.

C. Investigations on the phase space structure

To conclude this section, we will investigate the structure
of the phase space, and the existence of nontrivial fixed
points. We divide these investigations into two parts. In a
first time we will study the vicinity of the Gaussian fixed
point, and argue in favor of an asymptotic safety scenario.
In a second time, we will move on to the research of
nontrivial fixed points in accordance to this scenario. Due
to the complicated structure of the flow equations, we use
numerical methods for this purpose. Another important
simplification comes from the choice of the regulator r;.
Formally, the exact renormalization group flow described
from Eq. (19) does not depend on the choice of the
regulator. However, the approximations required to extract
a practicable information from this equation generally
depend on this choice. This is especially the case for crude
truncations whose method is recalled in Appendix B to
compare with the EVE method. We expect that the effective
vertex method discussed in this paper does not suffer for the
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same pathology, or at least, the dependence on the
regularization becomes marginal.

Let us remark that Definition 25 is not supported with a
rigorous proof. However, despite the fact that we expected
the reliability on the results deduced from our method, the
approximation scheme that we will use to extract informa-
tion, especially for non-Gaussian fixed points, is suspected
to increase the dependence on the regulator. Due to this
difficulty, a rigorous discussion on the reliability of our
results, especially on the choice of the regulator function
will be considered for a future work, and in this section
we only investigate the plot of using the Litim regulator
(204). For the rest of this section, we denote by p =
(>, 241,242, %,1) the point in the four-dimensional
phase space.

1. Vicinity of the non-Gaussian fixed point

The Gaussian point p, = (0,0, 0, 0) is obviously a fixed
point of the system (12), with critical exponents
(=2,-1,0,0), in accordance with the canonical dimension
of the involved couplings. Expanding the flow equations
around p,, and keeping only the leading order contribu-
tions, we get

_ 16 -
ﬂm ~ —277’12 — 10z (77.'/14’1 + ?/14’2) (247)
_ 16 - _
Pag m =4 why) + ?34.2 A4 (248)
Par ™ —/_14,2 — 87, (249)
_ 16 - _
ﬁ6,1 ~—12x 71'/14’1 + ?1472 16,1- (250)

These equations are very reminiscent to some already
studied in the literature [49,56] for ¢® models. Setting
/_14,2 :/_16,1 =0, we recover the well-known asymptotic
freedom of the quartic melonic models: f,; ~ —47%43 |,
ensuring a well behavior in the UV for perturbative theory.
Complementary, for 4, ; = 0, the expected UV behavior of
the flow lines is radically different. Indeed, let us consider
the flow equations in the invariant plane (14,4, ):

ﬁ4,2 = —/_14,2 - 87T;16,1 (251)

Po.1 = —64ml42761 - (252)
The situation is quite different from the pure marginal
quartic case. In contrast to him, the sign of the beta function
depends on the sign of the couplings, and this dependence
drastically changes the behavior of the flow lines. When the
two couplings are both positive, g, 44, > 0, a region
denoted as I in Fig. 33(a), the beta functions are negative as

well; and the two couplings decrease in the same time.
Nevertheless, so far from p, the flow line are incoming on
the origin. For the rest of the phase diagram, we have to
distinguish two regions, respectively labeled IT and III, such
that 8, , < 0 in region Il and B, , > 0 in region III; the two
regions being separated with the line 8, , = 0. In the region
II, 145 < 0 and /_16’1 > 0, then, #,, <0Oand fig; > 0. Asa
result, any trajectory starting in this region necessarily goes
ultimately far away of the Gaussian fixed point. Finally, in
region III, the situation is still different, B,, and f4, are
both positive; and we expect that any trajectory starting in
this region is getting closer to the /_16,1 axis and moving
away from the 14 , axis. To be more precise, let us consider
region L.

It is easy to show that any trajectory starting in this
region (which excludes the vertical axis) has to cross the
6.1 axis before reaching the Gaussian fixed point, and then
is ultimately repelled from it, to the infinity. Indeed,
consider a trajectory whose points reach the surface of a
disk of radius e¢ around p,. Excluding the axis, the two
coordinates are both of order ¢, and then f3,, = O(e) while
Be.1 = O(€?). As a consequence, for any variation s of the
flow parameter, 14 , o €ds and 526,1 x €255, implying that
5/_14,2 o 5/_16’1/ €. For any variation 5/_16’1 in the direction of
the /_14,2 axis, the component of the velocity vector in the
direction of the horizontal axis becomes arbitrarily large.
The vector field then becomes more and more vertical, and
finally goes through the horizontal axis. It is not so hard to
show that around this point corresponds to the minimal
distance with the origin of coordinates.”” The same phe-
nomena is expected in region III, and the qualitative
behavior is pictured in Fig. 33(a). Figure 33(b) is a
numerical integration of the same region, which confirms
this expected behavior. As a consequence, it seems that the
mixing sector is not asymptotically free, due to the presence
of pseudo-melons. Solving this difficulty, and a well
understanding of the UV completion of the theory then
requires to have more information about the landscape
around the Gaussian fixed point, especially concerning the
existence of the non-Gaussian UV fixed point to which the
outgoing trajectories may be to ends.

2. Non-Gaussian fixed points

To investigate the non-Gaussian fixed points, we have to
solve the complete autonomous system given from
Proposition 12. However, the complicated structure of
these equations requires approximations to solve them.
Due to this difficulty, we limit our investigations on the
fixed points which can be reached from a perturbative
analysis. Our strategy is the following. Increasing the terms

PIn polar coordinates, denoting by r(¢) the distance from
the origin, we get easily that 7(s) = —r(s)sinf(sinO+
8mcos O + 64r(s)xsinfcos 8), vanishing for 6 = 0.
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FIG. 33. Phase portrait in the plan (/_14,1 , A6 1), in the vicinity of the Gaussian fixed point. On the left, the qualitative phase space,
obtained from an analysis of the differential equations describing the flow. On the right, the same region obtained from a numerical
analysis. In both cases, the red point corresponds to the Gaussian fixed point.

keeping in the perturbative expansion of the exact flow
equations, we get a list of fixed points which progressively
converge to a single one:

p1 = (—0.55,0.003,0,0), (253)
having one relevant, one irrelevant and two attractive focal
directions. Because all the pseudo-melonic couplings
vanish, we call this fixed point “melonic.” Moreover, it
matches with the fixed point already deduced in our
previous work [71] in the melonic sector, and with the
fixed point called FP2 in Appendix B of this paper. This
fixed point seems to be a good candidate as a UV fixed
point, providing an indication in favor of an asymptotic
safety scenario. In this respect, the fact that only melonic
interactions survive when the trajectories reach this fixed
point remains an interesting feature of this theory. However,
even if we discard the numerical difficulties, the existence
of this fixed point seems to be compromised from the
constraint (5) coming from Ward identity. Indeed, a simple
numerical calculation shows a large deviation at the fixed
point p;, indicating a strong violation of the Ward identity
for relevant operators. At this stage, we cannot expect that
the problem comes from the numerical analysis. Indeed, the
same difficulty occurs in the purely melonic sector, where
the numerical investigation may be done easily. Moreover,
as discussed above, we naively expect that the dependence
on the regularization has to be improved with respect to the
crude truncations. Nevertheless in both cases the difficulty
is the same. A possibility is to consider that this discord-
ance indicates the break down of the validity of the
expansion around the vanishing mean field, as it is the
case in the symmetric phase. More generally, we can expect

that the problem comes from a crude reduction of the full
theory space.

VI. CONCLUSION

In this paper we have built a version of the nonpertur-
bative renormalization group flow including nontrivial
dependence of the effective vertices on the relevant and
marginal operators in a sector mixing melonics and pseudo-
melonics interactions. This allows to use them to solve the
renormalization group flow of the full operators in the UV,
and close the infinite hierarchy equation coming from the
flow equations. The resulting flow equations seem to
indicate the existence of a nontrivial UV attractive fixed
point including only purely melonic interactions. However,
we showed that the Ward identity is strongly violated at this
fixed point. As a result, our unique fixed point seems to be
unphysical, and the possible existence of other nontrivial
fixed points far away of our investigation procedure seems
to be necessary.

The importance to include the constraint coming from
Ward identity in the resolution of the flow equation is not a
novelty, and is well known in gauge theory, especially in
the QCD nonperturbative approach. Note that it is not the
only limitation of our results. Despite the fact that we do not
crudely truncate the flow, we have made some approx-
imations whose consistency have to be supported in
forthcoming works. In particular our investigations have
been limited on the symmetric phase, ensuring convergence
of any expansion around vanishing means field. Moreover,
we have retained only the first terms in the derivative
expansion of the two-point function, and only considered
the local potential approximation, i.e., potentials which can
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be expanded as an infinite sum of melonic and pseudo-
melonic local interactions. Some deviations from ultra-
locality could be introducing nontrivial effects having the
same power counting with ultralocal interactions with
higher valences, and then to contribute with them on the
same footing. All these difficulties are not taken into

= 1_(,’_,’,—11) is the volume of unit m-sphere. The
2

particular case of integers m at p = (0 are given by the

following relations:

where Q,,

account in our conclusions, and will be discussed in some 2(m? + 2) o2 e
works in progress. Az = 2+ 102 A+ 177 (A3)
APPENDIX A: USEFUL FORMULAS
In this section we provide the proof of the useful sums
involved in the flow equations. First of all, let us write
4re3-2n)s AreB3=2s foo X2y
mn = G”(p (Al) .A n — + / A4
p;Zm T30 (w2 A 1) VA 1 (2 +mP)n (A4)
Due to the Heaviside function 6(x), the above expression
can be decomposed into two different contributions
depending respectively on (e — p?) and O(p? — e*).
lele fizrgt .one corresponds .to the integration domain re(2-2n)s 276225 oo xdx
p* < e*, ie., the IR domain. On the other hand, the A, :Z”(‘2-|— Iy 7 o2+ ) (AS)
second integration region p?> > e¢** corresponds to the UV " Lo
domain. Now integrating over the m-ball we get
W€ =P
Am n =
s (p) <Zn 2n3(m +]) (1 2) (l 2)
e\l 78 e\!7es oo dx
= ldx S A — + / . A6
/1/—2r (2 + p* + em?)" )9(62 -7 Mzimr ey zn i (P ) (A6)

=1y
+ z" / (x? + —I—ez‘m)e(p =),
0 P Now let us compute the quantities ), (As,(p))" and

(A2) > pezA33(p)(Asx(p))? using (A2):
|

4r(e® — pP)2 4z /00 x(e¥x® — pPydx] 471/00 x*dx
(

Asa(p) = 0(e* ~p*) +
32(P) [322e4“'(ﬁ12+1)2 2572 (x2+ﬁ12)2 (e p )+22 0 x2+p2+€2“‘ﬁ12)2

0(p* — ).
(A7)
Note that the support of the distributions 0(e* — p?) and 6(p? — e**) denoted respectively by D; and D, are such that

D, N D, = {e*}, which is of null measure in the Lebesgue sense. Then the integration of the functions of the form
X(p) = (a(p)0(e* — p?) + b(p)O(p* — €**))" is therefore

/ dpX(p) = /D dpa (p)0(e® — p?) + /D dpb (p)O(p” — ¢¥). (A8)

To give more explanation about the above relation, let us remark that (A8) can be viewed as the following sum:

/dPX =Y a'(p)+ > _b"(p) +”z: > m a’(p)b"~(p)

p€ED, pED, =1 peD\nD,
n—1 |
=" (p) + S0 (p) + > al ()b (), (A9)
peD, peD, = (n=72)!
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where in the UV limit, i.e., s — oo, the quantity a(e
this result to » 7 (As,(p))" we come to

¥)=e™Z% — 0 and b(e*) = e™*Z% — 0, a € Z. Now applying

4 [T (=R e = yP)hdx\
) (1-n)s / d A10
+ <22> ¢ s Yt (xz+mz)2 (A10)
In the same manner
4z \" 4z o 0 x2dx ® x2dx n
-2 hiad —(2+n)s/ d / .z / -
1;/433 p)(As2(p))" <Zz> 73 € ! Y o Py ) \Jo (Z4y+ )
e N a2
72) 73 0 3m+1)7° i (P 4m?)?
(1— 2) /wx(xz—ﬁ)%dx "
. All
X < 32+ 1) + (o + ) ( )

As in the previous paragraph the sum (244) can be integrated in the d — 1 ball as follows:

0,Z(s)(e* = p?) +2Z(s)e™ (¢* = p*)7 9,Z(s) (e - p?)T
T =(d-1)Q —(d-1)Q
Wl =D g gm sy @-n TR g @ E ey @
(A12)
In the same manner the sum (244) can be integrated in the d — 2 ball as follows:
0,Z(s)(e* = p?) +2Z(s)e™ (¥ — p*)F 9,Z(s) (e = p?)t
z = (d-2)Qu,— = (d=2)Qq- ;
N e LR e e 70 [ Gl R A )
(A13)

Now we come to the simple expressions of Z,,(0) and
I3,n(0) as

72'266? 2ns
T4,0) =——5—— 6),
4,n( ) 67" 1(m + l)n (7I+ )
Se Ss—2ns
Z5,(0 5 Al4
311( ) 152"~ 1( +1)n(’7+ ) ( )
”26(4—2n)s
74,(0) = —m(ﬂ +4),
4ﬂe(3—2n)s
75,(0) = - (n+3). (A15)

3211—1(},712 + l>n

APPENDIX B: ¢*TRUNCATION
FOR MIXING -U(1) TGFT

In this section the flow equation for the ¢* model is
derived using the usual truncation method of the Weterrich

equation. For more detail concerning this process let us see
Refs. [50-57,71] and [64—68] in the case of matrix models.

1. Truncation procedure

The truncation is a projection of the RG flow into a finite
dimensional subspace of the infinite dimensional full
theory space. In the case where d =5 we write

ZT P>+ em(s))T5 + Z*(5)As1(5)Vas

+ZZ(S)€S/14,2(S)V4,2 +2°(5)A6,1(5) Vi1, (B1)
where the renormalized  couplings  Z?(s)44(s),
Z2(s5)242(s)e* and Z3(s)Ag (s) are used and the functions
V41, V4o and Vi are the four- and six-point interactions
taking into account the two different sectors: melon and
pseudo-melon. The Wetterich flow equation can then be
expand as
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0L, = Trr GV (1= 2441 (9)V§, G = 242(5) Vi, = 361 (5) Vi (G2 + 40 (5)V4 1 G2 +4(aa(s) VG )2
0 0 0
+ 41 (VGG a2 () VG + 6441 (5)en (5)VE 1 Vi 1 (GL) + 6242() 26, (5)V, Vi, (G
+ %6,1<s>vz,1<G£ . (B2)
Now separate the contribution to the mass and couplings, the flow equations involve many contractions of lines which can

be represented graphically by the following diagrams [note that we only considered the leading order contribution taking
into account the melons, the pseudo-melons and the intermediate contributions reported in Sec. IVA]:

, 8- B
sl s ),
i i

@©) Q-
ot - QD -5 Qg [

N @, o
Sy NI
2 g O =y
o,r'® = ZKGZ%’GQ\@ +ZK6”%’@\§

p3

,J

K26’U© @ _|_K61] \ / Kg,z] @ @

o O

[ ) B @ @ ) 1@‘@]

In (B3) the first term corresponds to the melonic contribution and the second one to the pseudo-melonic sector. Further, the
first line of Eq. (B4) contributes only to the melonic sector and the second line to the pseudo-melonic one. On the other
hand, the first two graphs in the first line of Eq. (B5) contribute to the melonic sector, the first two graphs of the second line
contribute to the pseudo-melonic sector and the last one to the intermediate leading order contribution. Note that only the
pseudo-melonic sector will be taken into account in the flow equation of the coupling Ag ; (s). The coefficients Ky and

,,m'ij are the combinatorial factors and will be given with detail.

Now using the results of Sec. IV, which provided the full expressions of the four- and six-point functions, and because of
the choice of the truncation, we have the following relations:

m?(s) = r? (0), (B6)
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TABLE I. Summary of the non-Gaussian fixed points.
FP in? 104, 1024,  10%4, o) 0@ 00 oW
FP, —0.64 0 -5.6 —4.1 0.513 12 4 13i 12-13i —14 4131 —14-13i
FP, -0.52 28 0 0 0.553 2.5 -3 1 + 0.61 1-0.6i
FPy 1.36 0 =370 -70 —0.545 3.08 -0.41 -0.75 -14
drgz) (5) critical exponents 9(i>, i =1, 2,3, 4 of these different fixed
Z(s) = dp? |55 (B7) points, corresponding to the opposite signs of the eigenval-
b ues of the stability matrix: f;; = 0,4;i € {m*, 1y, 22, A3 }.
(’),F(4) (-)' 6 (-)' 0) = 492 ’ BS Let us remember that the fixed points are chosen in the
T meto ) 4.1 (5) (B8) domain {D > 0} where D is the denominator of the
4 5o o o anomalous dimension 7, i.e.,
a\‘r‘ést)eudo—melo(o’ 0,0, 0) = 48.\')“4.2(5)’ (Bg)
qqqqq - D =3(m*+1)? — 2(3zly, + 32145).  (Bl4)
6 4.1 4.2
DT, tomeio(0.0.0.0,0,0) = 360,46 4(s). ~ (B10)

Then using the above expressions and expanding in detail
the relations (B3), (B4) and (BS5), we get the following flow
equations in which the dimensionless parameters 7, /_14,1,
/_142 and Z(,ﬁl are used:

B =—(2+n)m* = 1024 Ly, — 2044215,
Bay = —2mly) + 41%,@4,3 + 16441242755
Bar = —(1+2n)Ays — 326113, + 423,155

Bo1 = —3nley + 12042061153 — 8;1?1,2j3,47 (B11)

In the computation of the anomalous dimension 7 :=
0,Z/Z we use the fact that

d - >
0sZ = =224, ﬁzasrs(pL)Gg(pL”ﬁ:()
Progs
d - >
— 844, d—p2 Zas r(p1)G3(P1) |;,=6’
N

(B12)

and now solve the linear equation of the form 0,Z =
L(0,Z), which leads to

1271'(7'[24,1 + 8/_14’2)
3(7712 + 1)2 - 7[(371'241 + 32/_14’2) '

n= (B13)

2. Fixed points in the UV regime

Solving numerically the system (B11), we find some
discrete non-Gaussian fixed points, whose relevant charac-
teristics are summarized in Table I below. Also we give the

This denominator introduces a singularity in the phase
space of the flow. But further away from the Gaussian fixed
point (GFP), i.e., the non-Gaussian fixed points D may
vanish, creating in the plan (4;,m?), i € {(4,1),(4,2),
(6,1)}, a singularity hypersurface with equation D = 0.
The area below this line where D < 0 is thus disconnected
from the region D > 0 connected to these fixed points.
Then, we ignore for our purpose the fixed points in the
disconnected region, for which D < 0. Note that we get
such a singularity surface with the EVE method, get close
to the one discussed here for small enough couplings.
Numerically we get the fixed point given in Table I. In this
Table, let us remark that FP2 corresponds to what we
obtained by taking into account only the melonic contri-
butions which is investigated in our previous work [71].
Now let us discuss the behavior of our model along these
non-Gaussian fixed points. For more explanation see [84].
Note that we have four dimensionless couplings, thus the
theory space is four dimensional. The signs of the eigen-
values determine whether we approach or go away from the
fixed point where the linearization is performed. Consider
the UV limits, i.e., k — oo0. According to Table I, we have

(1) For the fixed point FP1, two pairs of complex
conjugate critical exponents, with real parts having
opposite signs. The fixed point is then focused
attractive in the plan defined from two eigenvectors,
and focused repulsive in the complementary plan,
spanned from the two remaining eigenvectors.

(2) For the fixed point FP2, we have one relevant
direction, one irrelevant direction, and a focusing
attractive behavior in the complementary plan.

(3) For the fixed point FP3, we get one relevant and four
irrelevant directions.
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