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Abstract: We study the polynomial Abelian or U (1)¢ Tensorial Group Field Theories
equipped with a gauge invariance condition in any dimension d. We prove the just
renormalizability at all orders of perturbation of the q)g’ and <p56 random tensor models.

We also deduce that the (pg‘ tensor model is super-renormalizable.
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1. Introduction

1.1. Motivations. The complete definition of a quantum theory of gravity is probably
one of the most fundamental problems of theoretical physics. According to several theo-
reticians, such a theory should obviously be background independent. As a consequence,
spacetime has to be reconstructed from more fundamental degrees of freedom which
may very well be of a discrete nature.

Tensor Group Field Theory (TGFT) is quite a recent framework which aims at describ-
ing such a pre-geometric phase [28,29]. Such an approach stands at the intersection of
random tensor models and Group Field Theory (GFT, see [15,26,30] for general intro-
ductions). GFT is a second quantized version of Loop Quantum Gravity [31,32]. Random
Tensors, especially colored ones, allow one to define probability measures on simplicial
pseudo-manifolds (see [22] and references therein). Let us recall quickly that a random
tensor of rank d represents a (d — 1)-simplex. Each of its d indices corresponds to a
(d — 2)-simplex defining its boundary. The typical interaction part of a tensor model is
given by the gluing of d+1 (d — 1)-simplices to get a d-simplex. GFT equips those tensors
with some crucial group theoretical data regarded as the seeds of a post geometric phase
[13]. TGFT could potentially relate a discrete quantum pre-geometric phase to a classical
continuum limit consistent with Einstein General Relativity through a phase transition
dubbed geometrogenesis (see [1,23-25,33,34] for different approaches). Such a sce-
nario is conceivable using the fact that several TGFTs have been proven asymptotically
free [2-6].

2D quantum gravity via matrix models is a successful example of such a program.
Matrix models indeed are theories of discrete surfaces yielding (after a phase transition)
in the continuum a theory of gravity dominated by sphere geometries [14]. It can be
stressed that the crucial analytical ingredient for achieving this result is the t"Hooft
1/N expansion. Until recently there was no analogue of such an expansion in higher
dimensions or for tensors of higher rank. Then, Gurau discovered a genuine way to
generalize the matrix 1/N expansion to any dimension and any rank but for particular
tensors [18,19,21]. Indeed, the new 1/N expansion relies on the so-called colored random
tensor models [17,22]. The net result of this analysis is that the partition and correlation
functions of the colored models admit perturbative expansions which are dominated by
peculiar triangulations of spheres called melons [10]. This result has been extended to
any dimension.

Moreover, it has been realized [11] that colored models can be used to construct
effective actions (and, then later [7], renormalizable actions!) for uncolored tensor fields.
Indimensiond, there are d+1 colored fields. By integrating over d of them, one obtains an
effective action for the last one, whose interactions are dominated by terms corresponding
precisely to those spheres which dominate the tensor 1/N expansion.

The first TGFT proved to be (just) renormalizable is a complex ¢© tensor field theory
on four copies of U (1) [7]. Since then, other examples have been discovered [5,6,13].
In particular, the contribution [13] deals with a propagator which implements the so-
called closure or gauge invariance condition on tensors. Such an additional symmetry
is necessary, for instance, in order to interpret the Feynman amplitudes of the tensor
model as the amplitudes of a discretized simplicial manifold issued from topological
BF theories. We mention also that the model considered in [13] is super-renormalizable.
Let us for short call these models as (pg, where ¢ : U ()4 — C is the rank d tensor and
n is the maximal coordination (or valence) of the vertices of the theory. Our aim in this
paper is to exhibit the first examples of just renormalizable Abelian TGFTs on U (1)¢
with gauge invariance.



Just Renormalizable TGFT’s
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Fig. 1. Colored graphs, a closed, b open

The paper is organized as follows. We first recall the basic definitions of colored
graph theory in Sect. 1.2 and their effective (faded) counterpart in Sect. 1.3. In Sect. 2, we
present two main models analyzed in this paper, namely the gpg and <pg models. Section 3
is the core of our contribution. It deals with the multi-scale analysis and the power
counting theorem of some general polynomial TGFTs. Using this study, we provide
the classification of divergent graphs appearing in (pg and <p56 which yields a control on
the divergent amplitudes of these models. Section 4 is devoted to the renormalization of
these divergent graphs providing, finally, the proof of the renormalizability of the cpg and
(pg models. Section 5 discusses, in a streamlined analysis, the super-renormalizability

of the gog model followed by a conclusion and two technical appendices.

1.2. Colored graphs. The Feynman graphs of the colored tensor model are (d + 1)-
colored graphs [17,22]. For the sake of completeness, we recall here few facts about
these graphs, their representation as stranded graphs and their uncolored version.

The graphs that we consider possibly bear external edges, that is to say, half-edges
hooked to a unique vertex. We denote G, a colored graph, £(G,) the set of its internal
edges (L(G.) = |L(G¢)]) and L,(G.) the set of its external edges (L.(G.) = |Le(Ge)])-
Forall n € N, let [n] be the set {0, 1, ...,n}and [n]* be {1,2, ..., n}.

Definition 1.1 (Colored graphs). Let d € N*. A (d + 1)-colored graph G. is a (d + 1)-
regular bipartite graph equipped with a proper edge-coloring. In other words, there
exists a map 1 : L(G:) U L(Ge) — [d] such that if e and €' are adjacent edges,
n(e) # n(e’).

A colored graph is said to be closed if it has no external edges and open otherwise.

Examples of four-colored graphs are given in Fig. 1. White and black dots represent
the bipartition of the vertices of the colored graphs.

Definition 1.2 (Faces). Let G, be a (d + 1)-colored graph and S a subset of {0, . .., d}.

We note Qg the spanning subgraph of G, induced by the edges of colors in S. Then for

all0 < i, j <d, i # j, aface of colors i, j is a connected component ofgél’]}.

A face is open (or external) if it contains an external edge and closed (or internal)

otherwise. The set of closed faces of a graph G, is written F(G.) (F(G.) = |F(Ge))-
Any (d + 1)-colored graph has an alternative stranded representation. Any edge is

made of d parallel strands. If the edge is of color i, its strands are bicolored ij with
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Fig. 2. The stranded representation of Fig. 4a

j e i= [d]\ {i}. The connecting pattern of any (d + 1)-valent vertex is the complete
graph K;.1. A (closed) face is then represented as a (closed) curve made of one strand.
An example of such a representation is given in Fig. 2.

Definition 1.3 (Jackets). Let o be a cyclic permutation on [d], up to orientation. The
jacket J, of a (d + 1)-colored graph G, is the ribbon subgraph of G. whose faces are
colored 01(0), 09*1(0) for 0 < g < d.

To any jacket J C G, we associate its closed version J obtained from J by pinching its
external legs. See Fig. 3.

The numerous applications of random matrices originate in the possibility to control
(at least partially but non perturbatively) the perturbative series of the partition function
of these models. This interesting feature is due to the existence of the 1/N-expansion of
matrix models (N denoting the size of the matrix) which provides in return a topological

(c) (d)

Fig. 3. Jackets, a A two-point colored graph, b its jacket (0123), c its jacket (0132), d the closed jacket (0123)
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Fig. 4. The boundary operation, a an open colored graph G, b the boundary graph G,

expansion of the partition function in terms of the genus. In higher dimensions, the
generalization of such an 1/N-expansion (where N will denote the typical size of the
tensor) does not yield a topological expansion but rather a combinatorial expansion in
terms of the degree of the graph [18,19,21]. For a colored closed graph G, the degree
is defined as

@)= > g (1.1)

J jacket of G,

where g is the genus of the jacket J.

A (d+1)-colored graph G, is dual to a (d + 1)-triangulated space (or Delta-complex)
corresponding to a pseudo-manifold [16]. The boundary of this manifold is triangulated
by a complex dual to the boundary graph of G..

Definition 1.4 (Boundary graph). Let G, be a (d + 1)-colored graph. Its boundary graph
0G, is the d-colored graph whose vertex-set is the set L.(G.) of external edges of G,
and edge-set the bi-colored paths linking two external edges of G.. In other words, an
(internal) edge of 0G. corresponds to an external face of G..

Note that the boundary graph of a closed colored graph is the empty graph.

1.3. Uncolored graphs. As explained in Sect. 1.1, we are interested in effective actions
obtained from the iid model [17] by integrating over the fields of colors from 1 to d. The
effective vertices correspond to open melonic graphs [10] whose external edges are of
color 0. The Feynman graphs of such models are so-called uncolored graphs. In fact, a
close inspection of these uncolored graphs show that they still possess a colored structure.
Indeed, they are colored graphs but whose edges of colors 1, . . ., d are made of only one
strand whereas edges of color O still contain d strands. Such graphs actually represent the
connecting pattern of the indices of the tensor field of color 0 [11]. Generally uncolored
graphs map onto tensor trace invariant objects [20].

An uncolored graph G has a unique colored extension G, which contains all the faces
ij, 0 < i,j < d ofa(d+ 1)-colored graph. The faces of the uncolored graph are
the Oi-faces of its colored extension. Figure 5a depicts an uncolored open graph. The
mono-stranded lines of color i > 1 are faded. Its colored extension G, is shown in Fig.
3a and its (partially) stranded representation is drawn in Fig. 5b.

Connectedness. In graph theory, there is a well-known notion of connectedness. A graph
G is connected if there exists at least one path in G between any two of its vertices.
Another way of defining connectedness is the following. Let us choose an orientation of
the edges of G and consider the incidence matrix / between edges and vertices whose
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Fig. 6. Face-connectedness, a a face-disconnected graph, b a face-connected graph

element I, is 1 if [ enters v, —1 if [ exits from v and 0 otherwise (in the case of a loop,
we also choose 0). Then a graph is connected if it is not possible to put its incidence
matrix / into a block diagonal form, after possible reordering of its rows and columns.

There is another notion of connectedness that is relevant for tensor graphs, colored
or not. It uses the incidence matrix between internal edges and faces:

Definition 1.5 (Matrix (¢);7 [13]). Let G be a (un)colored graph. Let us pick an arbitrary
orientation for all of its edges and for all of its faces. We define the L(G) x F(G) matrix
€(G9) as follows:

1 if ] € f and their orientations match,
€/7(G) == 1—1 ifl € f and their orientations do not match, (1.2)
0 otherwise.

The matrix €(G) depends on the chosen orientations but one easily checks that its rank
does not. A tensor graph will be said to be face-connected if its incidence matrix €
cannot be put into a block diagonal form by a permutation of its rows and columns. In
other words, a (un)colored graph is face-connected if it is not possible to split the set of
internal lines £ into two subsets £; and £, with no face containing a line of £; and a
line of £,. Examples of face-connected and disconnected graphs are given in Fig. 6.
To distinguish between the two notions of connectedness, let us call a graph vertex-
connected if it is connected in the usual sense. Face-connectedness is a relevant notion in
our context because the power counting factorizes into the face-connected components
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of the tensor graphs. But note that the amplitude themselves do not enjoy such a factoriza-
tion, and the usual notion of vertex-connectedness remains relevant for renormalization
(i.e., for locality or better here traciality, see Sect. 4.3).

Remark. The notion of face-connectedness is useful only for open uncolored graphs.
For colored and closed uncolored graphs, vertex-connectedness is indeed equivalent to
face-connectedness.

2. The Models

Let us start now the study of quantum tensorial field theories on U(1)?. The field in
the present context is a tensor ¢ : U(1)? — C. We will mainly assume that the field ¢
satisfies the following translation invariance under a diagonal group action also called
gauge condition:

o(hgt, ..., hgs) = @(g1,...,841), YheUQ). 2.1)

For 1 < j < d,letg; = ¢Y% € U(1). By Fourier transform and writing P :=
(p1, ..., pa), one has

d
9. .
018 = D Gpipa | [ €77 2.2)
peZd j=1
We sometimes further simplify the notations as ¢p,,.. », = ¢1..4 When we want to

emphasize the tensorial nature of the model.

We will concentrate on two models namely for @* on U(1)® and for ¢° on U(1)7,
or simply the (pg and gog models, respectively. We want to prove that they both are
renormalizable. Rather than separating the renormalizability proofs, we perform the
analysis in a row for both of these models because of their similar features.

There is a unique type of (vertex-)connected melonic quartic vertex in any dimension.
Ind = 6, 5, these are given by:

d=6 . — — .
V4,l = Z V654321 P12/3/4'5'6' Pe'54/3'21 1723456 + permutatlons, (23)
712
d=5 . — — .
V4’1 = Z Q54321 P12/3/4'5" P5r4/32717 P1/2345 + permutations, (24)
7,12

which are depicted in Fig. 7. The permutations are taken on the color numbers (from 1
to 6 or 5, respectively).

For the <p56 model, there are other interactions: two connected melonic uncolored
graphs with six external edges of color O (see Fig. 8):

V6’] = Z¢54321(p1/2345¢5/4/3/2/1/(pl//2/3/4/9@5//4//3//2//1//@12//3//4//5// + 9 permutations,
715
2.5)

Vo2 = 2554321 P12345P5 432 1/ P17273475 Psrrznpr P13 4sy + permutations.
7,15
(2.6)
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Fig. 7. Melonic quartic vertex for d = 6 left and d = 5 right
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Fig. 8. Melonic Vertices of degree 6, a Type I (Vg 1), b Type 11 (Vg 2)

N /

= [rofeo ) |en

e [ feofro |

/ N

Fig. 9. Graph corresponding to the vertex V4 »

As realized in [7], the renormalization of the four-point function of the (pg model
will generate a disconnected anomalous vertex of degree 4 (see Fig. 9) that we need to
incorporate in the action:

Vap = (2554321%2345)2- 2.7)
ZS

Feynman graphs. The Feynman graphs of the models we consider are properly repre-
sented as uncolored graphs (see Sect. 1.3). Each vertex of a Feynman graph consists in
an open uncolored graph (all of its external edges being of color 0) taken among the
ones depicted in Figs.7, 8, 9. As a consequence, all the edges of a Feynman graph are
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/ N

Fig. 10. A Feynman graph with 2 vertices, 2 external edges and 4 internal edges.

of color 0. In particular, if G is a Feynman graph, £(G) denotes the set of its internal
0-colored lines. An example of a Feynman graph is given in Fig. 10.

Note that white (resp. black) dots represent ¢ (resp. @) fields. Also, each edge of G
(thus O-colored) bears a full d-momentum P whereas the lines of color i, 1 < i < d,
only carry the ith component p; of a d-vector.

Let v be a vertex of degree 2n of the theory, we will generically denote by K, the
corresponding kernel which is of the form

n
V2n,i = z KU (pl 9 ety p2nd) H apkyl ..... pk,dgppk-q»n_l,m,[?k-v»n,d‘ (28)
Pl P2nd k=1

For both models, the propagator C(p, p’) is the usual one (a P* + m*)~'8(P — P’)
(where P? = Zle pl.z, a is the wave-function “coupling constant”) supplemented by

the gauge condition B(Z? pi).! Feynman amplitudes take indeed the form of lattice
gauge theories on the cellular complex dual to the TGFT Feynman diagram.
The two actions that we consider are:

- = 4
Sal@, o1 = D Besaza1 8O, pi)@P? +m?) praase + MV 2.9)
VA i

Selo, ¢ = 2554321 5(2 pi)(@P? +m?) 12345
75 i

6
'”‘51,; V45,1 +A42Van +r6,1Ve,1 +A6,2Vs,2. (2.10)

Let ¢ be the Gaussian measure associated to the covariance C:

/ dpc @(P)p(P') = C(P, P'), / dpcp(PYp(P') = / dic 9(PYp(P') = 0.

(2.11)
The correlation functions are formally given by
SaN (81,15 81,25 -+ - 82N.d)
N
= / duc ([]@(irs - gia)e(gat. ... gaia))e ™9 (2.12)

i=1

1 Note that & here is understood as the Kronecker symbol.
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where Sinc[@, ¢] is either )»514: V46,] or )Lfi V45’1 +X14,2V4a2+h6,1V6,1+ 16,2 V6,2, depending
on the model under consideration. Our aim here is to define these correlation functions
as formal power series. In other words, we prove that the models (2.9) and (2.10) are
renormalizable to all orders of perturbation:

Theorem 2.1. There exist formal power series Fi, Fy, F3 in a parameter )»fi’r and

. . . . 6),r .
muﬁ;l-power series {G;}1<ig6 in parameters )" = A1 )\2’2, )‘2,1’ )‘g,z} such that if
we fix

W= RO mE=Ro%. a=F05, (2.13)
A1 =Gi(A), tap=G2A), re1=G3(\), (2.14)
re2 = Ga(\), m*=Gs(\), a=Ge(), (2.15)

all correlation functions are well-defined formal power series in )\fﬂ’r, and )\", respec-
tively.

The rest of the paper is devoted to the proof of this theorem. For simplicity and when
no confusion may occur, both )\fﬁ and Aﬂ will be simply denoted by A4 1.

3. Multi-Scale Analysis and Power Counting Theorem

The goal of this section is the classification of all the primitively divergent graphs gen-
erated by both models (2.9) and (2.10). Our main tool is the multiscale analysis. This
will help to the proof of an upper bound on the amplitude of a general graph implying
the existence of a power counting theorem.

All the framework of Sect. 2 directly extends to models with arbitrary rank tensors
with polynomial interactions P (@, ¢). We perform our multi-scale analysis in this gen-
eral setting and only at the end we will specialize the rank and maximal degree of the
vertices. This leads us to some models of interest ((pg1 , <p56 and (pg1 models).

3.1. Multiscale analysis. In the following, as C(P, P') is proportional to § (P, P’), we
will abusively denote C(P) the coefficient of proportionality.

Multiscale analysis allows us to study precisely the amplitudes of Feynman graphs
through the glass of a discrete version of Hepp sectors [27]. To this aim, the first step
consists in slicing the propagator into different scales.

Let M €e R, M > 1, we have:

d [’}
c(P) = 5(2;7,-)/ e P gy =" CI(P) @3.1)
i=1 + i=0
with
- & 2,2
c'(p) = S(Zp,')/ e P dg, (3.2)
1

i=1

_ d M-2G-D -
Vi>1, C/(P)= 5(2 p,')/ e P gy (3.3)
X M—2j
i=1
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We regularize the models with an ultraviolet cutoff by restricting the sum over j to the
range 0 to p < oo. The momenta are thus (smoothly) bounded by M2”. The sliced
propagator admits a simple upper bound:

Ci(P) < KM_2ie_M_2i(P2+m2)3(zpj), (3.4)
J

where K = M? — 1.
The next stage is to bound any graph amplitude. Consider then G a Feynman graph.
Its amplitude writes

ag= > ] aw.p) [] ko (3.5)

Pl PAL(G) [€L(G) veV(G)

where V(G) (V(G) = |V(G)|) denotes the set of vertices of G and p1, ..., psr() the
momenta associated to the strands of lines in G. As each propagator is sliced according
to (3.1), the amplitude can be decomposed as a sum over the so-called momentum
attributions:

Z > 11 cl'(p, P) [T ko= > 45 (3.6)

SIL Plo-s PAL(Q) 1€L(G) veV(G) pneNL

We focus on Ag. The significant upper bound of the following will be expressed in
terms of certain special subgraphs of G called dangerous subgraphs defined as follows.
Let G#* be a Feynman graph with a scale attribution . For all i € N, let G’ be the
(uncolored) subgraph of G induced by £/(G) = {I € £(G) : iy > i}. G may have
several (say of number C;(G)) vertex-connected components in which case we note
them Q,’;, 1 < k < Ci(G). These connected subgraphs are the dangerous subgraphs in
the sense that the power counting will be written only in terms of those subgraphs and
no other. There is a simple way to determine if a given subgraph H is dangerous or not.
Let ip¢(n) = infjereny i and e (1) == sup;er, (1) i- H is dangerous if and only if
() > er(u).

The G, ’s are partially ordered by inclusion and form in fact a forest, i.e. a set of
connected graphs such that any two of them are either disjoint or included one in the
other [27]. If G is itself connected, the forest is in fact a tree whose root is the full graph
G = GO. This abstract tree is named the Gallavotti—Nicold (GN) tree.

Our goal is to find an optimal (with respect to a scale attribution) upper bound on the
amplitude of a general graph G*.

Theorem 3.1 (Power counting). Let G be a Feynman graph of a polynomial P (¢, ¢)
model with propagator (3.1) on U(l)d. There exist constants K1, Ko, K3 € R} such
that

p Ci(9) )
AL <K/ ORYOR{ DT [T M@ 99, where wa(Gi)=—2L(G)+F(G)— R}
i=0 k=1
3.7

and R,i is the rank ofe(g,i).
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The proof of this theorem is already available in the literature. In [9], the superficial
degree of divergence of a TGFT graph amplitude for an Abelian theory and without
(p? + m?) term is computed and proven to be F — R, with R = rke(G). In [7] an
optimized bound on the amplitudes of a ¢°-type model with (p? +m?)~! as propagator
(but without gauge invariant condition) is proven. The degree of divergence is there
—2L + F. More recently, Abelian theories with both (p? +m?)~! and gauge invariant
condition has been finally proven in [13]. It is precisely the bound (3.7). However, we
think that it may be instructive to collect here all the arguments and rewrite the complete
proof, in momentum space.

Proof of theorem 3.1. We want to bound the amplitude of graph G with scale attribution

nw:
ag=> 1] ¢w.r) [] ko (3.8)

Plses PAL(G) [€L(G) veV(G)

The specific forms of the vertex kernels K, considered in such models imply that there
is actually one independent sum per closed face of G (as it is the case in matrix models).
Let us pick an arbitrary orientation of the faces and define the unique momentum of the
face f tobe p in the direction of the chosen orientation. The orientations (signs) of the
line momenta are similarly fixed by choosing an orientation of the edges of G. For each
line [ € L, the delta function §; ( Z?:l pl,,‘) can be rewritten as §; ( Zfe]—' €fpr+ pl,e)
where p; . is the sum of momenta of the line / which belong to external faces.
Using the bound (3.4) on the sliced propagator, we get

A<k > T M EMTS (S arpr+pie)] (3.9)
PfyssPfp 1eL(G) feF©G)
—2if .
< KVKY Z [( H e fp?)HM_z”fsl( Z P+ ple)l
PfsoPfp fEF(G) leL feF(©G)

(3.10)

where iy = infjcpi;, L = L(G), V = V(G) and N = N(G). We choose subsets
Fu € Fand L, € Lsuchthat |F\ Ful+I|L,l = F(G).If f € F\ F,, the sum over
pr is performed using the corresponding exponential function. If not, the sum over p ¢
is performed using a §; function corresponding to aline / € £,:

Kl K HM 2i; Z H e—M_Zifpi' H 8[( Z Elfpf+p1’e).

leL Pfysolfp fEF\Fpu lel, feF G
(3.11)

The maximal number of sums we can perform with the &; functions is precisely rke(G).
A sum performed with an exponential function brings a factor M‘/ whereas a sum
performed with a delta function gives 1. It is thus necessary to optimize the choice of
the sets 7, and £,, with respect to the scale attribution p. In [13] it is proven that such
an optimal choice is possible and given by:

1. There exists a subset £,, C £ with |£,| = rke(G) and the arguments of the corre-
sponding §;c ., functions are independent.

2. Foralli, k, |£, N LG = rke(GL).
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Let us rephrase the proof of carrozza et al. in the following way. For all 7/ C F(G), letus
denote by €| 7 the matrix € (G) with columns restricted to faces in F " We first choose F,,
inductively from the leaves of the GN tree towards its root. Consider a leaf of the GN tree.
It corresponds to a certain G;. We choose rke(G;) independent columns of €(G;). The
corresponding faces of G are put in F,. Note that these columns are also independent

in €\ F G- This later matrix contains indeed only zeros on the lines [ ¢ £(g,§). We
proceed similarly for all the leaves of the GN tree. Then, when several Q,i’s merge into a

g,f/, J < i, weaddto F, as many faces as necessary to have |F, N f(g,i,)| = rke(g]i,).
At the last step of this process, when one reaches the root of the GN tree, the cardinal of
F is clearly equal to the rank of €(G). Moreover for all i, k, | F,, N ]—'(g};)| = rke(g,‘;).

It remains to choose the set £,. The matrix €(G) 7, has the same rank as € (G). There
exist |y | lines of € (G), 7, such that the restricted square matrix has still the rank of € (9.
These lines form the set £,,. The point is that it is possible to choose these |F | lines
such that [£,, N c(g,i)| = rke(g,i) for all i and k. Indeed, if there exists a Q,i such that
[£,.N c(g,i)| < rke(gli) then there is a line / € £(Q,’;) \ £, such that the corresponding
line-vector is independent of the | £, | other ones (remember that € (G);r = 0if [ ¢ c(g,i)

and f € F (g,i)). And the set £, of line-vectors is not maximally independent.
The proof of theorem (3.1) is achieved by the following. Start from Eq. (3.11) and
write

A < KVKYK{ M T MY (3.12)
lel FeF\Fu
<k/'KYKST] I 1] I ™ (3.13)
Lk 1eL(Gh ik feF(GO\Fy
< KV KY KL [ M2HG0+FGo-Ri, (3.14)
ik

3.2. Analysis of the divergence degree. The divergence degree is wy = —2L + F — R.
In this section, we scrutinize this quantity and re-express it in terms of more useful
quantities. We develop as well new tools for this task. This allows us to go beyond the
analysis in dimension d = 4 as performed in [13] and find renormalizable theories.

The following lemma involves the notion of a spanning tree of a graph G. In our
context of uncolored graphs, such a tree is a subgraph of G thus made of 0-colored edges
without cycles. It is spanning if it contains all the vertices of G. Let us emphasize once
more that vertices of G are open uncolored graphs depicted in Figs.7, 8, 9.

Lemma 3.2 (Contraction of a tree). Let G be a connected uncolored graph and T be
any of its spanning trees. Under contraction of T, neither F nor R changes:

F(G) =F(G/T), R(G) =rke(G)=rke(G/T)=R(G/T).  (3.15)

Proof. The fact that F(G) does not change under contraction is quite obvious: under
contraction of an internal line, faces can only get shorter. This is true both for open and
closed faces. Moreover, if the contracted line is a tree line, the face cannot disappear.



D. O. Samary, F. Vignes-Tourneret

Let £ € L£(G) be any line of G (not necessarily a tree line). The matrix €(G/£) is
obtained from €(G) by erasing the row £ and the columns full of zeros corresponding
to the faces which disappeared under the contraction. In the case of a tree line, this
second step does not happen, as explained just above. As a consequence to prove that R
is invariant under the contraction of a tree line /, we need to prove that erasing this row
does not change the rank of € that is to say that the row [ is a linear combination of the
other rows of the matrix:

VfeFW@), er= D aney, (3.16)
tel,
27
where the a;,’s are independent of f.

Any oriented line £ links a vertex v, to another (different) one vj. There is a unique
oriented path Pz (£) in 7 from v, to vé (see Appendix A). Thus P is, in particular, a
map from £(G) to 2£(7) . For any internal face f, the set of lines of G contributing to
this face forms a cycle. This cycle can be projected onto a path in 7 thanks to the map
Pr. The face f being a cycle, the corresponding path in 7 begins and ends at the same
vertex. But as 7 is acyclic, each edge has to be covered an even number of times and
in opposite directions. Thus if we go all over an internal face, and count with signs the
number of times a given tree line appears in the projected path, we find zero.

Let us pick up a face f and go all over it according to its orientation”. For all £ € f
and all [ € 7, let gg;(f) be +1 if I € P7(£) and its orientation in P7(£) matches its
chosen orientation in G, —1 if [ € Pz (£) and the two orientations do not match, and 0
otherwise. We have

> eu(f)=0. (3.17)

tef

Forall £ € Land ] € 7, let us define ny; as +1 if | € Pz (£) and the orientation of /
in P7(£) (fixed by the chosen orientation of £ in G) matches its orientation in G, —1 if
[ € P71 (£) and the orientations do not match, O otherwise. It is not difficult to check that
e (f) = nueer. As qip = 1, we get

Deu() =D nuey =0 & ear=— D nuey (3.18)

tef tel Lel, t#£l

which is of the form of Eq. 3.16 and achieves the proof. (For an example treated in detail,
see Appendix A.) O

Definition 3.3 (k-dipole). Let G be an uncolored graph. A k-dipole is a line £ of G such
that it belongs to exactly k faces of length 1. In other words, if € joins two vertices v and
v’ of the colored extension G, there are exactly k edges in G. of colors i > 0 linking v
and V', see Fig. 11.

Definition 3.4 (Rosettes [8]). Let G be a connected graph and T any of its spanning
trees. The contracted graph G /T is called a rosette. A rosette with external lines is fully
melonic if there exists an order on its L — V + 1 lines such that 11 is a (d — 1)-dipole in

G/T andforall2 <i <L—-V+1,1liisa(d—1)-dipoleinG/(T U{ly,...,li1}).

2 Remember that an orientation has been chosen for each face and each line of G in order to define the
matrix €. We will refer to this choice as an orientation in G.

3 For the vacuum rosette the definition is the same except that the last line i = L — V + 1 corresponds to a
d-dipolenotad — 1.
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Tkt )
23

Fig. 11. A k-dipole

Let us consider a polynomial P (g, )y (1)« model and G one of its graphs. For all
i > 2, we denote by V; its number of vertices of degree i and n-V = Zi>2 iV;. The
following statement holds.

Lemma 3.5. Let G be a connected Feynman graph and T one of its spanning trees. If
the rosette G /T is fully melonic,

F(G) =d-1D(L-V+1, (3.19a)
R(G) = Rpax(§) =L =V +1, (3.19b)
204(G) = —(d — 4N +(d —Hn-V —2(d —2)V+2(d —2).  (3.19)

Proof. We contract successively all the lines of G/7 . The rosette being fully melonic,
we contract only (d — 1)-dipoles. Then foralli € [L — V + 1]%,

F@G/(TUlly,....liH) = FG/(TU{h,....;i.1D)—d -1, (3.20)

RG/(T U{ly,....Ii)) =RG/(T U{ly,....L;i_1}) —1, (3.21)
F(G) =F(@G/T)=d—1)(L—-V+1), (3.22)
RG) =RG/T)=L—V+1. (3.23)

Usingwyg = —2L + F — Rand 2L + N = n-V, one gets the desired result. O

We are in position to understand why the (pg and <pg are just renormalizable. Indeed,

applying formula (3.19c¢) to the models (2.9) and (2.10), we get
N -6

wg4=—(N—4), wy6= i Va, (3.24)
which are typical divergence degrees of just renormalizable models. In the following, we
will prove that the divergence degree of a graph is bounded from above by the divergence
degree of the graphs with fully melonic rosettes. Moreover we will see that the model
(2.10) contains subdivergent contributions, i.e., divergent graphs with non fully melonic
rosettes.

Let p(G) be defined as F(G) — R(G) — (d —2)L(G) with L(G) = L(G) — V(G) +1.
Note that for any spanning tree 7 in G, L(G) = L(G/T) = L(G/T) so that thanks
to Lemma 3.2, p(G) = p(G/T), VT . If G is face-disconnected, G = Uie, G', then
p(G) = >";c; p(G"). Moreover Carrozza, Oriti, and Rivasseau have proven the following
[12]

Lemma 3.6. Let G be a face-connected rosette.

1. If N(G) =0, then p(G) < 1 and p(G) = 1 iff G is fully melonic.
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Table 1. Potentially divergent graphs

¢ v8
N 2 2 2 4 2 2 4 4 6
P 0 -1 -2 0 0 -1 -2 0 -1 0
Wy 2 0 0 2 1 0 1 0 0
2. If N(G) > 0, then p(G) < 0and p(G) = 0iff G is fully melonic.
The divergence degree of a graph rewrites as
®4(G) = —2L(G) + (d — 2)L(G) + p(G) (3.25)
which leads to
014G =4 =N +p(@). 0460 =3-"E —vi+p@Q). (3.26)

The list of potentially divergent graphs is thus given by Table 1:
In the next section, we will characterize fully melonic graphs (o (G) = 0) and explain
how to deal with the non fully melonic ones (p(G) < 0).

3.3. Classification of divergent graphs. We now describe the graphs of Table 1 such
that p = 0, —1, —2. To this aim, we first re-express the divergence degree as follows.

Let G be an uncolored graph and G, be its colored extension. We define w(G) =
> JcG. 87> where J is the pinched jacket associated with a jacket J of Ge.

Proposition 3.7 (Divergence degree). The degree of divergence wq of a P(@, @)y 1y
model with propagator (3.1) is given by

wi(G) = (2L + F — R)(9) (3.27)
2 d—3
== 1)!(w(g) —009)) = (Cog =D = ——N+@d -1
+d_3n-V—(d—l)-V—R (3.28)

where Cyg is the number of vertex-connected components of 9G.

Proof. The number of vertices V (G,) of the colored extension G, of G can be given in
terms of L(G) and N(G) by the relation V(G;) = n-V = 2L+ N. The number of its lines
isL(G:)=L+L;g. = %[(d +1)n-V — N], where L; g, is the number of internal lines
of G. which do not appear in G. In the same way F(G.) = F + F; g,. There exist d!/2
jackets of G.. Each face is shared by (d — 1)! jackets. Then D ; Fy = (d — 1)!F(G,).
The numbers of vertices (resp. lines, resp. external edges) of G, J and J are equal.
The graph J is a vacuum ribbon graph and its parameters F7, Vj and L j satisfy the
following relation

Fy=F57+F,7=2-2g7—V(G:)+L(Gc), L(G) =Lz V(G)=Vj,
(3.29)
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where F; T is the number of internal faces of f and F o7 is the number of faces of J

which are made of external faces of J. Denote by F; 7 5 the number of internal faces of J
colored 0i, 1 < i < dand F; 7 the number of 1nternal faces coloredij, 1 <i,j <d.
We get F; 7 _F’J’g+F’J’g Then

D Fij=W—-DUF+Fg). (3.30)
The number F; g, can be easily computed [19]
d-1)d-2)n

Fig, = [fi +d—1]v. (3.31)
The quantity >, (— V75 + L) can be written as using (3.29)
-V d!
Z—V1~+LJ~=an!(d—1)—ZN(g). (3.32)
Then

___ ! 2 _ (d ) d

The next stage consists in re-expressing »_; F. .7 in terms of the parameters of the
boundary graph 0G of G. For any Jacket Jy of ag note that Vyg = Vj, = N, Lyg =

Ly, =F, dVyg =2Lyg = F. = N. There exist (d — 1)!/2 boundary jackets of
Gc. Each face of the graph 3G is shared by exactly (d — 2)! boundary jackets. Using the
fact that the Euler characteristic x (Jy) = 2Cy, —2gy, = Vj, — Ly, + F,, we arrive at

__2 2 (d—1)(d—2)
Fag—m%% (d_z)!%gja+ 5 SN (334)

Noting that Cj, = Cyg. Finally

> F,7=(d—-2)Fyg

J
d—Dd-2
:(d—l)!(Cag—1)—zzgja+()4—()N+(d_l)!
Ja

(3.35)

and

2

_d_;1N+d—]—$(4—2n).V' (3.36)

Using L = %(rpV — N) and equation (3.36), we get (3.28). O
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According to Eq. 3.36, the number of internal faces of a graph is given by

d—1
F(G) = ————(@(G) — 0(3G)) — (Cag — D+ —— (2= N+ (n—2)-V).

(d !
(3.37)

We define

Finax(G) = d%l(z N+ -2-V)=d—-1D(L-V+1)  (338)

such that
Frnax(9) — F(G) = (d DI ——(0(9) —w(3G)) + (Cog — 1). (3.39)
According to Lemma 5 of [7] (or to Corollary B.4 in Appendix B),
F(G) = Fnax(9) &= 0(9) = w(3G) = Cyg — 1 = 0. (3.40)

Before giving the topological properties of the graphs with p = 0, —1, —2, we need
the following definitions and technical lemma. Let us denote the number of vacuum
face-connected components of a graph G by C({ (G). Let G be a graph and E a subset
of its edges equipped with a total order. We can thus write E = {ly, ...,/ g}. For all
i € [|ET*\ {1}, wedefineG; =G/{l;,...,li—1}and G| :=G.

Lemma 3.8 (Non-foaming 0-dipoles). Let G be a vertex-connected non-vacuum (N (G) >
0) uncolored d-tensor graph and T any of its spanning trees. If there exists an order on
the L lines of R '= G /7T such that:

1. there exists i € [Z]* such that li is a O-dipole in 'R;,, and

2. Cf (Riyr1) = C (Riy),

then l;, is called a non-foaming 0-dipole, and p(G) < —(d — 2).
The proof requires another lemma proven in [12]:

Lemma 3.9 (Foaming 0O-dipoles). Let R be a rosette (i.e. a one-vertex uncolored tensor
graph) and | a O-dipole in R. If C{ (R/1) > C{ (R), then p(R) = p(R/1) — (d — 1).

Proof of Lemma 3.8. Let us first suppose that the lemma is proven for face-connected
graphs. Consider then a vertex-connected but face-disconnected graph G: G = | J; a9

and p(G) = 2 ;s p(GY). At least one of the G'’s contains a non-foaming 0-dipole.
The lemma is thus proven if all the other face-connected components satisfy p < 0.
Fortunately, a vertex-connected but face-disconnected graph cannot have vacuum face-
connected components. The color structure of the tensor graphs ensures it. And we
conclude using Lemma 3.6.

So let us assume that G is face-connected and let us prove the lemma by induction
on the number L of lines of R. If L = 1, [ is a O-dipole in R. In this case, F(R) =
F(G) =0= R(G) sothat p = —(d — 2). N

Let us now assume that the lemma holds for all graphs with at most L = n lines
and let us consider a graph with L = n + 1 edges. If [ is a 0-dipole which does
not create additional vacuum connected components, p(R) = p(R/Il;) — (d — 2) (if
RMR/1}) = R(R))orp(R) =p(R/1})—(d—1)Gf R(R/I]}) = R(R) — 1). Moreover
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C({(R/ll) = COf(R) = C({(g) = 1. Thus, according to Lemma 3.6, p(R/I;) < 0 and
p(R)=p(G) < —d-2).

If [ is a k-dipole, 0 < k < d — 1, which does not satisfy the conditions of the lemma,
then p(G) = p(R) = p(R/l1) — (d — k — 1). The contraction of /; may have created ¢
connected components (i.e. the number C”(R/[;) of vertex-connected components of
R/l is g) with 1 < g < d — k. But by assumption, at least one of these ¢ components
obey the induction hypothesis. Then,

p@ <qg—1-d-2)—d—-k—-1)<—-d-2) (3.41)
which proves the lemma. O

We are now in position to give the topological properties of the divergent graphs of
the models (2.9) and (2.10).

Proposition 3.10. The divergent graphs of the models (2.9) and (2.10) are classified in
the following table

Proof. Let G be a graph of one of the types listed in Table 1. If p(G) = 0, according

to Lemma 3.6, G is fully melonic and by Lemma 3.5 and Eq. 3.40, ®(G) = w(0G) =

Cyg — 1. Let us now assume that p(G) < 0. If R(G) < Rmax(G), according to Lemma

3.9, for any tree 7 in G and any order on the lines of G/7, there must be a non-foaming

0-dipole in G and by Lemma 3.8, p(G) < —(d — 2) < —3 for both models 1 and 1.
We can thus assume that R(G) = Rpax(G). In this case [see Eq. 3.39],

p(G) = F(G) — (d—DLG) = - (@(G) —w(09)) — (Cyg — 1).  (3.42)

d—-1)!
But Ben Geloun and Rivasseau have proven that for any d-tensor graph G, the quantity
(d%])!(&(g) — w(39)) is either equal to zero or bigger or equal to d — 2 [8]. Thus for
d > 5, graphs G such that p > —2 and R = Ryax must satisfy @(G) = o (8G) = 0.
Consequently, graphs with p = —1 (resp. —2) have a boundary graph with two (resp.
three) (vertex-)connected components. We simply conclude the proof by noting that the
boundary graph of a two-point graph is necessarily connected. O

4. Renormalization

Let us consider an arbitrary divergent graph G with N external legs. This graph has
N external propagators. We denote by p,, the external momentum of G associated to
the external face f,, and P; = (Pj,felﬁpj,fezv . ij,fed)v 1 < j < N the d-vectors
associated to the external edges of G. In the same manner, the d-dimensional momentum
of an internal line / of G will be denoted by a capital letter: P, = (pf ), ---» Pra))-
In this section, we will complete the proof of the finiteness, order by order, of the
usual effective series which express any connected function of the theory in terms of
an infinite set of effective couplings, related one to each other by a discretized flow
[27]. Reexpressing these effective series in terms of the renormalized couplings would
reintroduce in the usual way the Zimmermanns forests of “useless” counterterms and
build the standard renormalized series. The most explicit way to check finiteness of these
renormalized series in order to complete the “BPHZ theorem” is to use the standard
“classification of forests” which distributes Zimmermanns forests into packets such
that the sum over assignments in each packet is finite [27]. This part is completely
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standard and will not be repeated here. As a consequence, we can focus our attention on
(primitively divergent) dangerous graphs (see Sect. 3.1).
The truncated amplitude of a graph G with a scale attribution u is given by

AG =D "0por,Ppy 0ryAGUPY), (4.1)
{P;}

where

AgUPih = > /H (i +’”2)81(Zm,) ) [] &otP) [Jder 42)

PLleL” el veV lel

and the ¢’s and ¢’s are fields of scales strictly lower than the lowest internal scale of G¥.
Each delta function &; (Z?Zl pi1,j) can be re-expressed in the form

51(21’1 D=8 erpr+ D @npr) (4.3)

feF fe€eFe

where the tensor Zlfe is the tensor analogous to €;¢ but associated with the external faces
of G. Remark also that

]‘_[e—oanl2 _ H e*“(Zzgf 0‘1)])% H 6*0(216/2 051)1’%(,_ (4.4)
lel feF feeFe.

In the rest of this work, we setay = >/ r o

4.1. Resolution of the delta functions. Let [ be an arbitrary internal line of G such that
I € L,,,see Sect. 3.1. Recall that the subset £, of Lis defined such that |£,| =1€(G) =
R. The number of delta functions, such that the one in Eq. 4.3, that will interest us is
exactly the rank R < L of the matrix (¢);r. The remaining of the delta functions, i.e.
the L — R delta functions, will be put to 1 i.e. §; = §(0) = 1 after summation.

The kernels K, are such that the momenta are conserved along the strands:

d
AP = Kag(e) X [T 503 pp) [Tder @)

pr feF” leLl j=1 leL
=t Kyg({PDAGUP;Y). (4.6)

The kernel K¢ identifies the momenta at the two ends of each of the Nd /2 external
faces. Thus it precisely reproduces the structure of the boundary graph 3G of G.
According to Egs. 4.3, 4.4 (see also Sect. 3.1),

Z He waP? 51(2 pLj) = Z H e*‘w‘fP% H e*‘w‘fepﬁ

pf.feF IeL prfEF\Fu fEF\Fu feeFe
X H e 9 e ftr Un PP feeFe g1<f>fe1’ff>2.
feFu
4.7)
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Finally

Y _ _ —aa e D2 B )
Ag = Z Kyg(UPiD@p op, - @py_ 9Py H e aafepff/l_[dotle aaqm

Pj,je[N]* fe€Fe lel
—aayp5 —ao (X prer prap €1p 1P p D foce AN fe P )
x> [T " ] e FIEF L UNF P+ 2 fecFe SUNTPI)”
pr feEF\Fu feF\Fpu feFu

(4.8)

4.2. Taylor expansions. The aim of this section is to expose general features of the
Taylor expansion of the Feynman amplitudes.

Let G be any Feynman graph of the models (2.9) and (2.10). G may not have a
divergent amplitude. We define the parametrized amplitude .Ag ({P;}, t) which depends
on a parameter ¢ € [0, 1] such that Ag({Pj}, 1) = AG({tPj}). Obviously, AG({Pj}) =
Ag({Pj}, 1). We will perform a Taylor expansion (in #) of Ag({Pj}, 1) around ¢ = 0.

4.2.1. Zeroth order.

AGUP;H) = AG({P}, D=1 4.9)
= [T e v / [Tdwe= > [ e
fe€Fe lel pr feF\Fu feF\Fu
X H e e parans PP per AP’ (4.10)
feFy =1

The zeroth order term of the Taylor expansion of Ag({PJ-}) is

Ag o(P})) = /l_ldoqe‘“"”m2
lel

x z H e Py H e~ X prer praran P,
profeF\Fu fEF\Fu feFu
4.11)

Note thatitis independent of the P;’s. The Taylor expansion of Ag induces an expansion

of Zg whose zeroth order takes the following form:

Ag o= Ag o > KagUP)@pop, - Ppy_ PPy (4.12)
{P;}

In conclusion, the zeroth order term of Zg has the form of a vertex whose connecting
pattern is given by the boundary graph of G.
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Table 2. Classification of divergent graphs

N o(9) 0(3G) Cog — 1 ®q(9)
g 2 0 0 0 2

4 0 0 0 0
8 2 0 0 0 2

4 0 0 0 1

4 0 0 1 0

6 0 0 0 0

4.2.2. First order. The first order of the Taylor expansion of Ag is

dAGUP;.)
Ag (P = == . (4.13)
t=0
To simplify notations, let us introduce, for all f € F,
pri= D agpppandpey = D @fps (4.14)
f'eF.f'#f feeFe
Thus we get
2
AG L (PiD = —2a/]_[da,e*“°‘f’"z > [T e
lel pr o feF\Fu feF\F,
— 2
x [T e“Pr( D0 appecsipy)- (4.15)
feFu feFu

The sums on the p¢’s are performed over Z and the summands are odd so that A’é "
vanishes identically.

4.3. Traciality of the counterterms. In [11], it has been realized that the effective action
for a single tensor field, obtained by the integration of d tensor fields out of the d + 1
fields of an iid model, is dominated by invariant traces indexed by melonic d-colored
graphs. The vertices of the model (2.9) [resp. (2.10)] correspond to all the vacuum
connected melonic six-colored (resp. five-colored) graphs up to order four (resp. six)
plus a so-called anomaly namely a product of two quadratic traces.

We consider the divergent graphs of the gog and <pg models, listed in Table 2. For
simplicity, let us start with the graphs G such that ws(G) = 0 or 1. Those graphs have
four or six external legs. According to the discussion of Sect. 4.2, Zg,o corresponds to a
vertex whose structure is given by the boundary graph of G. All the divergent graphs in
our models have melonic boundary graphs. If N(G) = 4 and Cyg = 1, 9§ is one of the
graphs depicted in Fig. 7. If N(G) = 6 and Cyg = 1, 9G is one of the graphs of Fig. 8.
Finally, there are 4-point divergent graphs with a disconnected melonic boundary. They
correspond to the disconnected invariant trace of Fig. 9. Such an “anomaly” has also
been observed in [7].
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As Ag , =0, we have

d2A P,
ALY = AL /(1— ({ D
_

RZ—/ (1—5)/Hd0l[ e—aalmz Z H _a"‘fl’f H —aa/(,s pfe

leLl P fEF\Fu fFEF\Fu fe€Fe

ds =1 Ag o+ Ra, (4.16a)

_ 2 2
« H e 9o r (PrsPecs)) ( Z —ZaolfgSP%e"' Z —2aa pery(py +spg(f)))

feFu feeFe feFu
+ > —2acy,pi + Y —2aasp | (4.16b)
fe€Fe feFu

R, is the renormalized amplitude of G*. Let us prove that it is finite (in fact summable
with respect to its scale index). Using the simple upper bound

2
PR Qe 4.17
Iprle Jaa (4.17)

one easily gets that the terms between square bracket in Eq. 4.16b are bounded by
cM~2lg(=eg (1)) where ¢ is a positive constant. The rest of the summand/integrand
reproduces the power counting of G (see Sect. 3.1). Thus for logarithmically or linearly
divergent graphs, R is finite.

Let us now consider the divergent two-point graphs of the models (2.9) and (2.10).
Their degree of divergence w, equals 2. In consequence, their amplitude has to be
expanded upto order 2:

ALAP;Y) = Af o + Al (P} + Ra, (4.18)

S a— ds. (4.18b)

d3 P;,
/(1 Ag (P}, )

Let us recall that (see Eq. 4.16b)

- [Mawewr 5 e

lel P feF\Fu feF\F,

dzA“({P )

s [T e T e “er®rPan’[E@)? + E'), (419)

fe€Fe feFu

E(t):= > —2acptp}, + D —2acspes)(ps+1pecr).  (4.19b)
fee]:e fEEL

E = Z —2aafep§ce+ Z —2aotfpz(f). (4.19¢)

fe€Fe feFu
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Note that E” does not depend on 7. As a consequence,

/Hdoqe —acym? Z H e_”afpi'

lel pr feF\Fu feF\Fu

« H e—aafétzp%«é H e—aolf(pf+tpe(f))2(E[E2+E/]+2EE/).
feeFe feFu

d? AL ({P] 1))

(4.20)

We have already seen that | E (¢)| ~ M~g=eg(W) and |E'| ~ M—2(g(W—eg(1)) Thus
|R3| is bounded by M ~3(¢()=eg() times the power counting of G* and is therefore
summable for ig(u) > eg(u).

Zg,o has the structure of the boundary graph of G. As N(G) = 2, its boundary is the
unique melon with two vertices and Zg,o thus contributes to the renormalization of the
mass.

There only remains to prove that Zgyz renormalizes the wave function. The argument
is a bit subtle and twofold.

2 2
AG, = / Hda, eaaum? Z H e 9% Py H e P [E(0)2+E]
lel pr feF\Fu feF\Fu feFu
(4.21a)
= D Pe(pPey FIfi )+ D pLEa(f)+ D plpFa(f).
f]af2€]:;1, feefe feﬁt
(4.21b)
Fi(fi, f2) = 4612/Hdalefwlmzafl“fz
lel
S earn [ e [T e, 4.21¢)
pr F\F, Fu
fe}'f\fu FeF N u fek
B (fe) = —Za/Hdotz e‘““’mzafe Z H e~ H ¢TIy
lel pr feF\Fu feF\Fu feFu
(4.21d)
2 2
Fi(f) = —Za/Hdal ef‘w"mzaf Z H e %Py H e P
leL pr feEF\Fu feEF\Fu feFyu
(4.21e)

Ag 2 contributes to the renormalization of the wave function if it is of the form

F> feF, P> % where F is a constant independent of the f.’s. We will see in the sequel
that is not but that the models are still renormalizable. We will need to exploit the fully
melonic character of the two-point divergent graphs and a non-perturbative argument.
First of all, let us remark that none of the F;’s are constant. Moreover the first and
third terms in Eq. 4.21b do not seem to be sums of squares of py’s. Let us first study
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the third term. According to its definition, Eq. 4.14, p,(r) is in general a sum of external
momenta. Let us prove that in the case of fully melonic graphs, this sum contains at
most one term. Indeed, according to the definition of the sets , and £, (see Sect. 3.1),
to any internal face f e F,, we associate a unique internal line /(f) € £, such that
I(f) € f. According to the definition of the matrix €, p.(r) is the (possibly alternating)
sum of momenta of the external faces to which the line /( f) contributes. So we have to
prove that a line in £,, contributes to at most one external face.

As proven in Lemma 3.2, for any spanning tree 7 in G, the rows of € corresponding to
tree lines are linear combinations of the loop lines. In other words, £, C L(G) \ £(T)
(remember that £, is a set of maximally independent edges). Let us then contract a
spanning tree and consider the rosette G /7 . This contraction does not change the nature
(internal or external) of the faces to which the lines of £, contribute. As G is fully
melonic, there exists an order on the edges of G/7 such that for alli € [L(G/T)], [; is
a (d — 1)-dipole in G;, see page 19. Thus each /; contributes to d — 1 internal faces (of
length 1) and to possibly one external face.

In consequence, for any internal face f € F,,, there exists at most one external face
fe(f) such that p.(ry = €(f) . (f) P f.(r)- The third and first term of Eq. 4.21b rewrites

> kP =D B =D Pk > B,

f€.7'—;4 fE]:u feeFe fej:u’
fe(f)zfe
(4.22a)
D bebenFi(f. )= D prapr. D, Fi(A ).

f1.freFy feasfeneFe f1, f2€Fu,
fe(fl)zfe,l
fe(f2)=fe2

(4.22b)

Unfortunately, the term with F| still does not seem to be a sum of squares of external
momenta. In fact it is and it is once more due to the fact that G is fully melonic. Let us
prove the following simple result:

Lemma 4.1. Let G be a fully melonic d-tensor graph. Let f, 1 and f.2 be two (not
necessarily different) external faces of G. Let l (resp. l') be a loop line contributing to
Je.1 (resp. fe2). Then,

(feF:lefin{feF:l e f}=02. (4.23)

In words, if, in a fully melonic graph, there are two loop lines contributing to two
external faces, then they contribute to no common internal face.

Proof. Tt goes by induction on the lines of G/7 . There exists an order on £(G/7) such
that for all i € [L(G/T)], l; is a (d — 1)-dipole in G;. Without loss of generality, let us
assume that [ = ; and I’ = [; withi < j.In G;, [; is a (d — 1)-dipole. Then all the
internal faces to which /; contributes are of length 1in G;. In particular /; does contribute
to no internal face of /;. 0O

Let us now consider Eq. 4.22b. Let f, 1, fe2 be two different external faces of G. Let
f1, f2 be two internal faces of G such that f.(fi) = f.;fori = 1,2. Thenl(f1) # I(f2)
and these lines do not share any internal face. As a consequence, the sums in p 7 and
in py, have no term in common. The summand in Fi(f1, f2) is thus odd under the
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simultaneous change of sign of all the momenta in p s, (say) and F1(f1, f2) = 0 in this
case.
Equation (4.22) rewrites

D b Fif )= D pr DL R ). (424)

flszef# fee-Fe fl»f2e-7:/u
fe(fD=fe(f2)=Ffe

All three terms in Eq. 4.21b have now been proven to be sums of squares of external
momenta. But the coefficients of these quadratic polynomials still depend on the external
faces. And this is not an artefact. These sums contain only external faces which are made
of internal lines. In other words, external faces of length O do not appear. And there are,
of course, graphs with external faces of length O (see Fig. 5a for an example). -Ag,z

cannot in general reproduce a p? term.

Fortunately, the interactions we have considered are symmetric under any permutation
of the colors 1 to d (the positive colors). The external faces of a two-point graph are
indexed by the colors from 1 to d: { f, € F.} = {fe.01, fe.025 - -, fe.0a}. Moreover the
set of permutations on [d] (or the set of a given type of interaction) can be partitioned
into the equivalence classes under the action of the cyclic permutations. We say that two
graphs are equivalent if the colored extension of one of them can be obtained from the
colored extension of the other by a cyclic permutation of the positive colors. Let [G] be
the set of representatives of such an equivalence class (thus G, G’ € [G] are such that G,
can be obtained from G.. by a cyclic permutation of the positive colors).

According to the discussion above, «45,2 is of the form

AG,= D phFg(fo). (4.25)
fe€Fe
Thus,
DAL, =p" D] Fg(f). (4.26)
g'eld] feeFe

The second order of the taylor expansion of the sum of the amplitudes of all the graphs
in [G] contribute to the wave function renormalization which finally concludes the proof
of the perturbative renormalizability of the models 1 and 1.

5. The Super-Renormalizable (og-Model

The analysis of the divergence degree in Sect. 3.2 provides us with another model of
potential interest that we now describe. Let us consider the <pg1 tensor model with the
same dynamics described so far and quartic interaction as given by (2.4). This model
can be viewed as well as a truncation of the q)g to a smaller set of interactions.

Using Eq. (3.19¢), we can deduce that the divergence degree of a fully melonic graph
is

2w4(G) = —(N — 6) — 2V. (5.1)
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= oo co|

\ /N
(a) (b)

Fig. 12. Divergent graphs of gog, awg=1,bw;=0

Proposition 5.1. The rank-5 (,ogt tensor model is super-renormalizable.
Proof. If the quantity w(G) — w(3G) > 0 i.e. not all jackets of G, are planar, then
wa(G) <2—-(Cyg—1)— N -2V, — R. (5.2)

Using the factthat V, > 0,Cyg > 1and R > 1, we get wg(G) < 1 — N. This shows that
non melonic graphs are convergent graphs. In contrast, if the quantity @(G) —w(3G) = 0
then Cyg = 1 and we get wz(G) < 4 — N — R. The divergent graphs have exactly two
external legs. Therefore w;(G) = 2 — V. The divergent graphs of this model are given in
Fig. 12. So we infer that the <pg tensor model is super-renormalizable like the goi model
studied in [13]. O

6. Conclusion and Discussion

Just renormalizability is a property shared by all physical interactions except (until now)
gravity. In the renormalization group sense, it is natural. Indeed just renormalizable
interactions survive long-lived renormalization group flow. They can be considered the
result of a kind of Darwinian selection associated to such flows. Therefore if quantum
gravity can be renormalized, it will rely on the same powerful technique that applies
successfully to all other interactions of the standard model [29].

In this work, we have shown that the <pg1 and <p56 tensor models are renormalizable
at all orders of perturbation. The central point of this proof is given by the multiscale
analysis. Our result sheds more light on the power counting in TGFTs with the gauge
invariance condition. This gauge condition had already been introduced in the previous
work of Carrozza et al. [13], who showed that the generic rank-four models are super-
renormalizable. The hurdle which can appear in the power counting due to the emergence
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of connected components in the k-dipole contraction is fully resolved now. This work
and previous results [7,12, 13] show that there is indeed a neat family of renormalizable
TGFT.

Having defined the first just renormalizable tensor models satisfying the gauge invari-
ance, it remains to address the interesting question about how one can recover General
Relativity in the continuum limit from such renormalizable models. A phase transi-
tion discrete to continuum geometries, from discrete degrees of freedom in the form of
basic simplex (dual to tensors) presented here to more elaborate ones, should be under-
stood. This phase transition would be a conceivable scenario if, for instance, the models
described here can be proved asymptotically free in the UV such that the renormalized
coupling constants become larger and larger in the opposite direction. Some tensor mod-
els without gauge invariance have been proved to be asymptotically free [3,5,6]. The
study of the B-functions of the qog and (pg’ characterizing the UV limit of these models
will be addressed in forthcoming works.
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A. Paths in a Graph

This section aims at illustrating the different definitions introduced for the proof of
Lemma 3.2. We choose a graph and depicts its vertices as black dots, see Fig. 13.
Let us consider the oriented face f = (¢1, £», £3). We have:

ly

Fig. 13. An oriented graph
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L L Iz f
WL I 1 0 0 L[ o
L1 o 1 o0 L1 o
b b0l I 0 0 1 I 0
3 3
efH=t-1 1 ol n= , €=
=t Zul 1 o0 -1 ol 1
£3 0 —1 1
6l 1 -1 o0 2
6\ 0 -1 1 e\ 1
(A.1)

Note that we have three paths denoted by P7r(€1) = {l3—_, l1+}, Pr(€2) = {lo—, [1+}
Pr(3) = {lo—, I3+}. The signs + and — are used to identify the direction on the path
Pr;), i = 1,2,3 of the path-lines /; with respect to the direction of ¢;. This is well
illustrated in the first formula of Eq. (A.1). If e(f);r = 0 thenl ¢ P7(£). One sees
easily that

€0y N0yl + €0 N1 + €03 Nez =0 (A.2)

€0 N0yl €0 NGl + €6 fNesl, =0 (A.3)

6Z1f’7@1l3 + EZ2f772213 + €€3f7723l3 =0. (A4)
Therefore >° €¢rne = 0 and then relation €p = — 3" » 4 Nu€es is well satisfied.

B. Combinatorial Analysis of ®(G) — @(3G)

We propose here an alternative purely combinatorial proof of the fact that w(G) —
®(0G) > 0. This proof is simpler than the analysis of [8]. However it only proves a
weaker bound when w(G) — w(0G) > 0 and d > 4. In the case where d = 4 the bounds
of [8] and this appendix ((d — 1)!) happen to coincide. The sign of @(G) — w(3G) can
be analyzed using the so-called dipole contraction. We immediately remind the reader
with the definition of a Ok-dipole [7].

Definition B.1 (0k-dipole). A Ok-dipole (wherek =0, 1,---,d—1)of a colored graph
G is a set of k + 1 lines, one of which of color 0, joining the same two vertices and such
that no other lines connect the same two vertices.

The contraction of a Ok-dipole erases the k + 1 lines of the dipole and connects the
remaining d — k lines on both sides of the dipole by respecting the colors. See Fig. 14.
Let us denote by G/, the graph obtained after contraction of a 0k-dipole of G.. We have

V(G) =V =2, L(G)=L(G)—@+1). (B.1)

Let us consider a Ok-dipole inside the colored graph G.. A “pair” is a couple of colors
@ j),i,j=0,1,2,...,d. If none of the k + 1 lines of the dipole bears color i or j,
the pair is said to be “outer”. If exactly one of the lines of the dipole bears color i or
Jj, the pair is “mixed”. If one line of the dipole has color i and another one color j,
the pair is “inner”. An outer pair (7, j) is said to be of type A or disconnected by the
dipole contraction if the half-edges of lines i and j at each corner on the left- and on the
right-hand side of the dipole belong to two different connected components of the graph
after the dipole contraction. Outer pairs belonging necessarily to closed faces, they are
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. ) Ikt
Lkl U1

(a)

Fig. 14. Contraction of a Ok-dipole, a Ok-dipole, b after contraction

(b)

single-faced in G.. The pair (i, j) is said to be special if the half-edges of lines i and j
belong to one single connected component of G... There are two types of special pairs.
Type B outer pairs are single-faced in G, (hence double-faced in G/). Type C outer pairs
are double-faced in G, (single-faced in G..).

After contraction, F (G.) has increased by 1 for each pair of type A or B and decreased
by 1 for pairs of type C. Remark that the mixed pairs preserve the number of faces. In the
same manner the number of faces decreases by 1 for each internal pair. We then arrive
at

F(G)~F@)=A+B-C~1 (B.2)
where X € {A, B, C} is the number of faces of type X and [/ is the number of inner
faces.

The strategy is the same as the one in [7]. We will bound the difference between w(G)
and w(G"). Then we apply the same bound all along a sequence of dipole contractions
from G to G (remember that the graph obtained after contraction of all the dipoles of
G is essentially 0G [7]).

Proposition B.2 (Bound on genera). Let J be a jacket of G.. We note J' the jacket

of G.. corresponding to the same permutation as J. With ¢’ the number of connected
components of G,

da-1n! .
Z(gj—gj/)>T(d—k—C)(c +k—1)>0. (B.3)
J

Proof Using relations (B.1), the Euler characteristics of J and J' are given by
2-2g5=V —-L+Fjy, 26/—2g7/ =V-2—-(L-d-D+F5p. (B.4)
We get

> (g7—g7) = %[Z(F;, —Fp+ @ —d\( — 1)]. (B.5)
J J

Recall that 3" ; F7 = (d — D!F(G,) and > ;, Fj, = (d — D)!F(G.). Then
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dd—-1)
2
did—-1) d!

4 2

2}&—gﬂ—f: )[F@U—F@a —ﬂd—n]

_@d-1

(A+B—-C—-1)+ (c'=1). (B.6)

The rest of the proof will be devoted to find a lower bound on the quantity A + B —
C — I. This can be done using the formalism of integer partitions. The number of
connected components ¢’ of G, being fixed, the d — k external lines of the dipole are
distributed among ¢’ connected colored graphs [7]. Each such configuration corresponds
to a partition of d — k into ¢’ parts. Let P, (n) be the set of partitions of n in p parts:

Pp(n) = {(ni)i<ip. n1 =n Znp: Zn, = n}. (B.7)

Foralln € N* and 1 < p < n, we denote by 1| the following partition of P, (n):

—m—p+1,1,...,1). (B.8)
——

p—1 terms

Given a configuration of the external lines of a Ok-dipole, that is to say a partition
A = (n;) of d — k into ¢’ parts, we have

(B+CO)(1) = Z o (”‘ — Z ~ta-n, (B.9a)
i=1 =

AL = %(d—k)(d—k— 1) — (B+0C), (B.9b)

I= %(k+ Dk. (B.9¢)

For a Ok-dipole and a fixed ¢/, ®(G) — w(3G) is minimal when B + C is maximal and
B = 0. Therefore,

d— 1
&(G) — (G > ( > D! ( d—k)(d — k—1)—2cM—§(k+1)k)
dd-1 d ., 510
R G V! (B.10)
Cy = max (B+C)QM). (B.11)
AP, (d—k)

It remains to determine Cj;. To this aim, we note that

Proposition B.3. Any partition of P, (n) can be obtained from Ly by a (possibly empty)
sequence of the following basic operation Dj;: let .. = (n;) € Pp(n). If there exists a
couple (i, j) € ([p]*)z, i < jsuchthatn; —nj > 2, we define Dij\ = A = (ngl)) €
Py, (n) by ngl) =n; — 1, n(.l) =nj+1, andforallk #1, j, nl(cl) = ny. We potentially

need to reorder the n,(cl) ’s to get a proper partition.
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Proof. Let us consider a partition A = (n;) € Pp(n). If A = A1, we are done. If not,
it is enough to prove that there exists A‘"" € P,(n) and (i, j) € ([p]*)? such that
D; jk(_l) = A. We get the proposition simply by iterating that result.

The construction of A1 goes as follows. As A # Aq, thereis (i, j) € ([p]*)z, i<j
such that n;, n; > 2. ACD = (n}) is then defined as: n} = n; + 1, n/] =n; — 1, forall
k #i, j,n, =ng. Asn; —n’j > 2, Dij)\(’l) =i O

If Pp(n) is equipped with the lexicographical (total) order, A; is the highest partition.
Moreover for all A, D;jA < A. But Z,f:l (n,% — (n](cl))Z) =2m —n; —2) =2 0.
Thus the maximum over P, (n) of Zf’zl n%(k) is reached for the highest partition in the
lexicographical order, namely A;. As a consequence,

1 / 2 / 1

CM=§((d—k—c+1) +c—1)—§(d—k) (B.12)
and
5(9)—5(9’)2(d;m(%(d—k)(d—k—1)—(d—k—c’+1)(d—k—c’)
1kk | did—1) d' |, | B.13
=Gk D) + = - S - ©1
(d— 1! , ,

= d—k—=c)k+c —1). (B.14)

As1 < <d—k,a@G) —a@G)>0. O
Corollary B.4. For any graph G, ®(G) — d w(3G) = 0.

Proof. Let us denote G/L(G) the graph obtained after a complete sequence of contrac-
tions of the dipoles of G. Iterating the bound (B.3), we get

(@) —a(G/L) = 0. (B.15)
The colored extension (G/L(G)). of G/L is 3G, equipped with external legs of color 0.

Leto = (o(1)---o(d)) be a cyclic permutation on [d]* and Jy (o) the corresponding
jacket of 3G.. Any permutation 7 on [d] of the following set (of cardinality d):

Py = {(0a(1)...0(d)), (c(D0s(2)---a(d)),..., (1) -o(d—1)00(d))} )
(B.16)

gives rise to a jacket J(t) of G such that g5,) = g1,(s). Moreover the set of cyclic
permutations on [d] can be partitioned as Uy on [4]* Py Thus,

a@G/Ly= D gr=d D g (B.17)
JC(G/L), JyCaG,

which ends the proof. 0O
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