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Abstract

We study the renormalization of a general field theory on the homogenous space (SU(2)/U(1))*?
with tensorial interaction and gauge invariance under the diagonal action of SU(2). We derive the
power counting for arbitrary d. For the case d = 4, we prove perturbative renormalizability to all orders
via multi-scale analysis, study both the renormalised and effective perturbation series, and establish
the asymptotic freedom of the model. We also outline a general power counting for the homogeneous
space (SO(D)/SO(D — 1))*%, of direct interest for quantum gravity models in general dimensions,
and point out the obstructions to the direct generalisation of our results to these cases.

Introduction

roup field theories [I] (GFT) are a candidate formalism for the fundamental degrees of freedom of
uantum spacetime (the ‘atoms of space’), and an approach to quantum gravity which merges insights
C\and mathematical structures from loop quantum gravity and spin foam models [2], simplicial quantum
ravity and tensor models [3], which have all achieved remarkable progress in recent years.
L They share with loop quantum gravity the general structure of quantum states, associated to graphs
ra
&fbeled by group-theoretic data, and indeed can be seen as a 2nd quantized, Fock space-based reformulation
dot both its kinematics and its operator dynamics [4]. And they encode and complete the covariant definition
ﬁf the same quantum dynamics, formulated in terms of spin foam models, which in fact appear generically
as GFT Feynman amplitudes [5]. The same amplitudes can be recast in the form of simplicial gravity
ath integrals [0] [7], clarifying their discrete geometric content, and substantiating further the analysis
Odf the quantum geometry of loop quantum gravity states and spin foam amplitudes [§]. At the same
ime, they are based on the same combinatorial structures (in their action, Feynman graphs and transition
Ocamplitudes) of tensor models, which they enrich by adding group-theoretic data. The hope is that this
C}_nce interplay between combinatorics and algebra, in a quantum field theory setting, will prove powerful
(Qnough to explain from first principles the emergence of spacetime and geometry from more fundamental
Lcentities [9].
_F! Indeed, not only they merge the key elements of these related approaches (and thus most results
ebtained in them), but group field theories offer a promising mathematical context for tackling some of
their outstanding open issues, thanks to QFT methods, most notably renormalization. In particular, they
llow to identify stringent criteria for constraining spin foam model building, for controlling quantisation
ambiguities in both spin foam and canonical formulations of loop quantum gravity, and for ensuring
consistency of the resulting quantum dynamics. These issues, in fact, translate into the problem of
proving perturbative renormalizability of their GFT reformulation, since the GFT action encodes the
choice of operator spin network dynamics and the GFT Feynman amplitudes coincide with spin foam
models. The issue of controlling the sum over spin foam complexes, which completes the definition of spin
foam models, and of defining the full quantum spin network dynamics, encoded in a projection operator
onto physical states or in their partition function, on the other hand, translates into the problem of
making sense of the corresponding non-perturbative GF'T dynamics and of unravelling the macroscopic
phase diagram (and interesting phase transitions) of the theory. This is the problem of the continuum limit
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of the theory, which is in many ways the outstanding issue of the whole approach (alongside the physical
issue of extracting the effective dynamics of the theory in the same continuum limit). Again, QFT tools
become available thanks to the GFT reformulation, be it in the form of constructive renormalisation or of
functional renormalisation group techniques.

It is here that the input from tensor models has proven most relevant, in particular, the large body of
recent results on coloured tensor models [10], where the use of colour labels on combinatorial structures
ensures a greater control over their topology, and an analytic understanding of their scaling limits. In turn,
this led to important results about the universality classes of tensor models, and to a precise suggestion
for the class of allowed tensor interactions: those satisfying a ‘tensor invariance’criterion, which can be
seen as the tensor analogue of the notion of locality in standard quantum field theory on flat spacetime.

This becomes particularly relevant for group field theories and their renormalisation analysis. In fact,
by treating GFT fields as quantum geometrically-enriched tensors, one has then a prescription for the
relevant theory space that the renormalisation group flow should explore. This defines the class of GFTs
known as tensorial group field theories (TGFTs), where most work on renormalisation has been carried
out (after the very first step in this research direction [12]).

Beside constructive analyses [I3] and the first FRG studies [14], most developments up to now con-
cerned perturbative renormalizability of TGFT models. Such development can be seen as progressively
approaching TGFT models for 4d quantum gravity, as developed in the spin foam context. The first models
[15], 16] that have been shown to be renormalizable to all orders in perturbation theory were Abelian ones,
with the TGFT field defined on several copies of a U(1) group manifold (the number of copies matching
the dimensionality of the cellular complex arising in their Feynman expansion). Next [I7, 18] came Abelian
models incorporating a gauge invariance condition in their amplitudes, which turns them into lattice gauge
theories and proper spin foam models, and gives the states of the theory the structure of spin networks.
Then came the first proof of perturbative renormalizability at all orders of a non-abelian model, based
on SU(2), with the same gauge invariance [19]. For many of these models, the renormalizability analysis
was completed by the computation of the beta functions, with very interesting results on their asymptotic
freedom (or safety) [20].

A bulk of solid work and understanding has therefore already accumulated. The stage is now set
for tackling full-blown 4d quantum gravity models, as developed in the spin foam context. Some results
on radiative corrections in the simplicial setting (where more is known also in the 3d case [2I]) are
available [22], but we lack any systematic analysis, like the ones mentioned in the TGFT setting. Beside a
better geometric understanding of the ‘tensor invariance’condition, this requires a generalisation to higher-
dimensional non-abelian groups, i.e. SO(4) or the even more interesting non-compact Lorentz group
SO(3,1), and, most important, the imposition of additional constraints on the amplitudes, the so-called
‘simplicity constraints’(see [2, [7] and references therein). Depending on the exact model considered (i.e.
the chosen way of imposing the simplicity constraints and the value of the so-called Immirzi parameter),
these have the effect of reducing the initial domain of the GFT fields from the Lorentz group (or its
euclidean counterpart SO(4)) to its homogeneous space SO(3,1)/SO(3) (or SO(4)/SO(3) ~ S3), or to
another sub- manifold of the same group. A renormalizability analysis of TGFT models of 4d quantum
gravity requires therefore an extension of the known results and techniques from simple group manifolds
to these more complicated domains.

In the present paper, we perform one more step towards establishing the renormalizability of 4d quan-
tum gravity TGFT models, by studying the renormalization of a TGFT model on the homogeneous space
(SU(2)/U(1))?, endowed with the additional gauge invariance conditions characterising spin foam mod-
els. The imposition of the constraints reducing the field variables to the homogeneous space is obtained
in a covariant manner, using the formalism developed in [7]. By rigorous multi-scale analysis, we prove
renormalizability to all orders in perturbation theory of the model for d = 4 (in d = 3 our results im-
ply super-renormalizability). For the same model, we also compute both the renormalised and effective
perturbative series, analyse the 2-point and 4-point correlation functions, compute the beta function and
establish asymptotic freedom at one-loop order. Moreover, we generalise several of our results to arbitrary



homogeneous spaces of the type SO(D)/SO(D — 1) ~ Sp_1; in particular we establish a general Abelian
power counting and classify such models in terms of their potential renormalizability, as seen from the
Abelian power counting, for various choices of D and d. However, we also discuss why this can be a
misleading classification, since the exact power counting of other non-abelian models may deviate from
the Abelian one, and what aspects of the analysis need to be carried out in detail for these cases in order
to really prove (or disprove) their perturbative renormalizability.

The model is defined in detail in Section 2. In Section 3 we provide an equivalent definition of the
same model in terms of projections onto the homogeneous space, which is more elegant and lends itself
immediately to the higher-dimensional generalisation. We then set-up the multi-scale analysis of the model,
in Section 4, and obtain the Abelian power counting. The analysis of perturbative renormalizability of the
model is performed in Section 5, while in Section 6 we go beyond this to study the full renormalisation
flow of the model, computing also the renormalised and effective series. In Section 7, we report the study
of the beta function at one-loop, and the proof of asymptotic freedom to the same order.

2 The model

2.1 Tensorial quantum field theory on S

We consider a tensorial quantum field theory on d copies of the homogeneous space SU(2)/U(1), which
is isomorphic to the two dimensional sphere S;. The phase space of the theory is the cotangent bundle
(T*82)*? = (S, x R2)*?. The (complex) field 1) € Ly(S5?), assumed to be square-integrable, is defined as

W [SUQR)/UM)] = C
(21..2p) € [SU(2)/U1)]* = (x1...xp)

d
/ . H d2$ﬂ/_1(.§61, R xd)w(:z:l, e xd) < 00
S5 iz
while its quantum dynamics is defined by the partition function

2= [ ducv, de-smo9), 0

where we have defined a Gaussian measure encoding the kinetic part of the classical action, and defining
the free 2-point function, to be detailed below. The interaction part of the action S;,; is constructed with
all the "trace invariant” contractions

St = Y N Try(1h,1)), (2)
b

as graphically illustrated by the bipartite regular (i.e. strictly d-valent) graphs, with links coloured with
d colors at each vertex, in the figure below, where the black and white vertices correspond to the fields ¢
and 1. Indeed, it can be shown that each such trace invariant monomial of fields can be put in unique
correspondence with one such bipartite coloured graph (called a "bubble”). Such precise characterisation
of the allowed interactions by combinatorial properties is important for a recipe characterisation of the
theory space we work with, and for the renormalisation analysis of the corresponding field theories. The
parameters \, are the coupling constants associated to each of the interaction terms. At this stage, all
such interaction bubbles are possible, but as we will see later, the renormalizability criteria drastically
limit the allowed interactions, as needed to have a predictive field theory.



Figure 1: Example of interaction bubbles

In a coordinate system on the 2-dimensional manifold Ss, the Gaussian measure can be defined by the
choice of a kinetic action as follows

dpc (i, ) = e~k dydy) (3)

with, in our case:
Sl 1] / [ o/ 10— + m@) (4)
=1

A is the Laplacian operator on the 2-sphere of unit radius. In an Euclidean differential manifold with
metric g, the Laplacian is defined by the following generic formula in local coordinates

o %ai (V99" 9;] (5)

or, explicitly for the unit 2-sphere, in local spherical coordinates (6, ¢):

0? 1 9 1 02
A= L0 |
962 " tan600 * sin’ 006 (6)

As a continuous function on Sy, the field ¢ can be expanded in spherical harmonics Y;,,(6, ¢), which
form a complete basis of L?-functions on the 2-sphere

Yipn(0,6) = \/ o P cos 0™, ™)

as

({917¢2} Z Ht{l mz}YE mz( Z7¢z) (8)

{l;,m;} i=1

where the components ;
tamy = [ | TLdcostudontts, 6 000((05 01}, 9)
i=1
are independent of the m;. The spherical harmonics are solutions of the Laplace equation
— AYi(0,0) = Ul +1)¥i,n(6, ), (10)

and we can invert the operator —A + m? in the kinetic term to give the propagator (or covariance)

Co({65, 61,0 63) = / dney b0 6oL dh = Y ml}H (05, 65) Vi (01, 8,

{li,m}

with
1

11
Cogtimy TS L+ 1)+ m? (11)
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which does not depend on m;. To define properly the theory, we introduce a cut-off regularized propagator
via Schwinger regularization:

+o00 d
COA({Qia ¢170;7¢;}) = / dae_amz X Z H ekl +1)Y:<ml( l:¢z) l; mz( ¢;)7 (]‘2)
1/A2 (lomi} =1
in terms of the heat kernel:
d
Ka({emgblae;?qb;}) = Z He_al itk +1 l mz( ’L?gbl) l; mz( Cb;) (]‘3)
{li7mi} =1
verifying the heat equation
0
—K, = AK, 14
50 (14)
with initial conditions:
Ka:()(@, ¢7 0/’ gb,) = 5(COS 0 — cos 0,)5(¢ - ¢/) (15)

From the definition of the heat kernel as a sum over markovian paths on the manifold S; one deduces the
composition law

/Sm9d9d¢Ka1({9/>¢ 0,0})Ka,({0,9,0",¢"}) = Ko, 10, ({0, ¢, 6", 6"1). (16)

This is in turn the key property to obtain the expression for the Feynman amplitudes entering the per-
turbative expansion of the N-point correlation functions Sy in Feynman graphs (with an example given

in the figure (2) below):
1
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Figure 2: Example of Feynman graph

where s(G), the symmetry factor, is just the dimension of the (discrete) proper symmetry group of the
graph G, and the amplitude Ag is

. > —aym? lsls+1)
Ac=| 1 /1/A2dale s [T D@ty + 1)eeils (18)

leL(G) fEF(Q) Iy

( H Ze lflf+1}/l;mf( (bs )lfmf(et 7¢t(f))>’

[€Fext(G) Ly,my

where s and ¢t map open faces to their boundary variables, and «a(f) := Zle@f aq. €5 is the incidence
matrix, which contains the information on whether a line belongs to the boundary of a face and their
relative orientation: e.; =0 if e ¢ Jf, +1 or —1 if e € Of.



2.2 Closure constraint

We will impose an additional condition on our field, which we call “closure constraint’. It can be understood
as a gauge symmetry for the field, which reduces the manifold S;* as:

[SU@2)/UW)* — [SU(2)/UM)]/SU(2), (19)

identifying the field components up to a global SU(2) group action. More precisely, if we denote the action
of the group element g € SU(2) on the field ¢ as R(g)> 1), where R and 1> are defined by the explicit group
action of SU(2), the closure constraint identifies, for a given t, all the elements R(g) > Vg € SU(2). In
other words, the projective field space Pgg is the set {R(SU(2)) >} =: PaLa(S5%).

Let us specify further the group action. We observe that the 2-sphere admits a natural embedding in
R3, and, using this, into SO(3):

m: 8 — SO(3) (20)

(0, 6) = (0,6) € SO(3) (21)

with the following explicit expression in local coordinates (6, ¢):
(0, 9)[2] = 7(6, 9) (22)
where:
i : (0, 0) — ii(0, ¢) := (sinf cos ¢,sin fsin ¢, cos ) € R? (23)

Hence, 7(6, ¢) is the rotation of SO(3) mapping the Z axis in the direction 7 Er]

Starting from our field on S>?, this mapping enable us to define a new field on SO(3)*%, 4 €
Ly(SO(3)*4) such as 7% 1= 1.

For the field ¢ € Ly(SO(3)*%), there are a natural right action of the group SO(3). Hence, we can
define the gauge symmetry as the identification of all the fields up to a global right action of SO(3). More
concretely, we introduce the symmetric rotation R on Ly(SO(3)*%), such that R(g) = R(—g)Vg € SU(2)
(it is more convenient to work with a compact simply connected group). Hence, the operator R can be
understood as a function on SO(3). For any R € SO(3) we can therefore define the transformation law:

R(g) : Lo(SO(3)*") = La(SO(3)*") (24)
[R(g)0)({m(6:,9)}) = d({m(6:, )R (9)}).

A

Now, we can clarify the definition of the action > introduced before. More precisely, R(g) acts on 1 as:

R(g) > ({0;, ¢:}) = 7*[R(9)9] ({0, ¢:}) (25)
= Y(r (7 (6;, 6:))R(9)]),
implying : ) o
R(g)> = 7, 1 o R(R(g))7., (26)
R(g)> : PaLo(SX?Y) — PaLa(S59), (27)

where R(g) € SO(3) is the unique element of SO(3) associated to g € SU(2) (R(g) = R(—g)) and I is
the identity operator on PgLo(Sy?).

3This is a unique group element, up to an initial rotation around 2 and a final rotation around 7i: 7(6, ¢) ~ Rz (6, ¢)R 2
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The gauge symmetry, or closure constraint, is simply
Rig)pv =4 Vg€ SU(2) (28)

If the model is defined in terms of fields satisfying this symmetry, we can not define easily an explicit
Skin, because the propagator of the theory, taken to be the fundamental entity, is not, strictly speaking,
invertible on the space of fields. But the Wick theorem states that the Gaussian measure, and with it, the
perturbative expansion of the quantum theory, is well defined as long as the 2-point function at A\, = 0
(the propagator Ca({0;, ¢;},{0:, #.})) is properly defined. We choose:

/dUC(@Da@b)@b({eia¢i})¢({egv¢;‘}) = /SU(Q) dg/duco(@b,w)ﬁ(g)>¢({9i,¢i})¢({927¢2}), (29)

or

[ ducte.dyutionohie. o) - / 4 / /OO doe= T Kul{n (701, 6))R(9)): 0, 61). (30)

=1

We can obtain an explicit expression for this constrained propagator. Using the expression for the heat
kernel and the decomposition,

Vi ((0:,0))R(9)2) = > D) [R(g) 7 (0:, 61) |V (2),

m/=—1

where DU is the well known Wigner matrix defined, in the usual Dirac notation for the canonical basis of
angular momentum, as:

D[R (9)] := (m. [[R(g)|l.m) 1N,
we obtain, using the fact that V,i* = [2£1] 1/QD,(,IL)O, and that Y! (0, ¢) = [24—?]1/25%0:

[ vt byt onpittion = [ do [ doe (1)

d
catan2l+1 _
x 3L e+ == Dt Rig)m(0: 00) (0, )
{1;} i=1

Note that the integral over the group of a product of such representation matrices defines a resolution of
the identity in the space of intertwiners (invariant tensors) of the group SO(3) :

[ a1 DL, Rio) € inv(s0(3)

2.3 Regularized parametric representation of correlation functions

We wish to obtain now the expression of the N-point correlation functions in perturbative expansion. The
argument involving is still valid, and not affected by the closure constraint. Using the “addition
formula”:

20 +1
 Arw




where @ (resp @) is the unit vector pointing on the 2-sphere of radius unity in the direction (6, ¢) (resp
(0',¢")), we deduce, using the explicit expression , the expression for the Feynman amplitudes of the
constrained theory:

Ag = / da ealmQ/ dh i
[lelL_([G) 1/A2 l [SU(2)] )] H ! (33)
X ( H Z(2lf +1)D% [R(Hleafheef)]e—a(f)zf(zf+1))

fEFint(G) Iy

o 200+ 1 . _
X ( [T D et =L D (R (Weagh )x(b: 6uin) 177(‘9t(f)a¢t(f))>>-

JE€Fext(G) Uy
From this amplitude, we deduce the following proposition:

x|V(

Proposition 1 : The amplitude A for a connected graph G has a SO(3)*WV( gauge symmetry, which

allows to fix variables along a spanning tree T C G, such as h, = 1Ve € L(T).
Proof: Simply note that the expression 77 is invariant under the transformation:

he — gt(e)hegs_(l (34)

e)’

where t(e) and s(e) are the target and source vertex of an oriented edge e (with the additional rule that
one of the two group elements is the identity for open lines). Because of this invariance, |V(G)| gauge
variables can be freely redefined, one more than the |V(G)| — 1 lines of a spanning tree of the graph.

O

We also deduce immediately the following lemma,

Lemma 1 : Let a spanning tree T C G of a connected graph G, and R(G) the rank of the incidence
matriz €.¢. Then, under the graph contraction G — G /T the rank is unchanged.

We will recall the precise definition of contraction in a colored graph in section [5}

3 Equivalent formulation via projections

The problem of the above formulation, defined directly on the homogeneous space, is that we lose the
explicit group structure of the group field theory. This leads to some practical difficulties in dealing with
the theory, in particular in studying the divergence structure of its Feynman amplitudes and its renor-
malisability, following what has been done in previous works. These difficulties are mainly due to the
fact that elements of the homogeneous space do not compose via multiplication to other elements of the
homogeneous space. The way to proceed is to recast the field theory as a field theory on (several copies
of) SU(2), but with the fields subject to constraints effectively projecting them to the homogeneous space.
This way one can perform all calculations using the standard SU(2) formalism. This is indeed well-known
and already used in the GFT formulation of constrained spin foam models for 4d quantum gravity, in
particular the BC model[23, 24], 25, 26]. An ensuing subtle point is that special care should be payed to
the compatibility between the constraints projecting the field onto the homogeneous space and the gauge
invariance condition to be satisfied by the same fields. more precisely, the constraints have to be imposed
covariantly with respect to the diagonal group action. This was also realised in the context of GFTs and
spin foam models for 4d quantum gravity [27, 23] [7], and a properly covariant construction was identified,
which we now describe in some detail.



3.1 Constrained representation

We choose an element of the Lie algebra su(2), o, for instance, and note that the set of group elements
g € SU(2), such as go.g~! = o, the stabilizer group, is isomorphic to the group U(1):

H,. = {g=¢"" V0 c0,2r][} ~U(1). (35)
Now we can simply define a field theory for a new field ¥ : SU(2)*? — C with the constraint :
U (g1, Gis s ga) = Y(g1h, -, gihis ..gaha) V(ha...ha) € H;Zd- (36)

For this new field we define the partition function:

2= [ due, (0 5o, @)

where, as in the previous construction, S;,; is a sum of tensorial invariants. The only difference between the
two formulations is that in the first one, the fields have 2d variables, while the new field has 3d variables,
with a constraint which reduces the number of degrees of freedom from 3d to 3d — d = 2d, so that we left
in the end with the same degrees of freedom.

The covariance C for this model is defined as:

[ due, vta o) / TTan / [ o H Ko(gihagl (38)
f’z =1 A?
from which we deduce the Feynman expansion of a N-point function Sy, indexed by graphs G:

d
Ag = H / doee™™ ] dh, (39)
i=1

eEE 1/A%

X H Ko‘(f) (Heeafhg(e;)e) X H Ka(f (gs(f H eafh;(ejjz)egi})) ’

feF(G fE€Fext

where i(f) is the color of the face f and K, is the solution of the heat equation on SU(2) (given by the
same formula with A replaced by the Laplace operator on SU(2)). This equation replaces the formula

B9).

We now confirm briefly the equivalence of the two constructions at the dynamical level. This can
be seen immediately noting that the spherical harmonics are just the Wigner representation matrices for
SU(2) integrated over a one-dimensional subgroup isomorphic to U(1). Indeed, the heat kernel is a class
function on SU(2) and, by virtue of the Peter-Weyl theorem, it can be expanded on the (class invariant)
basis of characters as:

Kolgrgs") = Y (25 + 1)e U\ (g1g51), (40)
jEN/2

where the characters x/ := Tr; DY) of the irreducible representation j, verify :
Asu@x’(9) = —4j (1 + 1)x’ (9)- (41)

Now, in the Euler angles parametrization

gio=0 Z D PRER Z<m’ j|€i'yJZ€i,8Jy ez’(a+0)Jz |‘77 m>,

m



and:

2
/ 5 X (9¢) = (0.l 3,0) = D (9).
0 ™

Note that because m = 0, j is necessarily an integer. When applying the previous result to [ dfx(g1€"7:g, b,

we find:
QTFdQ J 10,0 (]
; gx (1€ 7" gy ) Dy ( 92 g1) E DOm 92 E :D (91)-

Hence, because of the relation : Y!* = [2f;1] Y 2Dmo, the equivalence between the two representations (up

to a change of normalization of a and m : o — «/4, m — 2m) follows easily.

We now turn to the imposition of the gauge invariance (closure) constraint in this formulation. The
aim is to combine the constraint with a global constraint of the form ¥(g1,...94) = ¥(g1l, ..., gal) VI €
SU(2). We first define the two transformations

jjl : \I[(gb "'7gd> — \I;<gll7 7gdl) (42)
tAE:Z) : \I[(gb "'7gd> — \D<g17 7glh17 "'7gd)7 (43)
satisfying : R
Totg) _tl( )1hl 0T (44)
Hence, by defining
\IJO'Z g1, - agd deht gl?"'vgd)7 (45)
Hf>’<z =1
we have: A
ﬂ[qjgz](gl,...,gd) = \I’l—lgzl<gl,...,gd), (46)

with, for any k € su(2):
\II gla' 7gd / deh t( 917' ) (47)
HX

Then, to include the closure constraint, we recast the theory in terms of the field: Wy ({g;}) from [SU(2)] x
su(2) to C, and impose the constraint:

qlk(ghg%”'ugd) = \I/hflkh(glhw“agdh’)‘ (48)

We define the partition function:
2 = [ duo(w, D)e 1Y), (49)

with an interaction of the form:

Simt(W, W) => " ATy (/

b U

dk ¥y, / dk’\le/) , (50)
2) su(2)

and the propagator:

/ (0, B) U ({9 ) T (L)) = b /S o / Ay (0, B) Ty ({1} T ({1}), (51)
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which gives, explicitly, using ,

00 d
/ 7o¢m2 /1—1 _1—1
i /H ) [T dna / [T ottt )

11k =1 1/A2
= Sy / dl / Hdh / e’ HK (g:ilhig™") . (52)
H:dz 1 /A2

Because of the form of the action (50), we can define a new “effective” field at the graph level (we sum
over all unit vectors k),

[ dnc(@. 9wl B ((a)) = b [

SU(2)

Y= [ dk¥,:[SU@2)* = C, (53)
So

satisfying the closure constraint, as it can be easily proven, using the invariance of the Haar measure. Let
h e SU(2),

Th[ngla-'-;gd) _/(2) qujk(glha---agdh) (54)

dh™ kR -1 (grh, ..., gah)

su(2)

/ dhER Wy (g1, .. )
su(2)

/ dk\I/k gl,. ,gd) =¢(91,---,9d)7
u(2)

and has the covariance:
d

duc(¥, V)0({g: (g} = [ dk [ di Hdh dae™™ [ Kalgilhi(g) ™). (55)
/ “J )T

k=1 1/A2 i=1

Using the same strategy as in the previous section, we find the Feynman amplitude Ag entering the
expansion of the N-point function:

Ag = doee ™ [ di, | dk. [ D" hs. (56)
[eE];([G)/ / / H ]
X ( | H(lehi<f))€ef)>

fEF(GQ) ecof
><< [T Ko (1T gsnClehicn) fgt(f))>
f€Feat(GQ) ecdf

where s and ¢ map open faces to their boundary variables, € is the adjacency matrix, i(f) is the “color”
of the face f, and

DFl; = dl;6(k — Lik(1;)™) (57)
which reduces the integration over SU(2 )Xd to Up(1)*? = H;®. Because of the integration over k., we

deduce that the graph amplitude has the same gauge invariance as the amplitude in the first formulation.
Hence, the proposition [1f and its corollary [1| hold true.

This formulation is more convenient for the study of the renormalizability of the model, and it also

lends itself more easily to generalisation to other homogeneous spaces SO(D)/SO(D —1) ~ Sp_1, making
clearer the role of the group manifold dimension parametrized by D.
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3.2 Geometrical interpretation

Before we move to the renormalisation of this model, let us give some more information on its geometric
interpretation, which also motivates its interest from a quantum gravity perspective. The closure constraint
admits a ‘geometrical interpretation which can be easily understood with the mathematical tool of the non-
commutative (group) Fourier transform originated in the quantum group literature [28, ?], introduced in
the GFT context in [6], after being first used in the spin foam context in [29], and developed, in particular
for the case of SU(2), from the more mathematical perspective in [28, B30, BI]. This non-commutative
Fourier Transform is a functional mapping from a (usually but not necessarily) compact group G into its
Lie algebra g, sending any square-integrable function on G to a non-commutative function on g. For the
group SU(2), the mapping is between SU(2) and the R? space, dual to its Lie algebra su(2). Consider a
function ¢ on SU(2), its Fourier transform is defined as:

¢ = dge(g)e™ 19 z € su(2), (58)
SU(2)

where Tr is the trace in the fundamental representation and |g| = Sign [Tr(g)} g, ensuring that the basis
functions e, are trivially on SO(3), because : e, = e_,. Note that this condition also concerns the function
¢: ¢(g9) = ¢(—g), which can be understood as a field on SO(3).

The inverse Fourier Transform is formally given by:

1 A
o)== [ @oliwe, ) (59
™ JRr3
where the x-product is dual to the convolution product on SU(2):
b x(z) = / dg eq() (60 ) (g)
SU(2)
and is compatible with the group structure, in the sense that:

g * g, (T) = €g,4,(x), Vg1,92 € SU(2). (60)

The Fourier Transform can easily be extended to any function on [SU(2)]¢ as:

(i(xlw“axd) ::/ [dg gla' - 9d l_IegZ xz (61)
[SU(2)]¢

It can thus be immediately applied to the GFT field ¥, introduced above, and verifying the constraints
and . Note that, because of the symmetry Tj[¥;] = Uy, the field ¥, verifies : ¥i(g) = Uy (—3q),
and is effectively a field on [SO(3)]%.

We now have a look at the constraints and successively. Starting with , we find:
d
/ [dg]? / ATV (g1, - 9a) | | €a (1) (62)
[SU(2)4] SU(2) i—1

dg\I/ 1,5 G g, () * 0 T
/[SU@)][ il ng ’ Z

=1



where the x-product distributes the x-product between all the e, basis functions, and:

5()(;90) - /S o ge,(xi), (63)

verifying, for any function of one variable gg,
[ 1) = [ (6 +a) = é0). (64)

Hence, the representation of the right projector P= f diT; is a simple non-commutative multiplication:

PlU) (21, ..., 2q) = Uy (1, ..., 2q) ¥ 0 ( Z x) : (65)

We now move on to the constraint . Consider the operators fﬁf}, acting on the i-th variable of ¥;. We
wish to compute the Fourier Transform of T, [, () dhifgfi) (W], and we find that it is proportional to:

d d

d
/[SUW] [dg)*"Wi(gr, .. 9a) [ [ g (i) % T ] %0 (%Tr(kxi)k:) = Ui(wr, o ma) ¥ [ [ do <%Tr(kxi)k;>, (66)

i=1 i=1

which follows from the definition of the basis functions ey, and in particular :

/U k(l)thr(hx) — /U " thr[h(%Tr(kx)kﬂ - /S » thr[h(%Tr(]m)kﬂ,

and the projector Sy := IL fh.eUk(l) dhifgi) acts on ¥y, as:

d
$u0] o= Wi, ) # [ o (%Tr(lmi)k) | (67)

=1

From the definition , it follows that U), = S, (W], and the non-commutativity implies:
Sk e} p = /dlj} o) S(lklfl- (68)

The first result explains why the constraint is named “the closure constraint”. The second result
(66) means that the Fourier variables are forced to be orthogonal to the Lie algebra index k. In the case
d = 3, the field (quanta) can be interpreted as describing a triangle in R3, with its Lie algebra variables
being its edge vectors. The closure constraint forces in fact these edge vectors to sum to zero, thus the
corresponding edges to "close”. The constraint implies that this triangle is orthogonal to the unit
3-vector E, associated with the index & € su(2) of the field. Hence, for example, an interaction represented
by the diagram on the left hand side of figure [I| is dual to a topological 2-sphere, triangulated by four
triangles, each orthogonal to a vector k, defining the radial direction.

3.3 Extension to [SO(D)/SO(D — 1)]*¢

In this paper we focus on the field theory on 8¢, and on its renormalisation. However, most of our con-
struction as well as part of the renormalizability analysis, can easily be extended to the homogeneous space
[SO(D)/SO(D — 1)]*4, using the projector formulation introduced above. In this section, we reframe the
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essential results obtained in the previous section for the homogeneous space [SO(D)/SO(D — 1)]*%. The
extension is straightforward, therefore we give only the essential steps, without too many details.

Let {(L,)p0}, & basis of anti-symmetric D x D matrices of the Lie Algebra so(D), and k = {k,} an unit
vector of RP (the Greek indices run over 1, ..., D and label the Euclidean coordinates on R”). Any element
g € SO(D) can be written as (we use the Einstein convention for sums over Greeks indices):

g = Suluw (69)

and any element h of the stabilizer group of k, isomorphic to SO(D — 1) (denoted SO(D — 1)), can be
written as:

h = M Puw Pl € SOL(D — 1) (70)
where P* =1 — k ® k, (P*)? = P* is the projector onto the subspace orthogonal to k. As in section ??,
we define a field theory on SO(D)*? as a map ¥ : SO(D)*? — C, and we reduce the manifold to the
homogeneous space [SO(D)/SO(D — 1)]*? imposing the constraint

\Ij(‘gl,'--;gia---ygd) :‘Ij<glh17---agihiy---agdhd) V(hl,...,hd) c [SOk(D—l)]Xd . (71)

At the quantum level, the theory is defined by the choice of a partition function, or in other worlds, by
the choice of an action Sy;, and of a (UV regularized) Gaussian measure du@A, in the notation of section
?7?7. As before, the action is a sum of tensorial invariants, built again as in correspondence with coloured
bipartite graphs (bubbles). We choose the propagator such as it enforces the constraint at the level
of the amplitudes. Similarly to , we choose:

Hdh / eom? HK gihig™") . (72)

/A2

[ e, vitapeta) = |

SOR(D—1)%

The closure constraint is then implemented as in section ??7. We first define the operators T} and f;fi)

~

E : \D<gl7 "'7gd) - \I](gll7 7gdl> (73)

B W (g1, ga) = U(G1, ey Giis o 9a) (74)
satisfying again : T, 0 f;fi) = Ltl(i)l Bt © T;. Then, defining

d

\Pk<g17"'7gd) = / Hdhll?;z?[\lj](glvugd) ) (75)
SOR(D-1)d ;5
we have again R
ﬂ[\llk](ghagd) = \I[Rfl[k](g17-"7gd) ) (76)

where R; '[k] is the vector k rotated by the SO(D) element I. All the equations after (49)) can be applied
to this more general case without any change. We define the partition function as

2= [ duc(w D) (77)

with the action
S0, ) = S N ([ oo [ awvwe), (78)
(2) su(2)

and the gauge invariant propagator

/dﬂc(‘l’v‘I’)‘Pk({gi})‘l’k'({gﬂ) = Ok /SO(D) dl/dﬂé(‘l’a‘I’)‘Pk({gil})‘l’k({gz{}) : (79)
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imposing the closure constraint in each Feynman amplitude. And again we can introduce the effective
field :

Y = /qufk : [SO(D)]* — C, (80)

which satisfies the closure constraint Th[@/z](gl, e 9d) = (g1, .., 94) Yh € SO(D), and whose effective
propagator can be written as:

dpc (¥, )y ({g})o({g}) = [ dk di Hdh d&eam2ﬁKa(mlhi(g£)l) - (81
/ = fat [t [Tl [ e 1]

E o1=1 1/A%

The Feynman amplitudes for the corresponding TGFT model take then the form (56]).

4 Multiscale analysis

In this section we explore the power counting for the divergences of the theory, in order to find renor-
malizability criteria that would allow to identify the renormalizable interactions (including the super-
renormalizable ones). We focus on the SU(2)/U(1) model, but we also try to extend our results to the
general SO(D)/SO(D — 1) case, whenever possible. We begin by studying the divergences in the Abelian
approximation, expected to be optimal from the results obtained recently in [19]. We will give some addi-
tional arguments in favour of this intuition in section 3.3, and we will see that the Abelian power counting
becomes exact, for the SU(2)/U(1) model, in the next section. We also point out why the same arguments
do not generalise trivially to arbitrary dimension D, and what needs to be understood in order to achieve
such generalisation.

4.1 Abelian power counting for the [SU(2)/U(1)] model

The multiscale analysis is based on the following slice decomposition of the propagator,
Ch=Y C (82)
i<p

where the cut-off A is chosen of the form A = M?, M > 1, and the propagator “in the slice i” C; is

/ i /S o /SU(2 Hdl& k(L)) /M‘(i1)dae‘am2ﬁKa(gihli(gg)_l). (83)

- i=1

We will prove the following key theorem, given the power counting of the theory and a divergence criterion
for a graph amplitude, which is the first step of the perturbative renormalizability analysis at all orders.

Theorem 1 Consider the previous model on [SU(2)/U(1)]*¢ with diagonal SU(2)-gauge invariance. The
amplitude Ac,, for a graph G and scale assignment p = {i,, ...,ilwc)l}li € L(G), admits the following
bound:

k(i)
|Ag,| < KIHO) H HMw(G?)’ (84)

i k=1

where G¥ is the k-th connected component of the sub-graph G; C G, which contains only the lines of the
graph G with a slice i; > i, and where the divergence degree w(G¥) is given by:

w(GF) = =2 L(GY)| +2(|F (G} — R(GY)). (85)
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Proof:

The first step is to bound the heat kernel. The heat kernel K,(g) on SU(2) has a complicated expression
(see for example [32]). However, it can be approximated in the "UV” regime, i.e. for large representation
labels, by the following bound:

d
Cl({gj}7 {g;}) < KM(gd_Q)i / dk/ dh/ H dlje_‘SMl Z?:1 ‘gjhlj9;-71|‘ (86)
SU(2) Uk (W] 551

where here |g; g, '| indicates the geodesic distance (using the standard metric on SU(2) ~ S3) between the
two group elements g; and go, and §, K are two positive constants which can be precisely computed (the
values of these constants do not affect the proof).

This result allows us to bound the (multi-)scale decomposition Ag ,, of the amplitude. The first step is
to rewrite in a suitable manner the term HleL(G) MBd=2)i To this end, note that trivially: M* =T[, M.

This allows to rewrite the product over the lines of the graph as: [[,.; ¢ LG M Bd=2i =TT, eL(@) H MBI=2)
Now, we wish to invert the order of the double product. Selecting a scale assignment 7, and a subset of
lines in G so that, for each of these lines, the scale assignment is higher than or equal to i, we define the
subgraph G; of G. It follows that

1
M Bd=2)i _ N (3d=2) A Bd=2)
H lel}@l} =11 H

leL(G % t leL(G

Because the graph Gj is not necessarily connected, we introduce the notation G¥ for its connected com-
ponents,so that G; = Ul,:(zl)le . It follows that the previous decomposition becomes

H Ny Bd—2)i H H M Bd=2) _ HH H N Bd—2) Hi(_i[)M(sd—mL(Gf)

leL(G) i leL(Uﬁ(:Z)le) i k=11eL(G¥) i k=1

The second step is to integrate over the group variables along each face of the graph. Using the same
decomposition and the compactness of the group U (1), we obtain the following contribution for the internal
faces:

k(i)
HHM—3d\L(G§)|+3IF(G§)I . (87)

i k=1
Note that, to obtain this formula, we have chosen an optimal tree in each face on which we perform the

integrations over the angle variables. This result, combined with the first one provided by the factors
MBI=2)i gives

k(4)
[T m2mchraren (88)

i k=1
The third and last contribution comes from the remaining integrals

/ [T dhedk, T dig9e oM MecoOetierl (89)
¢ f

and it is at this point that the Abelian approximation intervenes. As showed in [19] for an SU(2) TGFT,
the exact power counting is uniformly bounded by its Abelian version, which corresponds to the linearized
version of the exact one around identity for all the group elements (i.e. the non-commutativity of the
group variables improves the convergence of a graph amplitude compared to the Abelian version). The
proof of this fact for our model is the subject of the next section. As we will see below, the Abelian power
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counting coincides also in our case with the non-Abelian one (for the SU(2)-based model) for the leading
order (or divergent) graphs, which are the graphs of interest for renormalization.

The Abelian version [89] is

/ H dXedk, / Hdgc(f) —SMUD| S, oy (Ret0yt i) (90)

eeL(G

Where i(f) := inf{i, l € 9f} and ¢(f) is the color of the face f, and where & is the unit 3d vector
associated to the unit Lie algebra element k and |7] := 4/ ijl q; is the R® norm (we use here explicitly

the trivial isomorphism between the elements of the Lie algebra su(2), and the vectors of R?).

Integrating over a selected tree 75 of faces, such that the number of faces in this set equals the rank of the
incidence matrix, and in an optimal way, in the sense that the faces of this set proceed recursively from
the leaves to the root of the Gallavotti-Nicolé tree, the integral over the X and 6 variables gives the

power counting contribution
k(2)

H H M- SR(G’“ (91)

i k=1

and the remaining integration

/ 11 dk‘/ 1T <. ) oM DI ey e sl )—/ 11 /Hd@ Jdk,e~ M Zecoreesti”l (92)

ecL(G fEF/T2 fEF/T2 ecof
gives, up to a positive constant,

H M — HH H ML HM—\F(GQC)HR(G?) ’ (93)

fEF/T2 ik feF/Tz(GF) ik
from which we deduce the bound on the amplitude Ag ,:

k(4) k(i)
|AL(G)] < K@) H HM—2\L(G§)|+2|F(G§)I—2R(Gi~“) — K@) HHMW(GQC)' (94)

i k=1 i k=1

4.2 Abelian power counting for models on [SO(D)/SO(D — 1)]*4

It is not hard to extend the previous analysis to the homogeneous space [SO(D)/SO(D — 1)]* ~ (S)p_1,
allowing to obtain a preliminary classification of potentially just-renormalizable models, for various choices
of D and d.

Such classification is of cours valid only to the extent in which the Abelian power counting captures in
fact the exact power counting of these non-abelian models. This is however not straightforward, and we
have actually reasons not to believe it, as we are going to discuss in the following.

We obtain the following result:

Theorem 2 The Abelian superficial divergence degree of any Feynman graph G associated to a field theory
on [SO(D)/SO(D — 1)]*? with closure constraint is given by

w(G) = =2|L(G)[+ (D - D[IF(G)] - R(G)] . (95)
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The proof is the exact generalization of the previous one, and we will only give the main steps. Let
{(L,w)p0} be a basis of anti-symmetric D x D matrices of the Lie Algebra so(D), and k = {k,} a unit
vector of R? (the Greek indices run over 1, ..., D and label the Euclidean coordinates on R”). Any element
g € SO(D) can be written as (we use the Einstein convention for sums over Greek indices)

g = el (96)
and any element [ of the stabilizer group of k isomorphic to SOx(D — 1) as
| = PP (97)
where P* =1 — k ® k, (P¥)? = P is the projector onto the subspace orthogonal to k.

The previous bound for the propagator becomes, for SO(D),

d
Ci({g;}.{g)}) < K Map=2i / di / dh / T] dlye " Shalosiss ™1 (98)
SU SOL(D—1

After integration over group variables g;, the product becomes

k(3)

TIT] M 2AL(GH) 1+ PG P (G)) (99)

i k=1

and the remaining integration , in the Abelian approximation, which corresponds to the linearized
version of , becomes

/ H dodk, ¥ / Hde ) oM S, eor (et 6,0, PEE PES, ) Liss

eeL(G

(100)

The integration over the A\, variables replaces by:

[ITTo 2% (101)

i k=1

and the remaining integration over the inf ) gives, instead of ,
T a2 lreni-reb] (102)
ik

Combining the results , (100) and (102)), we obtain the divergence degree (95]).

4.3 Optimal bound and Abelian power counting

In this section we want to examine further the validity of the Abelian power counting for our non-Abelian
model. To this end, we will study the behaviour of the integral E| In order to simplify the reasoning,
we choose the orientations of faces and lines such that e,y < 0. A moment of reflection shows that it is
always possible to do so: one just has to exploit the bipartite structure of the Feynman graphs, and choose

40ur analysis is close to the one of [33] for the SU(2) case.
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the orientation of lines from black to white vertices, for instance. Hence, we will studying the behaviour
in A of the simpler integral:

2
IA _ / H dhedke H dl;if)e—A2| Heeaf helZif)| 7 (103)
e f

in the large A limit. Because of the normalization of each integration measure, Z goes to zero when
A — oo, and we expect a behavior of the type A=) The aim is therefore to find Q, or, at least, an
optimal bound for it. In addition, note that the integral is absolutely convergent, and trivially bounded
by 1.

The large A limit enforces the relations:

It =1 (104)

ecdf

and the strategy is to expand the exponent in the vicinity of these solutions, and integrating around them,
by the Laplace method. Let x = {h,, l_g(f)} a point in the space of solutions of , expected to be a
manifold with a priori many connected parts, eventually of null dimension (a single point). We define
A = {h.} the set of group variables attached to each line and H; the map from SO(D)*!tl to SO(D)*I¥!
defined by :

Hy(A) = [] peti” (105)
ecdf
whose differential around zx is:
dH s ( Ad 0o +heo! B =S " Ly [0, + hod? R 106
f eezaf {HP/€8f|P<P e }|: + e’ ’e j| eezaf f [ + e'’e :|’ ( )

where 9, and Sg , living in the Lie Algebra su(2), are the right variations of h. and lg(f ) respectively.
Defining 6/% = h.0/h_!, we obtain, around x:

N / [ ] db.as! T e 1% eeor LreGerdi P, (107)
e,f f

In order to integrate it, we introduce the quantities 5 ¢ and 5& as:

8f = Z Lfege ggf = Z Lfe5£ﬁ ) (108)

ecof e€df

and the notations Sf” and 5f 1, designating respectively the components parallel and orthogonal to Sff
Inserting this in (107]), we find

_ / T b6 / aif T e o (109)
e, f f
which behaves as

|_1A_{ dim [SO(D) | ~dim [sO(D-1)] }rk[L}A_ aim [50(D-1)] |

Za(z) ~ | det[L]xer(r, (110)

)L

— | det[Lljer(zy, | A-O7DkE A~ B2

1 Y

where rk[L] is the rank of L, and the notation det[L]ie(z), indicates the determinant over the complemen-
tary space ker(L), of ker(L). Because the rank rk[L] is at least equal to the rank of €., the previous bound
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in always bounded by its Abelian version. The sum over x, however can eventually spoil this result. As
explained before, the support of this sum splits into continuous and discrete components, and the integral
over the continuous component can be ill-defined. However, these singularities occur when the determinant
vanishes, and because the integral is absolutely convergent, it is a snag of the Laplace method. Moreover,
for these points, the co-dimension of the kernel of L becomes bigger than the co-dimension of the kernel
on the other points. Hence, presumably these singularities do not affect the conclusion.

This result is important for the rest of this paper, because it allows to find some just-renormalizable
models only from the Abelian divergent degree. However, it imply that the Abelian power counting is
pessimistic, and as a result, that the list of just-renormalizable models obtained using the Abelian divergent
degree is certainly incomplete. In addition, the flatness condition is different of the one obtained in
standard TGFT, which is [[ s, he = I. We will return on this subtlety in a future section.

5 Renormalisability

This section is devoted to a detailed analysis of the divergence degree given by . The aim is to determine
for which values of d and D, and for which value of the maximal degree v,,,, of interactions, the theory is
just-renormalizable (obviously, a stronger degree of convergence would indicate super-renormalizability).
Recently, an analysis of this type has been make in [I9] for TGFT with gauge invariance (but no other
constraints) on group manifolds, for which a classification table has been obtained. We make here the
same work for our models on the homogeneous space [SO(D)/SO(D — 1)]*¢. This work can also be
taken as preliminary step towards a similar analysis for TGFT models for quantum gravity, obtained by
constraining models of quantum BF theory, the additional constraints there having a similar effect as the
projection to a homogeneous space (and in the Barrett-Crane-type models being exactly such projections
on SO(4)/S0(3)). However, we emphasize in advance that the difficult issue in applying this classification
to SO(D)/SO(D —1) models lies in showing that the exact power counting is well captured by the Abelian
one. We will return to this point in the following.

5.1 Basics on colored graphs

This section give some definitions and properties of colored graphs. Most of these properties are well-
known in tensor model literature, so we simply adopt them and refer to, say, [10] for their proof. We begin
with the following lemma:

Lemma 2 Consider a connected graph G, with F' and R respectively its number of faces and the rank of
the incidence matriz e.;. Under contraction of a spanning tree T, F' and R do not change.

Proof: Because T is a spanning tree, its lines bound faces with a number of boundary lines bigger or
equal to two, so their number does not change under contraction. For the rank, its invariance is assured

by the corollary
U
From [19], we adopt the following definitions.

Definition 1 (contraction operation). Let G be a Feynman graph and Ly = {l;} C L(G) an ordered subset
of dotted (i.e. propagation) lines in G (including tadpole lines). The graph G /Ly is obtain from G by the
following steps:

considering the dotted line [; € Ly:
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e deleting the line l; and its two (black and white) end vertices and all the colored lines joining these two
vertice;

e identifying the colored line linked to the deleted black vertex with the corresponding line linked to the
white vertex;

e repeating the same steps for l;11, and so on.

Definition 2 For a connected graph G with |L| lines, |V| vertices and a spanning tree T C G, we call
tensorial rosette or simply rosette, the contracted graph G /T with one vertex and |L| — |V|+ 1 lines.

The figure 3| below illustrates the definition 1 in a simple example.

- 3
o7 2
1 — 2
3
1 1

Figure 3: Contraction of a dotted line between two vertices

Definition 3 Consider a Feynman graph G. The colored extension G, of this graph is the bipartite reqular
graph for which:

e the vertices are partitioned in the form V(G.) = V UV, where V (respectively V') is the set of black
(respectively white) vertices;

o the set of lines £(G.) is formed by all the lines (colored plus dotted) joining any pair {v,v} € V x V; by
definition, the dotted lines have color O;

e the set of faces is of the form F(G.) = FUFE7°, where F is the set of faces in G, i.e. the set of faces of
the form fo; with boundary lines of color 0 and i (i #0), and F7° is the set of faces of the form f;; with
boundary lines of color i and j(i # j;i,j #0);

Definition 4 Consider a colored extension G.. A k-dipole dy, is a set of k colored lines necessarily includ-
ing the color 0 and linking two vertices v and ©. An example is depicted on the figure [§] below.

E+1
k+2

d+1

Figure 4: Example of k-dipole

In addition, we recall the following three definitions about colored graphs:

Definition 5 (jacket) Consider a colored extension G. in dimension d. A jacket J is a 2-subcomplex of
Ge, labeled by a (d + 1)-cycle T, such that J has the same number of lines and vertices as G, but only a
subset of its faces: F7 ={f € Fa.|f = (19(0),7771(0)),q € Zpy1}.

A jacket is a ribbon graph, corresponding to a sub-manifold of dimension 2 and of Euler-Poincaré charac-
teristic given by x(J) = |F7| — |€7| + |V7| = 2 — 297, where g7 is the genus of the surface.
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Definition 6 (Degree) The degree w(G.) of a colored extension G. is the sum over all the degrees of its
jackets:

G.) = Zgj = w(G.) >0
J

Definition 7 The graphs whose degree is equal to zero are called melonic graphs.
In addition to these definitions, we have the three following lemmas:
Lemma 3 The melonic graphs are dual to a d-dimensional sphere.

Lemma 4 In dimension d, the degree w(G,) is related to the number of bi-colored faces and to the number
of black (or white) vertices p, by the following two relations:

d(d —1) 2
|7 :Tp+d— (d—l)!w(Gc)
@(G,) = (d_21> (p+d— B4) +Zw )

In addition, we can show that p+ d — B4 > 0.

Note that, in this lemma, the sum over ¢ in the second relation includes the color 0. In addition, ng)
is the connected component p of the sub-graph obtained from G, by deleting all the lines with color ¢
(including the color 0). B is the number of these connected sub-graphs. These sub-graphs are the
so-called “d-bubbles”. From this lemma, we easily deduce the following proposition:

Proposition 2 Under any 1-dipole contraction, the degree of a graph is unchanged.

With this material at hand, we now move on to the renormalizability analysis, which is the object of the
next section.

5.2 Renormalizability

We have seen that, for these models, the divergence degree of a graph grows with the number of faces. The
first question is: which are the graphs that have a maximum number of faces? To answer this question,
consider a vacuum graph G and its colored extension G.. We can choose a tree 7 in G and build the
rosette G/T = G, G, being its colored extension. Then, from the lemma | we have:

[F(G)| = (d =1L +1-AG) (111)

where we have used the fact that L(G) = p in the lemma , and where

MG) = g [ =@ — ()]

where G is the d-bubble of color 0 obtained from G by deleting all the lines of color 0. Note that because
the rosette G ‘have only one vertex, G have only one connected component. Because one can prove that
@ (G) > dw(G), we easily deduce that |F| is bounded by:

(d—1)p+1-— w(G)<|F|<(d—-1)p+1-— w(GY).

2 2
(d—1) (d—1)

The number of faces is then maximal when w(G) = 0, implying @(G°) = 0 from the lemma . Hence
we deduce that the number of faces is maximal for the melonic (colored extension) graphs. This result
is actually a key one for all the TGFT models that have been studied to date. In addition to the formal
definition given by (7] the melonic graphs have an iterative definition. From the simplest melon with p =1
(the so-called “supermelon”) given in figure [5 below
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Figure 5: The supermelon graph

we obtain the refined melons of order p by replacing an edge by a d-dipole as in the figure [6] below.

Figure 6: Melonic recursion: d-dipole insertion.

Note that for a rosette, this recursion procedure excludes the line of color 0 because the d-bubble GO has
just one connected component.

Now we can turn to the analysis of the rank, the other main contribution to the divergence degree. It is
obvious from the previous recursion that for a melonic rosette of order p, the rank is just equal to p, the
number of lines L(G) in G. Hence, the rank is maximal for the same melonic graphs, and each insertion
of a d-dipole increases |F'| — R by d — 2. It follows that, for a melonic rosette graph:

|F(G)] — R(G) = (d— 2)|L(G)| + 1. (112)

It is tempting to think that this is also the optimal bound for |F| — R for arbitrary graphs. Indeed, we
can prove that this is the case by recursion. Starting from the order p = 1, the unique connected vacuum
graph M, is the supermelon in figure 5] For the next order p = 2, we wish to add one black vertex and
one white vertex, or, in other words, a new dotted line. Each line carries at least d faces f% i # 0 of length
one, and can increase the rank at least of +1. Because of the connectivity constraint, it seems that one
colored line must be sacrificed, and bound a common face for the two dotted lines. Hence, the maximal
number of faces is 2d — 1 = 2(d — 1) 4+ 1, in accordance with the formula (I12). Concerning the rank, if we
wish to minimize this variation in the step p =1 — p = 2, the only possibility is to exclude the creation
of a k-dipole for & > 1, and so to create a new face f%. Hence, we loose d — 1 faces, and, if d > 2, this
possibility does not correspond to the leading order. Privileging the graphs with the maximum number
of faces is then more advantageous, and the connectivity constraint implies that the only possibility is a
melonic graph Mo as depicted in the figure [7]

The same argument survives at order p. Starting with a melonic graph of order p, M,,, we move from
the order p to the order p+ 1 by adding a dotted line. This dotted line can carry at least d faces, but one
is necessarily common with another dotted line, ensuring the graph connectivity. Hence, adding a new line
increases at least by d — 1 the number of faces, and the optimal graph corresponds to the melon M.
As to the rank, it can at least increase by 1. It is clear that the optimal graphs for the rank and the faces
are incompatible, because to minimize the rank variation, so AR = 0, it is necessary that no k-dipole (for
k > 1) and no face is created by the new line. Then, we loose d — 1 lines compared to the melonic graphs,
and this solution does not correspond to a leading order graph.
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Figure 7: The most divergent graph at the order p = 2.

Hence, the melonic rosettes correspond to the most divergent graphs, i.e. the leading order of the pertur-

A

bative expansion. Because L(G) = |L(G)| — |V(G)| + 1, we deduce the following result:

Proposition 3 Let G be a vacuum Feynman graph. Its divergence degree is bounded by
W(G) < Wineto(G) (113)
with
Wineto(G) = [(D = 1)(d = 2) = 2]|L(G)| = (D = )(d = 2)(V(G)| - 1) +1 (114)
which correspond to the divergence degree of a melonic rosette graph.

We are tempted to deduce from this theorem that the leading order graphs are also melonic. In fact, this
property can be seen as an elementary property of the melonic graphs. It follows from another elementary
result concerning the degree w(G.), i.e. that it is invariant under 1-dipole contraction [10, [19]. Yet, it is
obvious that the tree contraction given by the rosette in the previous proposition is a succession of 1-dipole
contractions, then:

Corollary 1 The leading order graphs are melonic: their degree w vanish.

From this follows trivislly that
Corollary 2 Only the melonic interactions contribute to the leading order graphs.

It remains to consider the non-vacuum graphs. It is tempting to think that the leading order graphs are
melonic, as in the vacuum case. This conclusion is right, but must be made more precise, and the result
is the following proposition:

Proposition 4 Let Gy be a non-vacuum graph with N external lines. Its divergence degree is bounded
as:

w(Gn) < (D = 1)(d = 2) = 2]|L(G)] = (D = 1)(d = 2)(|[V(G)| - 1) (115)

with equality for melonic graphs. In addition, an external mono-color face connects all the external black
and white vertices.

Proof: Let G be a vacuum graph containing Gy in the following sense. G C G means that G contains
all the vertices of G and has the same connectivity, and that a face of G is the sum of the internal and
external faces of Gy. In addition, this inclusion supposes that G can be obtained from G by cutting
some internal lines. Because of proposition , it follows that G is a leading order graph if and only if it is
melonic. Starting from this graph, we wish to build the most divergent graph with the same number of
external lines as Gy. Suppose that Gy has 2 external lines. From G, we begin by selecting a spanning
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tree 7 and we construct the rosette G. Now, the simplest way to obtain a non-vacuum graph from the
rosette is to cut an internal dotted line. An internal line is necessarily a dipole line, and carries d faces. In
addition, the rank has to be decreased by 1, and |F| — R decreases by d — 1 = (d — 2) + 1. Another (more
complicated) way to build a 2-points graph is to cut n internal dotted lines, to select 2 half dotted lines,
and to reconnect the 2(n — 1) remaining half dotted lines in an optimal way. But observe that cutting
these n lines decreases |F| — R at most by (d —2)n+ 1. Hence, we must at least reconstruct (d —1)(n —1)
faces and increase the rank by (n — 1), obtaining in a more involved way exactly the same result. It is
then obvious, from the recursive definition of the melonic graphs and their inherited connectivity, that any
reconnecting procedure, which does not correspond to the cutting of a singular dipole, increases the length
of the d externals faces, and necessarily reduces the number of internal faces. Hence, cutting a single
dipole is the more face-economic way to obtaine a 2-point graph which respects the melonicity condition,
and thus the maximization of the divergence degree. Therefore, from the rosette G, we obtain the leading
order 2-points graphs G5! by cutting one dipole, and the divergence degree of G is bounded by:

metolG2) < —2|L(Ga)| + (D = 1)(d = 2)[|L(G)] — 1] = —2|L(Ga)| + (D — 1)(d — 2)|L(G2)|
which bounds also the divergence degree of any 2-point graph.

Now, from the 2-point graph, we would like to build the 4-point graph. As previously, we start from
a rosette graph G5!, The same argument as before shows that the leading order graphs are obtained
by cutting a new dipole. But a new subtlety appears. Indeed, because of the special connectivity of the
melonic graphs, two given lines in G can be the boundary of one and only one internal face. If two
lines do not have common faces, they are called “face disconnected”, and if we cut two “face-disconnected”
lines, we loose 2d faces against 2(d — 1) + 1 if they are “face-connected”. Hence, it follows that the leading
order graphs with 4 external lines are melonic with an external face of length upper than 2 in the colored
extension graph. The same argument can be applied with N external lines. Then, from the complete

graph G , |F'| = R decreases by (N/2)(d — 1) + 1 when we cut face-connected lines. Hence,
meto(G) < = 2L(Gw)| + (D = 1)(d = 2)[|L(G)| - N/2]
= —2|L(GN)| + (D = 1)(d = 2)|L(GN)|,
and an external mono-color face connects all the external black and white vertices.
O

From proposition {4, we can easily deduce a criterion for just-renormalizability. Remember that a field
theory is said to be ”just-renormalizable” if its divergence degree does not increase with the number of
vertices. Because of the following “topological” relationship:

LG =S kn(G) — New/2 V() =S m(G). (116)

where ny, is the number of vertices of degree k in G (with & black (or white) vertices in their corresponding
bubble interaction vertex), we deduce from the previous theorem

Wineto(G) == (D — 1)(d — 2) — [(D — 1)(d — 2) — 2] N;J:t

kma:ﬂ

+ 3 ([(D=1)(d=2) = 2]k = (D = 1)(d - 2))m(G).

k=1
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Hence, renormalizability is ensured if, and only if, the maximal value k,,,, for the degree of the interactions
does not exceed
(D—1)(d-2)

(D—-1)(d—2)—2
This result allows to classify the just- and super-renormalizable TGFT models, on the basis of the Abelian
power counting. The super-renormalizable models are those for which k,,.. < kg, such that the divergence
degree decreases with the number of vertices, implying that only a finite number of graphs needs to be
renormalized. It is only when the divergence degree does not depend on the order of the pertubative
expansion, i.e. when the higher degree k.., equals kg, that the theory is said to be “just-renormalizable”,
and that the divergences can be taken care of by a renormalization procedure, implying the definition of
a finite number of counter-terms. The table below lists some potentially just-renormalizable TGFT
models, in the class we have been considering and on the basis of the Abelian power counting only.

kp =

(117)

Typgl d | D | kg Winelo

A 3 | 4 3 | 3=N/2—2n;—ny
B 4 3 2 4—N —2n4
C 5 12| 3 |3-N/2-2n1—ny
D 6 2 2 4—N —2nyq

Table 1: Table of potentially just-renormalizable theories

Note that some promising models for quantum gravity are absent of this table. This is the case, for
example, of models on SO(4)/SO(3) in dimension 4, the TGFT counterpart of the simplicial ones studied
in [24] 25, 23] and which have been a source of inspiration for this paper. Their absence is due to the rather
‘pessimistic’Abelian divergence degree, which, as discussed in section [4.3] is always higher than the exact
divergence degree. Hence, if all the models in the table are certainly just-renormalizable, this classification
certainly does not exhaust the class of just-renormalizable models. To emphasize this point, we adopt for
the following definition:

Definition 8 Any model which is just-renormalizable on the basis of the Abelian power counting only
is said to be Abelian just-renormalizable. Obuviously, any Abelian just-renormalizable model is also just-
renormalizable according to the general definition.

In the rest of this paper, however, we study only the Abelian just-renormalizable quartic melonic model
on [SU(2)/U(1)]*4, clarifying further why in this case the Abelian power counting is actually exact.

5.3 Exact power counting and melons

As explained in [19] in the case of a TGFT on SU(2), the Abelian power counting bounds the exact one,
and becomes equal to it for the melonic graphs. This fact follows from a special property of melons,
which are said to be “contractible”, up to a spanning tree contraction, and from the properties of SU(2)
holonomies. More precisely:

Definition 9 A subgraph H of a graph G is said to be “contractible” if it verifies

VfeFH) [[he' =1=h.=L
ecdf

Hence, in the language of lattice gauge theory, for contractible graphs, the flatness of the holonomies
imply triviality of connections, and it is obvious to see that any melon graph contracted with a spanning
tree (a melonic rosette, called “melopole” in the literature) is contractible. And because, for this class
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of TGFT models (based on simple group manifolds, with Laplacian kinetic term and tensor invariant
interaction with trivial interaction kernels), the divergences are dominated by flat holonomies, the power
counting becomes exact for these graphs.

The issue now is whether this conclusion is exact for our models on SU(2)/U(1). A careful investigation
shows that this is not so obviously true. As seen in section 7?7, the flatness condition for holonomies
is replaced by equation , involving additional group variables attached to each face in addition of
the connections attached to each lines, imposing the projection onto the homogensous space. Because of
this face dependence, the contractibility is not enough to guarantee the equivalence with the exact power
counting in the case of melopoles. However, because intuitively melonic graphs have a lot of short faces
(i.e. those with few boundary lines), it seems that they are at least those for which the exact power
counting is the closest to the Abelian one. More precisely, if the faces are essentially of length one, we
expect that the exact power counting goes to its Abelian approximation, as we will see in section [7] for
the simplest melopole. Another situation, in which the exact power counting goes to its Abelian version,
occurs when the faces share the same lines, and an example is given in section [(] More precisely, if a set
of lines [ carries d — 1 faces, it follows from gauge invariance that:

IT et =] e [T 6 o (118)
ecof ecdf  e€df

and this case can therefore be reduced to the case of a melopole with one line. Hence, only a subset of
melons have a divergence degree given by the Abelian power counting:

Proposition 5 Consider a potentially divergent melonic graph with an internal face of color i (with two or
four external lines); if it contains only faces of length one, or lines carrying d — 1 faces, then it divergence
degree corresponds to the Abelian one. We called this type of melonic graph an “Abelian melon”.

An example is given in [ below for the Abelian just-renormalizable melonic ¢* model on [SU(2)/U(1)]**.

Figure 8: Example of Abelian melon for the renormalizable ¢* model on [SU(2)/U(1)]**

5.4 Essentials about the just-renormalizable T model on [SU(2)/U(1)]**

The previous analysis shows that the special model in dimension 4 with group SU(2) and quartic melonic
interaction is just-renormalizable. The interactions of this model are of the form depicted in the figure [9)
below. There are exactly four interactions of this type, one for each choice of the color of the intermediate
lines between the two 3-dipoles. In the following, each interaction bubble b; will be labeled by the color of
these intermediate lines.
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Figure 9: The melonic ¢* interaction b;

Normally, each bubble b; can appear in the interaction part of the action with its own coupling but in the
following we will limit our attention to the simplest case where all the interaction bubbles have the same
coupling. Hence :

4
=1

As for the Gaussian measure, it, is given by the formula (or in the first formulation), and allows
to write the regularized generating functional as:

231, J] = / dpic, e Sm VT @), (120)

where:

(J, ) = /[d9]4j(91792,93794)??(91,92,93,94) : (121)

In its minimal prescription, the aim of the renormalization procedure is to give a sense to the limit
A — oo perturbatively. This issue will be considered in the following two sections.

From the previous section, a question remains: if it is now clear that the most divergent graphs are the
so-called melon graphs, it is not obvious that all the divergent graphs are melonics. In other words, we
have not proved that the melonic graphs contain all the divergences occurring in the graph expansion of
correlation functions, and we dedicate the end of this section to the answer to this question.

The form of the interaction bubbles in figure [J] allows to use a very useful representation of the theory,
the “intermediate field representation”, from which the problem can be translated into a simple recursion
relation. The building rules of the intermediate field representation are the following. From the basic
properties of the Gaussian integration, the generating functional can be formally rewritten as:

4
ZpJ, ] = /ducA Hdul(Ui)eimwzwwu,www,ﬂ 7 (122)

=1

—tr(o

where dpy (0;) :==e )do is the Gaussian measure for Hermitian matrices o;, ¥ = > X, and:

Ym0 1 . (123)

Now, the Gaussian integration over ¢ and ) can be performed, leading to the following effective multi-
matrix model:

4
ZA[J, j] _ 1—[dm(Ui)e—Tr1n(1-z\/ﬁ€2)+<J,RJ>7 (124)
i=1

where : R := (1 — i\/ﬁCZ)_IC. The Feynman rules are the following: expanding the logarithm, we
generate interactions with one, two,... n-external points, and a typical Feynman graph is composed of
several of these vertices, connected to each other by matrix lines. These matrix lines, of color 1 to 4, are
depicted by a wavy line, and the vertices, to which they are hooked, by a grey disk, as in figure [I0} In
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this figure, one of the grey disks has a dotted arrow line (a cilium). This grey disc does not correspond
to an interaction generated by the logarithm expansion, but comes from the expansion of the R operator
defined before , and a ciliated disk with n external wavy lines correspond to the term of degree n in
the expansion in powers of X.

Figure 10: A Feynman graph in the intermediate field representation

This representation has been studied in detail in several recent papers, e.g. [?]. An important result about
this representation is that the leading order graphs, the melons of the original representation, appear as
trees in the intermediate field representation. More precisely:

Proposition 6 In the intermediate field representation, the melon graphs are trees with one or two exter-
nal wavy lines, all of the same color, and connected to the same external face.

This can be easily proven by recursion. Now, we will use this property to see if all the divergent graphs
are melons. Starting from a leading order graph (a tree) with [ wavy lines (to each wavy line corresponds
a vertex of the original representation, and the number of these wavy lines is equivalent to the power of A
associated to the graph), we will investigate the different ways to build a graph with [ 4+ 1 wavy lines, and
the possibility that one of these gives a non-melonic divergent graph. Two of these ways are depicted in
figure[11} They correspond to the addition of a tadpole graph over a grey disk, or of a “field correction” on
a wavy line. But neither of them affects the tree structure of the starting graph, which remains a melon.

Figure 11: Addition of a tadpole over a grey disk and of a “field correction” over a wavy line

The two operations depicted in figure are more promising. They are both a deviation from the mel-
onicity, because both affect the tree structure of the starting graph (because of the connectivity of the
starting graph, the second operation necessarily builds a loop). As a result, only these two operations can
give us a non-melonic divergent graph, and we will examine these two possibilities.
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Figure 12: Addition of a self-loop and of a wavy line between two disks.

In the two cases, we increase the number of field lines by two (the field lines are the dotted lines of the
original formulation, which are hidden inside the disks in the intermediate field representation). The
number of faces increases only by one, and the rank does not change. Hence, the total variation of the
divergence degree is:

ow S 5wAbeh-an = —-20L + 2(5(F — R) § —2 s (125)

where waperian is the Abelian divergence degree computed previously. Because of the Abelian divergence
degree is 4 — N for a graph with N external lines, any graph with N < 2 becomes superficially convergent,
and we have proven the following result:

Proposition 7 All the divergent graphs with four external lines of the melonic ¢* model on
[SU(2)/U(1)]** are melonic.

The divergent 2-points graphs, however, can include submelonic contributions, and we expect that this is
indeed the case. This result does not affect the analysis of the rest of the paper, because, in all cases, the
melonic contributions are the most divergent graphs, and if the corresponding divergences are subtracted
by counter-terms, all the sub-divergences are automatically subtracted, and affect only the mass parameter.

As a remark, note that, conversely, for models of type A in table all divergent graphs are melonic,
and the melonic sector alone contains all the divergences of the model. This can be seen as follows. From
equation (111 and proposition [4] it follows that |F| — R can be written as

[F(G)] = R(G) = (d = 2)(ILIG)| = V(@) + 1) +p (126)

with p < 0 for non-vacuum graphs, and p < 0 for non-melonic graphs. By the same methods deployed
above to obtain the Abelian classification, we find that the divergence degree can be written as:

w(G) =3—N/2—2n; —ny + 3p, (127)

and is bounded by —N/2 for non-melonic graphs. Our conclusion about the Abelian just-renormalizable
model ¢* in d = 4 is fundamental for the following reason. The recent literature on TGFT renormalization
has shown that melonic graphs are interesting for two (closely related) essential reasons. The first one is
that the Abelian power counting become exact for these graphs, and the second one is that they are said
to be “tracial”, in the sens that any connected graph remains connected under contraction of a melonic
subgraph - a property which is essential for renormalization. In our case, however, we have seen that
divergent sub-melonic contributions can occur, but only for 2-points graphs. And fortunately, for such
graphs, contraction does not change the connectivity, as we will see explicitly in the next section [6.1, and
the renormalization procedure can be defined in a worst-case-scenario context, in which all the Abelian
divergent graphs are regarded as “dangerous”.
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6 Renormalization of the model

6.1 Divergent graphs and renormalized amplitude

The table shows that in the present case, the divergence degree of a Feynman graph GG with N external
lines is bounded by 4 — N (with equality for melonic graphs). Hence, a priori, only the 2 and 4-points
functions are potentially dangerous. Then, we adopt the following definitions:

Definition 10 Consider a Feynman graph G and let h C G be a subgraph of G with ny, external lines.
The subgraph h is said to be:

e superficially convergent if w aperian(h) < 0.
e superficially divergent or dangerous if Wapeian(h) > 0 = n;, < 4.

Definition 11 Consider a Feynman graph G. The set of divergent subgraphs D(G) = {h C G|w(h) > 0},
eventually including G itself, is the so-called divergent or Zimmerman forest. In addition, the Zimmerman
forest is an inclusion forest, in the sense that, taking two elements hy, hy € D(G), they are either included
one into the other, or vertices and lines disjoint.

The definition [10]is motivated by the following theorem, which states that the Feynman amplitude is finite
if it does not contain any subdivergent graph in the sense of the definition [10] :

Theorem 3 (“Weinberg” uniform) Consider a completely convergent graph G, i.e. a graph with no
subdivergences. Its corresponding Feynman amplitude Ag has the following bounds:

Ag| < KO K e RT. (128)

Proof. The proof is standard in renormalization theory, and we will only give the main steps. The first
step is to note that, when N > 4, one has 4 — N < —N/3 (the graph with five external lines does not
exist). Hence, for a given scale attribution p, the graph amplitude A verifies the following trivial bounds:

(k)
[Ag,| < JJ MmN
i,k

Now, we define:

Definition 12

1 = sup ¢ e = inf i ,
b(1t) leLbFG) (1) s(11) e (1)

where b stands for a vertex bubble b € G, and L,(G) is the set of its external lines. Note that b touches

a connected subgraph ng) if and only if i < 4,(u), and is an external vertex if e, < ¢ < 4. Therefore,
because each vertex touches at most 4 subgraphs:

HM G(k)/3<H H M2

7, k bGG(k)
€b<l<2b

and .
lip (1) — e ()|
12

[Ag,| < KO ] M~
b

Using the fact that there are at most 4 half-lines, and thus 6 = 4 x 3/2 pairs of half-lines hooked to a
given vertex, and that, for two lines [ and [" of a bubble b, |e, — 4| > |i; — 7|, we obtain:

A < KOT] I M ="

b (l,l,)ELbXLb
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This expression implies directly the finiteness of Ag. To understand why, observe that we can choose a
total ordering of the lines L(G) = {1, ...,jr(c)} such that Iy is hooked to an external vertex by and that
each subset {l4,...,ln }, m <|L(G)| is connected. Hence, for any line I;, we can choose l,;y (with p(j) < j)
a line sharing a vertex with [;, from which we deduce:

L(G
lig (1) — zl/(u)l IL@)| J” —i (])
H I H M
(l l/)GLbXLb
Because
Mfmj p(J) M? P(J)‘ 1
> < > TR
ilj Zl >le(])
we have

O
A, < K@ N [ M- MO @

p={i1,... i)t 7=1

O

When the graphs contain some dangerous subgraphs, the proof given above breaks down, and the
finiteness of the sum over scale attribution is not guaranteed. Therefore, the case of the presence of these
subgraphs must be considered in details.

e N=2 . We start with the case of a subdivergent graph with two external lines. The situation is
depicted in figure [I3| below. The structure of the amplitude Ag,, for the scale attribution s is

e :/Hd911d92ld91ld92lflu,c({g1z}7{gzl})cil({gua}{911})@2({921,}{92l})Mj(911,921) ,  (129)

where M, is the 2-points subgraph depicted in figure , 7 its scale, i.e. the scale of its highest line, and
A, is a completely convergent amplitude. The scale attribution is chosen such as j > 1,43, and the
subgraph M is said to be "high”. This is typically the region in which this graph is potentially divergent.
Obviously from the propagator structure one has M;(g,¢') = M;(gg ~").

Now, we define the real parameter t as follows: go1(t) = g11 exp (th 921) t € [0, 1], where X, € su(2) is

the Lie algebra element such that g = eXs € SU(2). Therefore, we can define

Auc(t) /HdglldgﬂdglldeZA,u, ({91}, {9201 Ci, ({9}, {gu}) Cin (921 (1), {g21141 }5 {G2 }) M (911, go1)

(130)
and A,¢ = A,(t = 1). We introduce the * application 7, such as:
w(M)
. ' 1 d"Auq
WMM;;H%TWm’ (131)
and the aim, motivated by the usual quantum field theory, is to prove that
. B (1 _ t)w(MJ dw(M])+1A G( )
Ao = (=i Al = [ al D B (132
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is finite. The first key result is the following obvious bound of the Lie derivative of the propagator in the
slice :
[£x,0:) “Cil{giy {g1}) < X, [P MO0 (133)

where || is the Killing norm of the su(2) elements, and Ly, 4, is the Lie derivative of the variable g; in
the direction X, defined as : Lx, 4, f(9) == f'(9¢"*?)|t=0. Because of the bounds , the derivative
appearing in increases the bound of the propagator by a factor M ©@Mi)+1iz Furthermore because
the norm of X 4-1g, Scales as M7 with M, the power | X -1 5“1 is bounded by KM~ (“(Mi)+1i Hence,

the total exponentlal decay is of the type
w(M;) + (wM;) + )iz — j) <=1, (134)

and the subgraph is made superficially convergent in the sens of the definition [I0]

b2 Vi

Figure 13: Sub-divergent 2-points graph

e N=4 We now turn to the melonic subgraphs with four external lines. A typical sub-divergence of this
type is depicted in figure |14| below, in which the graphs A(GZ?M are free of sub-divergences.

Figure 14: Sub-divergent 4-points graph

As in the previous case, we begin by writing the amplitude in terms of the three blocs defined in figure
[14 We define, with the same notations as in the case N = 2:

Ac / H H dglkdglkAG " ({gu},{g2}) (135)

=1 k=1

X Hcik({gkl};glﬂ( ); {gKi1£0}) H Cir (91 (), {grri0}; {Gri})

k=

({931} {941})/\/1 “(g11, g12; 913, 914)

As in the case of the 2-point function, we introduce the * operator 7, whose action is defined by the
equation (132)). The same argument as in the previous section can be applied to this case (there are
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two terms instead of one after differentiation with respect to t), and the conclusion is unchanged: in the
domain j > i, Vk, the subgraph M® is made superficially convergent in the sense of the definition .

The previous analysis motivates the following definition:

Definition 13 The renormalized amplitude AZ associated with the graph G is deduced from the bare
amplitude Ag though the Zimmermann formula (or forest formula):

Af =Y T Ac, (136)

FCD(G) ~eF

where D(G) is the Zimmerman forest.

The explicit form of the counter-term 7},A¢, is of interest for the next section. As in the previous
paragraph, we start with the case N = 2. From the definition (132)), we have three terms, corresponding
to the zeroth, first and second derivative with respect to t.

e Because M, is a class function, in the sense that M;(g1,92) = F(gig5') and F(g) = F(g™!) =
F(hgh™') Vh € SU(2), the zero derivative can be written as:

ThAG, = {/ dgMj(g)}AG/M,u , (137)
SU2)

where G/ M, 1 is the graph obtained from G by cutting the two lines of color 1 linked to the melon M,
and joining to one another the two half lines of color 1 linked to Ag .. In the usual terminology, the term
in square brackets corresponds to the mass renormalization. Note that this term includes presumably
some sub-melonic contributions, as mentioned at the end of section [5.4

e The case of the first derivative with respect to t is easier, because the property F(g) = F(g~') trivially
implies Az ,(0) = 0.

e The last case, involving two derivative terms with respect to ¢, also exploits the class properties of M.

Noting that > (L, )* = A su(2), Where the o, v = 1,2, 3 are the usual Pauli matrices, we can easily show
that

1
2 A, =1 / dgM,(9)|X, (138)
3 Jsu(2)

X /Hdglldg%dglldgﬂAu,G({gll}’{92l})
!

X Ci ({91}, {9u})Ag1, Cin (911, {92011 15 {G21})

where the term in square brackets corresponds to the so-called wave function renormalization term, and
gives the "first deviation from locality”, in the sense that the combination with the Laplacian operator
does not correspond exactly to an ”invariant trace”.

The case of the 4-point function follows the same pattern, but is simpler because only one term appears
in the Taylor expansion: the zeroth derivative term. It follows that the divergent term can be written as

oA = {/dgdg/M§4) (g,gl)} X Agjmw - (139)

where G /M® is the (connected) contracted graph obtained from G in the procedure detailed previously,
and depicted in figure below. This counter-term gives the coupling constant renormalization.
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Figure 15: Contraction of a 4-points subgraph

6.2 Counter-terms and renormalized series

The previous calculations show that the divergent parts of the dangerous graphs are all of the form of
the interaction and of the kinetic terms in the action, without gauge symmetry. Its a familiar situation
in quantum field theory, justifying the definition of the renormalized theory, which can be operationally
identified as follows. We begin by defining the renormalized quantities, coupling constant, mass and field,

[13%}]

labeled by an index “r”, as

b= 2\
A= Z2NZP(MA = 27,
m = Z 2N ZY2(Nym, = ZY/%m,
in terms of which the UV-regularized partition function can be rewritten as:
/dUo(ZuzZl/Qm )(Zl/Qwr, Zl/z&r)ezy%‘r Siet Tro, ($r )

/) 1/2 4 Tb; _r, r
- /d'LLC(ZlmZ}n/QmT)/Z(wra ¢T) Ar Zi:lT bz(w ¥r)

The covariance can be expressed as follows:
/d/'LC Z*1/2Z1/2m )/Z(’l/}Tu @T)wr({eu (bl}),(ZT({e;u ¢;})

Hzl DYzm(l>¢Z) lml(/'qb;)
_4W/dg 2 Zl(l—f—l)-I—Zlme?]

{l;;m;,m}}

/ 3 [Ti-y B(9) > Vi (6:: 60)Yi7 1, (65, 01)
Yo li(li+ 1) +m?
y 1
1+5ZZili(li+1)+5mmf ’
> il + 1) +m?

{li;ms,m}}

where, in the last expression, 67 := Z — 1 and ¢,, := Z,, — 1, and the factor 47 comes from the choice of
normalization for spherical harmonics. By expanding any Feynman graph in d; and 9,,, we generate all
the so-called ” counter-terms” needed to define a finite amplitude in the A — oo limit.

The previous propagator has the form:

C=1Tac (140)
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where C'is the propagator defined by , in which the bare mass parameter is replaced by the renormalized
mass parameter m,. From the basic properties of the Gaussian integration (in particular, the Wick
theorem) we can prove the two following results, even in the case in which the covariance C” does not
admit an explicit kinetic action term (i.e. an explicit inverse):

AC

H—AO SGtiSﬁeS

Proposition 8 For non-normalized Gaussian measure duc, the covariance C' = C —

the following equation:

/ e (0,9 [[ 9o Do (g} (141)

~ det {g] / dio(i, B)e fwwﬂw (g}

where

/g[)Azp /dg (—0z0; + 8mm2)ih () . (142)

Corollary 3 The previous proposition ensures that, even if C' does not correspond to an explicit kinetic
term, the counter-terms in A can be included in the interaction part Sy, and, for normalized Gaussian
measure:

[auertw.ire S T ) (1) (143)

/ dpic (1, )e I V=Sl szﬂ {a e (D),

where normalized Gaussian measure means that [ duc = 1.

In the Feynman expansion of a correlation function, the counter-terms in S;,,; allow to define an operational
renormalization procedure generating all the subtractions of the divergent parts of each divergent subgraph.
Hence, in the Feynman expansion, each amplitude corresponds to a renormalized one defined in definition
(13). Then, the Feynman expansion of an arbitrary correlation function Sy can be reorganized in the
following way, namely the “renormalized series”:

1
— E _ = Wil
SN . S(G) )\r A(;. (144)

This result is exactly what we obtain from the renormalized generating functional with the previous
prescription for counter-terms.

6.3 Bounds on the renormalized series

The finiteness of the renormalized amplitude can be proved rigorously. In fact, we can prove that, when the
graph contains some subdivergences, the renormalized amplitude A% is finite, but increases dramatically
as the factorial of the number of divergent forest. Proving this theorem requires to define precisely the
so-called “dangerous” and “safe” divergent forests:
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Definition 14 Dangerous and safe forests Consider a graph G, Ag,, the corresponding amplitude for
the scale attribution p, and Dg the set of divergent forests. Consider then H C Dg. We define iy and ey
as:

eg = Sup{il|l c H/ADG(H>} g = 1nf{zl|l € Ly QBDG(H)}
where Ly is the set of external lines of H, Bp, is the ancestor of H in Dg U H and Ap,(H) the
descendant, such as Ap,(H) = Upgonepsh. H is said to be “compatible” with D¢, in the sense that
Dg U H 1s still a forest.

The safe forest B, is then the complementary in D¢ of the set D, (F,) of dangerous or high subgraphs in
G with respect to the scale assignment i, defined as : D,, = {H € Dgleg > in}.

This definition allows to rewrite the renormalized amplitude as:

Ag=Y" A&, . (145)
fe€Dg
with:
Agy= > I 1T @=m)4e,. (146)
u|fEF, gef heDu(f)
or
Abr= > 11 11 11 —m)Acw - (147)
plfEF, gef gE€FfU{G} heD,(f)
By (h)=g

Beginning with the contractions over the safe forest f, we obtain, after appropriate organization of the

successive contractions:
[T Ac = T wlo/As9) (148)
gef gefU{G}

where 1v,(g) is the discarded part of the amplitude. Note that all these terms are not exactly disconnected,
because the contraction of the 2-points graphs reveal a non-local operator, which acts on another contracted
component. From the multiscale analysis, it follows that:

T wloason| < [T [Laeelossor] (149)
gefU{G} ger{G} i,k

Now, observe that the contraction over the high divergent graphs only affects the components g/As(g). It
follows then, from the analysis of the previous paragraph, that the decay of a renormalized graph g is at
most M ~1¢s~i| Hence, the renormalized amplitude is bounded by:

Ag| < Z H HMU/ [(9/85(9))F] ’ (150)
ulfEF, gefU{G} ik

where :
W' [(g/8s(9)f] = inf (= Lw[(g/As(9)D)])
except when (g/Af(9))F = g/Af(g), in which case

w'[(9/Ar(9))i] =0

From the decay factor of equation (150)), we can extract the factor M ~%mes(t) swhere i,q,. () 1= sup(u).
With the rest of the decay, we can sum over each component g/A¢(g) g € f, as in the proof of the Weinberg
theorem. Because of the following bound:

H KIV(9/As(9)) < K'V(@l 7 (151)
g€ fU{G}
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the sum over internal scale assignments in each g/A(g) is bounded by K'IV(6/As(@)l The remaining sum
OVer %4, 18 bounded by:
Z(imax)‘f'M’&W < ]f]!K'f‘ : (152)

where |f| is the cardinality of the set f. Because the number of sub-forests in a graph G can be bounded
by 2/P¢! we finally deduce the following theorem:

Theorem 4 (BPH uniform) Consider a Feynman graph G of order |V (G)|. The renormalized amplitude
AE has the following bound:
AR < KV Dg|!, K eRT | (153)

where |D(G)| is the cardinality of the divergent forest set in G.

As announced, the amplitude is finite but arbitrarily large, increasing dramatically with the size of the
divergent forest. This is the known problem of renormalons, which implies that the convergence of the
renormalized series is not guaranteed in a perturbative approach. To prove its convergence we would
need the help of the constructive theory and of Borel summability technology, which is not the focus of
this paper. To solve this technical difficulty, we use the effective series, defined in the next section, which
is renormalons-free. This result, added to the asymptotic freedom, proved in section [7| at the one loop
order, confirms the convergence of the effective series i.e. the perturbative series expressed in terms of the
effective amplitudes and effective coupling.

6.4 The effective series

The effective series is a more physical approach of renormalization, closely related to the Wilson approach.
It is a way to solve the renormalons problem and to ensure the convergence of the perturbative series
in many cases, as we will see below. The basic idea is the following. Consider a graph G and its bare
amplitude A,(G) at scale attribution s, as defined above. As we have seen before, in this graph, there
are some divergent graphs, which form the set D(G). But in fact, only a subset of these subgraphs is
potentially dangerous, the subset noted D, (G) in the previous section. The argument is that only this
subset needs to be renormalized, and the effective amplitude Azf 7(@) is defined by

ATNG) = ] (1 - m)AuG) | (154)

YeD,
about which we have the following theorem [19] [34]:

Theorem 5 (Existence of the effective expansion): Consider the formal (bare) power series defined
by:
1
A _ (A)
5= e | I (-4) 4o (159
G,p bEV(Q)

where V(G) is the set of wvertices in G including all the interactions compatible with the just-

renormalizability criterion and )\l()A) their coupling constants. This series can be rewritten in a more
convenient form in terms of the effective amplitudes:

S = Zﬁ [T (-3 | A7 @ (156)

G,p beV(G)
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where the >\I()Ae)b(G’ L) are the effective couplings, generated by the local part of the high divergent subgraphs.
They obey the following inductive relation

1
_)\l(m_ /\bz+1+ Z @ H ( )\éf\"H,u)) X H 1—=.) HTM ’

(H,y,ﬁ)é;ﬁ@ YeEV(H) meDLT\S MeS
(z)i (va“:S):(bvuv@)
(157)

with e, = sup{py, [ hooked to b}.

The notation introduced above will be defined precisely in the proof, for which we give only the main steps,
referring to [19, [34l] for details.

Proof (Sketch)

The basic idea is to introduce an intermediate step between the bare and the effective series as follows.
We consider a slice ¢ and define:

1 .
A (A) effi
SN B Z S(G) H (_)\b,sup(i,ib(G,u)) Au (G) ) (158)
G.u beV(G)
where 4
Adr Gy = 1] 1 -m)Aua) (159)
'yGDL
and

DY (G) = {m € D(G)in, > i} in = inf{, 1 hooked tob}

It is obvious that, if ¢ = p, where A = M?, the effective series reduces to the bare one. Assuming this is
true at scale 7 + 1, we can prove it at scale ¢ by induction, by multiplying the effective amplitude at scale
i+1bya sultable form of the identity, adding and subtracting the counter-terms in D} (G) \ D" (G) =
{m € D(G)lim, =i+ 1}, which changes A%//*1(G) into AS/1H(G),

Adb@y = 1] J1a=7m+m0 ] (0 —7)A.G)

SCDi\Dj"t MeS yeD;,
S#0

The completely subtracted piece changes A%//+1(G) into A%//(G), and the second one is developed as a
sum over S as follows:

1 .
A _ = (A) ef fri
Sy = Z s(G) H (_)‘b,suz;(iJrl,ib(G,u)) AM,S @)

(G.p,5) beV(G)
SCDI\Dj

with

AT =Tl Emn T @-maue)

MeS meD\S

and in particular Aef £ Aef £i. A subtlety appears in this case because the 2-point divergent graphs
(with degree w = 2) mtroduce two counter-terms, one for the mass and one for the wave-function. For
this reason we modify the previous definition of S, and introduce the new definition:

S = {(M, ky)|M € S, kpr €0,2, kpr < w(M)}
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Secondly, we introduce the collapse ¢; which sends the triplets (G, p, S ) to its contracted version (G, 1/, 0),
such that the previous sum can be rewritten as a sum on G’

gA E E M | | (=AM (160)
N o 8(G) b,sup(erl,zb(G,u)) ’
g’ {(G 1yS) k= bEV(G)
¢ (g/ / (z))

Decomposing
[[E0= 11 II =
MeS§ VeEV(G) \MeS, Mce; (V)

in the sum ((160)), we find that it gives exactly the effective sum at scale i given by (158)), if the coupling
satisfies the recursive relation of the theorem.

O

The coupling recursion defines a discrete flow, for which the initial data are, as usual in standard quantum
field theory, imposed by the 1PI functions at zero momenta.

The main interest of the effective series is that all these amplitudes are bounded in the form [19]
|ATH(@) < KV (161)

a result which can be directly deduced from the theorem 4 proved in the previous section, in the special case
where the set of inoffensive forest is empty. Remarkably, in the previous bound, renormalons do not appear.

Another important fact about the effective series and effective coupling constants is their relationship with
the renormalized series. In fact, if we define the renormalized coupling by A, := A_;, and if we reframe
the effective series in terms of the renormalized coupling, we find exactly the renormalized series.

7 Running of the coupling constant and asymptotic freedom

In this section we study the behavior of the one particle irreducible part (1PI) of the 2- and 4-point
correlation functions at the leading (melonic) order. From these results, we deduce the beta function,
describing the behavior of the effective coupling A.¢; with respect to the UV regulator A. It turns out that
this beta function is negative, meaning that the theory is asymptotically free at least at one-loop order.

7.1 Divergences of the 2-points function

At one-loop order, the divergences are due to the melonic tadpole diagrams, an example of which is
depicted in figure [16] and corresponds to the following amputated Feynman amplitude:

AW (g7 gs) :/ —om /dl/dk/ [dh]*
1/A2 Ur(1

(lhl) (lh2>Ka(lh3) (gt 95”14) (162)
:Z/ o dl/dk/ dhl (2l +1)
ly,my 1/A2 Ug(1)*
X Ko (1hy) Ko (1ha) Ko (hs) D} m40 (()lj?)u[gt g,Jetetalla+)



where we have performed the integration over hy, and used of the cyclic permutation invariance of the
heat kernel : K,(g192) = Ka(g2g1). We define:

(4) _ —Ozm
AM;Z4’m_//A2 /dl/dk/U - dh
& (

X Ko (Ih1) Ko (Ihs) Ko (Lhs) DU e 100 l4+1, (163)

such that As\a (9:'gs) = 214,m A,(/Ctl);l4,m(2l4 + 1)D(()l,f71[9;198]-

The aim is to extract the divergent part of the previous expression.

- ~
- ~
- ~

Figure 16: Tadpole contribution to the one-loop 1PI 2-point function

As the divergences occur in the vicinity of @ = 0, we can make use of the corresponding approximation
for the heat kernels appearing in ((162)

(X,X)
3/2 — &2

Ku(g=¢e%) — (4mar) (164)

where (.,.) : su(2) — R is the (normalized) Killing form on the Lie algebra. The vicinity of o = 0 forces
us, in the saddle point approximation, to evaluate only the fluctuations around the identity for each group
arguments :

eXteYhi 1T where 1 =:eX  h;=:e . (165)

Hence, the integral in (163]) behaves as

3
1 9/2 9 304323+ (23 —y1) %+ (23— y2) 2+ (z3—v3)? _9
(4—) d°x H dy;e 1o ~ ,
T R2 R

where z m:J = X; and zij k= Y;. Note that the power of o coincides with the divergence degree
computed prev1ously Hence, we conﬁrm its validity in this simple example.

The divergences come from the negative powers of a. In order to extract these divergent parts, we use the
general group manifold analog of the following identity for the Gaussian distribution on R%:

e = (4ma)5(7) + (4m0)Padd(@) + O(a’F) (166)
a—

where A is the Laplacian on R?. This relation can be extended to the general group case as follows: for
any function f(g) on SU(2), and with X, such that g = e*7, we have:

[dse 5 100) = (167)
o x tXg 2 tXg
/dge_<gv g>|:f(]1)+df<€ ) +1df(€ )t_0_|_...}
(Xg,Xg)

dt =0 2 df?
= /dge da [f(ﬂ) + Lx, f(I) + %ﬁxgﬁng(ﬂ) + - 1

= (4ma)*2 f(I) + (4ma)* el gy f(I) + O(@*?)
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where in the last step we have used the reflection symmetry of the Gaussian, the relation Lx, = >, X7 Lis,,

and the definition of the Laplacian : Agy(a) = > (ﬁm)Q. This result allows to extract the divergent part
of (163). From the power counting, it follows that the divergent contributions are all contained in:

AMZW'_//AQ e /dl/dk/dh 1h;)

1
X [1 +5 ZXf‘Xl”ﬁmL‘wy] DI (1 - daly(ly + 1)) . (168)
W,V
Because of the gauge symmetry, any term involving X' XL, L, vanishes when p # v, and does not
depend on v. Hence, the sum can be replaced by (X}')?>" (Lir,)? = (X})*Asy(2), and because of the

relation

Asu(zyDio(l) = —4ly(ly + 1) Do (1) = —4ly(ly + )80
we find:

+oo 2
(4) o0 _ —am? 1 1 16 6m0 16
Attitom = 0o // doe" 2 (1a) [1 —golllit D) = | g Rt D)

Note that, as explained above, the terms which do not appear in this expression have a power of a higher
than —1, and do not diverge when A — oco. From the definition of (163]), we finally obtain:

o/ 1 4 -
AN (97099 =Y 5 [L + 3% AJ (26 + 1) D5g g g
lg

1 4
{11 + =1, A4} /dk4dh4K0[98h4gt_l] )

" 4872 3
where we have used the fact that A4D00 [9;  gs] = —4ly(ly + 1)D(()l"6) [9; 'gs], and introduced Z; and T,
defined as:
o d >
T ::/ L emem (169)
1/A2 «
+o0 d
T, :—/ Bemom? (170)
1/A2 (07

We obtain a similar expression to (169 for each of the four colors of the intermediate lines. Hence, the
complete amplitude T’ ({ gt} {9s;}) is (a global factor 2 comes from the Wick-theorem):

L2 ({90} {9:.3) = /HdgzdngAM ) (171)
11609 a)Ca ({9}, {9 }) Ca{g}, {95 })

I#i

A 1
— _@ |::Z’-1 + 51_2 ASU(2)X4:| CA({gtk}7 {gs}) )

where the first term is interpreted as a mass renormalization and the second one as a wave function
renormalization.
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7.2 4-points function

We now move on to the computation of the 4-point function. At one-loop order, the leading (or divergent)
graphs are of the type depicted in figure [17] below, with one melonic loop between two vertices.

L A o A -
Figure 17: Melonic contribution to the 1PI 4-points function at the one-loop order

The amputated Feynman amplitude can be easily obtained from the Feynman rules and from the previous
calculation. We find:

+o0o

A (90, 91,9, 0)) = / » da dage™(@1Fe2m? / dlydl, / dleydks / [dh']3[dh?)? HKQWQ (21,1}
1 i=1

{ _
30 D)+ DL D ) | DU (50 D, 67 ) + 3 4 o
la,m
lyom

To extract the divergent part of this amplitude, we consider the Hepp sector a; > as, and define the new
variables o and [ as:

a =« (172)
s — % - 5(@1 . %) (173)

such that @ € [1/A% o0o] and B € [0,1]. In terms of these new variables, the Lebesgue measure
becomes:dadas = adadfB. Because of the presence of «, it follows, from the previous computation,
that the divergent contribution comes from the approximation:

Ka(g) ~ (), (174)

and using the same approximation scheme as before, we deduce that the divergent part of the 4-point
amplitude, defined as the contribution involving a negative power of «, is:

2

A B )
AN (g5, 9000l g)) = wal / dkydh,y {Ko(gt t9sha)0(gigs) + 95— gL (175)

7.3 Renormalization and asymptotic freedom

In order to extract the dangerous part of the expression obtained above, i.e. the terms involving a positive
or null power of A, we study the behavior of the integrals Z; and Z,. Firstly, observe that an integration
by part gives:

T, = N2 N _m?T,

Secondly, observe that the divergence of Z, is at most logarithmic. Hence,
Ty = Aln(A) + O(1/A)
By differentiating the two members of this equality, we obtain A = 2, and finally:

I, ~ A* —2m?In(A) (176)
T, ~ 2In(A) . (177)
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Hence, for the 1PI 2-point function, the dangerous part I'%, is equal to

MO (g} {9)) = o3 | A2 = 207 () + 2 () Asupps | Cal{an} fosh) . (78)

which fixes the divergent (or essential) parts of the mass and wave function counter-terms as:

A
om3;, = s [A* = 2m?*In(A)] (179)
A

Similarly, from the expression ((175]), we deduce that the divergence is exactly compensated by an inter-
action of the initial form with an intermediate line of color 4, if this interaction is proportional to the

counter-term d\, with:
2

1272
This result allows to obtain the dependence of the effective coupling on A. Indeed, the effective coupling
includes the effect of the wave-function renormalization. Hence:

A+ 0N

0N =

In(A). (181)

Aepr(A) = =5 (182)
By differentiating the two terms, and using the relations (178]) and (181)), we find:
dNess 5
A =— A 183
dA 362"/ (183)

where the minus sign means that the model is asymptotically free.

8 Conclusion

We have studied the renormalization of a TGFT model on the homogeneous space (SU(2)/U(1))?, endowed
with the additional gauge invariance condition, using multi-scale methods. We have proven renormaliz-
ability to all orders in perturbation theory for the model with melonic quartic interactions in d = 4 (and,
implicitly, super-renormalizability for the model in d = 3). This is the first example of a renormalization
analysis for a TGFT model on a homogeneous space, rather than a group manifold, and a promising step
forward towards 4d gravity models, which have similar formulations.

For the same model, we have also computed both the renormalised and effective perturbative series, and
established its asymptotic freedom at one-loop order, by the analysis of the 2-point and 4-point correlation
functions. This is another interesting result, because it support the view that asymptotic freedom is generic
in TGFTs, and even survives stepping out of the simple group-based setup to move to homogeneous spaces.
Clearly, however, more work is needed to confirm such general expectation.

Whenever possible, we have also generalised our construction and results to arbitrary homogeneous spaces
of the type SO(D)/SO(D — 1) ~ Sp_;. This included a general Abelian power counting, and a corre-
sponding classification of potentially just-renormalizable models, for various choices of D and d. However,
as we pointed out, the exact power counting of such more general non-abelian models may deviate from
the Abelian one, and a more detailed case-by-case analysis needs to be carried out in order to prove (or
disprove) their perturbative renormalizability.

To keep moving in the direction of 4d quantum gravity models, as defined in the spin foam context, is our
next goal. In particular, the mentioned detailed analysis of divergences and exact power counting should
be performed for TGFTs on the homogeneous space (SO(4)/SO(3))?, the case d = 4 corresponding to
the so-called Barrett-Crane imposition of the simplicity constraints reducing topological BF theory to
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gravity (see [23] and references therein), defining interesting 4d quantum gravity models (in absence of
the Immirzi parameter). We expect the results of [33] to be a good basis for such generalisation. The
Lorentzian counterpart of these models would of course be the next target. After this, one would have
the proper understanding and basis to tackle the deformation of such models induced by the Immirzi
parameter, which brings out of the homogeneous space setting to more general sub-manifolds of the SO(4)
(or SO(3,1)) group manifold (see [7].

It is clear that the path towards a renormalizable quantum field theory for the ‘atoms of space’is still long,
but it should be also clear that we are making steady and important progress along it.
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