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1 Introduction

Group field theories (GFTs) are usually defined as tensor field theories over a group manifold.
Introduced in the beginning of the 90’s [I], they rapidly become pertinent candidates for
quantum gravity [2, B, 4]. In a nutshell, GFTs provide a framework for addressing the
problem of the emergence of the topology and the metric properties of spacetime [4].

Since the inception of GF'T, several studies have been led using the path integral approach
[5]. Interesting facts pertaining to the renormalization program such as power counting the-
orems [0]-[13], an emergent locality principle [12] [14], Ward-Takahashi identities for unitary
symmetries [I5] have been highlighted. Furthermore, a large 1/N topological /combinatorial
expansion [16][17] for colored GFT models [I8], 19, 20] portends new and fertile contacts with
models in statistical mechanics [21]-[25].

(Classical aspects of GF'T have been also examined. For instance, the equations of mo-
tion for GFT models possessing a trivial kinetic ter have been solved, thus providing an
explicit class of instantons for these theories [26]. These solutions were used to compute a
class of effective actions. We can also emphasize that, using a group Fourier transform (for
seminal works on this topic and more applications, [27] affords a recent review), GFTs can
be seen as noncommutative field models with a set of diffeomorphisms which turns out to be
related to a deformed Poincaré group [28, 29]. Interestingly, one notices that the group man-
ifold initially associated with the background space on which the fields are defined, becomes
finally a curved momentum space via this group Fourier transform [30]. The direct space
generated after inverse transform is flat whereas the algebra of fields is traded for a non-
commutative algebra endowed with a x-product. Nevertheless, other interesting properties
at the classical level have been yet investigated. Another contribution emphasizes to what
extent the dynamics matters in the renormalization program for GFT [I4]. Implementing a
dynamical part for GFTs will certainly affect the Noether analysis for symmetries for these
models whereas Noether currents in the absence of dynamics are trivial, in general. Thus the
present contribution addresses, in a more traditional field theory spirit and by reconsidering
the group as a base manifold, the issue of the classical formalism for GFTs.

We should emphasize that some anterior investigations have been carried out on field
theories on a Lie group regarding both classical symmetries and also some of their quantum
implications. For example, a ¢? quantum field theory on the affine group has been studied
in [31]. Furthermore, diffeomorphisms and Weyl transformations in a curved ¢* theory and
their implications have a long history (see for instance [32][33]). We will not use, in the
present contribution, the same route but will focus either on the gauge invariance of fields
or on the nonlocal feature of GFT. Indeed, these two features of GFTs, and among these
the nonlocal character of GFTs which should be regarded as the most peculiar, will have
drastic consequences on the regular properties of classical symmetries that one is accustomed
in ordinary field theory. It can be anticipated that the core notion of local conservation of
currents will be drastically affected as it is the case in other well known nonlocal field theories.
This is indeed the case of the so called field theories on a noncommutative spacetime [34].
For instance, in any Moyal type noncommutative field theories, the action possesses Poincare
currents with an explicit breaking for the local conservation property [35]-[39)].

I The kinetic term of the most basic GFT is trivial: it is simply composed by a mass term. A typical
nontrivial dynamics is governed, for instance, by a Laplacian on the group manifold.



In this paper, we study the classical dynamical GFT over D = 1 and then D = 3 copies
(that we shortly call dimensions or rank) of SU(2). The case D = 2 turns out to be equivalent
to the situation D = 1 due to the gauge invariance condition on fields. Our results can be
extended without ambiguity in any dimension. As it will stand the action simply describes
a gauge invariant tensor scalar field theory over D copies of the sphere S* with a local (for
D = 1) or nonlocal (for D = 3) interaction. The main issue in the present study is to
show that the procedure for solving equations of motion or for studying the symmetries of
the action finds an extension in a curved, tensored and nonlocal theory. The translation
symmetry and the corresponding energy momentum tensor (EMT) have been worked out.
We find that the EMT appears to be symmetric in a certain sense but not locally conserved
for D > 1 in ordinary GF'T. However, we surprisingly find that the colored GFT possesses
a covariantly conserved quantity obtained by integrating some EMT components. We then
address another interesting question which is the implementation of dilatation symmetry or
scale transformation at the GFT level. Requiring the invariance under dilatations, in the way
we perform it here, yields a radically different action from the translation invariant action.
We compute and characterize the current tensor associated with this transformation.

The content of this paper is the following: Section 2 is devoted to the model presentation
and the first steps of the classical study: we solve the equation of motion for free fields
for the dynamical Boulatov model in D = 3. Section 3 thoroughly undertakes the Noether
theorem for translation and dilatation symmetries for a 1D GFT as a guiding example for
more complicated higher rank GFTs. Section 4 discusses the same symmetries for general
GFTs. Section 5 deals with colored models and their particular characteristics. Section 6
summarizes our results and also provides outlooks of this work. Finally, a detailed appendix
collects the proofs of our claims and useful identities invoked along the text.

2 The dynamical Boulatov-Ooguri model

The prominent properties of the dynamical three dimensional GFT over G = SU(2) are
quickly introduced (for more details on the general formulation see [2, 3, [4]). This will be
followed by the resolution of the field equation of motion without coupling constant. The
Noether analysis of symmetries will be differed to the next sections. This section admits a
straightforward extension in any GFT dimension D > 1.

The model - The fields belong to the Hilbert space of square integrable and gauge invariant
functions on G® which satisfy

o(g1h, g2h, g3h) = d(g91,92,93) , Yhe G . (1)

The shorthand notation ¢(gi1, g2, g3) = ¢1,2.3 will be used henceforth.
The action S3p is formed by a kinetic term and interacting part. The kinetic term has
the form

3 3
1 g 1
Skin,3D [¢] = /[g dge] [5 ; ggv(s)i ¢1,2,3V(s) j ¢1,2,3 + §m2¢1,2,3 ¢1,2,3 ) (2)

where dg; denotes the Haar measure on G = SU(2), the operator st) represents the covariant
derivative (acting here merely as a partial derivative on above fields) defined with the Levi-



Civita connection on S* ~ SU(2). The index (s) will always refer to the tensor structure
and so to the particular group element g, with respect to which one derivates The labels
i,7 refer to the local coordinates and, therefore, are lowered or raised by the S® metric
gij. Note that the Haar measure of SU(2), dg can be written in a more standard fashion
with respect to a theory on a curved background as dg = (272)~'y/| det g|dfdp,dp, with
g = df? + sin® O(dp? + sin? pdp?).

The interaction in D dimensional GFTs is nonlocal and dually associated with a D-
simplex. For D = 3 dimensions, the interaction is

A 6
Sint,3D[¢] = Z /[H dgé] ¢1,2,3 ¢3,475 ¢572,6 ¢674,1 ) (3)

/=1

with a particular pairing of the six variables according to the pattern of the edges of a
tetrahedron.

By reducing the kinetic part to a pure massive term and considering the interaction term
@), one gets a model belonging to the class Boulatov-Ooguri models [I]. We will refer to
models including Laplacian dynamics as dynamical GF'T models.

Formally, a Lagrangian density can be defined as

1 - 1 A
Lip = 5 Z V@) 01,23V (s)i P1,2.3 + §m2¢1,2,3 P1,23 + 1 1230345 P5.2,6 P6,4,1 - (4)

The density (@) should be integrated here over six copies of the group (one copy for each g;,
i=1,2,...,6), this is the base manifold of the present GF'T. Remark that, the kinetic part
does not involve g;, j = 4,5,6, but the integration of these three variables is without any
effect since the Haar measure is normalized.

Defining the quantity (@) as the Lagrangian density will not affect the remaining develop-
ments. Indeed, one should keep in mind that, in the Noether procedure, the field variations
are taken with respect to the action and provide equations of motion for fields. The latter
are, together with the data of infinitesimal field variations under a given transformation and
boundary conditions, the main ingredients in order to apply the Noether theorem. Current
calculations have to be performed, as it should be in ordinary field theory, by varying all
quantities invoked in the action, up to a surface term. It turns out that, for the field symme-
tries treated hereafter, what we have called formal Lagrangian density appears as a natural
object which is a part of that surface term. This is in exact agreement with the appearance
of any ordinary Lagrangian in the computation of a Noether current, for instance the EMT.

The equation of motion for the field results from the action variation:

0Siin3p , S -
0= 5;17’;: + 5¢;2§ = — zs: Agydr23 + m*¢103 + A /[g dgi| ¢3.45 Ps526Pea1 . (D)

with A being the Laplace operator on the group. Remark that in order to get (&), we
implicitly used an integration by parts and the fact that the sphere does not have a boundary.

2Tt will be also called strand index in the following, s = 1,2, ..., D.



Furthermore, one should also rename cyclically the group arguments in the interaction in
order to vary properly this nonlocal term.

Colored GFT - Colored GFT models [I8][19] have mainly the same definition as above
with the crucial attribute that fields possess an extra “color” index ¢®. We will choose them
to be complex valued functions. The number of colors being the number of fields in the
interaction. For the Boulatov colored model, we have a = 1,2,3,4. More generally for a D
dimensional GF'T, the color indices are a = 1,2,,..., D + 1. All field properties remain the
same as previously and a Lagrange density for the 3D theory can be given as

Lo = Z szs ¢[1123 ‘¢C1L23+m2¢_>a23 ¢[11,2,3]
+>\¢123¢345¢526¢641+)\¢123¢345¢526¢641~ (6)

Important quantum topological aspects lie in the “coloring” of GFT [19][40]. For the present
work, we will indeed see that even at the level of classical analysis, implementing this extra
color index to field might lead to an improvement of the features of the Noether currents for
a given symmetry.

Solving the tensor Klein-Gordon equation - In [26], treating the Boulatov model, a
class of solutions for the equation of motion has been found. In the present situation, another
issue due to the dynamics arises. However the equivalent of Klein-Gordon equation can be
again worked out. We have to solve

- Z Ay@123 + m2¢1,2,3 =0, (7)

for gauge invariant fields. Using Peter-Weyl decomposition (see Appendix [A] for a summary
of following notations), the above equation is equivalent to

> bk <—Zc<ja> +m ) 11 vd.Dk ..(9.) =0, (8)

JasMa,Na

with C(jo) = Ja(jo + 1) denoting the Casimir or eigenvalue of Ayy. A solution of the
Klein-Gordon equation for D = 3 GFT is therefore

¢123 - Z ¢ma,”a Za 10(](1 —m2 OH V ]aDma,na ga ) (9)
JasMa,Na
where gbm n, 1s assumed to satisfy also (A.3)). For large spin j,, the solutions (@) are such

that only modes ¢/« with J2 + j2 + j2 = m? remain in the field expansion.

3 Translations and dilatations: 1D GFT

In this section, as a preliminary and essential study to the full picture for any GF'T dimension,
we first start by Noether theorem for translations and dilatations for GFT in one dimension.



The latter theory is local and the analysis in this local framework will be compared to the
analogous for a GFT in any dimension D > 3 which is nonlocal.

In 1D GFT, the gauge invariant condition (I]) for fields should be abandoned as it is
equivalent to the requirement of constant fields. The bottom line is the data of an action
over one copy of G of the form

Sildl = [ dg L1v(6.V9). Lin = 38" Viol0)Vi0le) + yre*le) + 360 . (10

3.1 Translations and EMT

A right translation] symmetry by an element h is simply the right group multiplication
g +— gh. Under this symmetry, a field transforms as

o(g9) — d(gh) . (11)

At the infinitesimal level, given a local coordinate system, the variation of any field is given
by

3
dx¢p=X-00=> X'0¢. (12)
i=1
The operatOIH
6 5
W00 = [ dagtaz (axe? S0+ dxo 0) (13)

acting on the action S;p (I0) allows one to define the Noether theorem for a given symmetry
with parameter X for which an infinitesimal field variation dx¢ is given. Operators of the
kind ([I3]) prove to be useful tool either in the situation of a gauge symmetry (and are indeed
related to Ward identity operators when acting on a partition function), or when one deals
with nonlocal interaction as appear in noncommutative geometry or matrix models [35]-[39].
In the following and according to the context, this operator will take different forms and will
enable us to treat the nonlocal interaction properly.

Considering ([I2)), one obtains after some algebra (Appendix [B.I] provides details of the
derivations)

9 |
W (XS =~ / d8dip de? Oy(y/Tdetg] gVT) | (14)
k

where T;; is the EMT given in a covariant form as

Tiyj =Vi¢p Vo —gi;Lip . (15)

3Left translations can be carried out in a similar manner.
4In the following, the normalization 1/(27%) of the Haar measure will be dropped.



The properties of the EMT are quite straightforward: 7;; is symmetric and covariantly
conserved. Using the equation of motion, it can be proved (see Appendix [B.I]) that

V'T;=0. (16)

Nevertheless, the sense of conserved charges remains unclear at this level. Indeed, there
is a priori no preferred coordinate embodying the ordinary role of time and no obvious
partial integration on the remaining variables for which a correct conserved quantity could
be generated from ([I6l).

For a massless theory, the trace of the EMT (IH) is not vanishing. Note that also the
usual EMT in a massless ¢} theory is not traceless. A traceless EMT can be only built by
adding a correction to the original EMT. Here, the naive improvement procedure by adding
an extra term to the EMT such that

A 1
T = Tij; m=0 + B(gijvkvk — V.V,)¢? (17)

yields still a symmetric tensor but it is neither traceless nor covariantly conserved (the
obstruction of that local conservation can be expressed in terms of the Ricci tensor associated
with the connection). Insisting on the traceless improvement procedure for the EMT (I3]),
one can perform the following modification:

1 1
B g

such that Tr 7" = 0 is recovered for for 3/ = 2 and 8 = 4. Note that, 7", even though
symmetric, is not covariantly conserved.

TAZ/J = Tijim=0 + =80V Vi + —=Vi¢V;0 , (18)

3.2 Dilatations and current vector

Group dilatations - Unlike in the flat and noncompact space case, the notion of dilatation
symmetry on a compact manifold like the sphere is not an obvious concept. We use here
an idea familiar to wavelet analysis on the two-sphere [4I] for discussing the concept of
dilatations on the sphere S®. We will show that these dilatations can be implemented for
particular GF'T models.

Let a be a real strictly positive number. Given a group element g = g(6,7) € G ~ S3,
characterized by the class angle § and the unit vector 7 € S?, one defines themap d, : G — G
such that g — g, with

9o = 9a(0a, 1) , tan@ = atang : (19)
2 2

More intuitively, the group element g, can be viewed as follows: given g € S3, project g on
the tangent 3D hyperplane at the North pole by a stereographic projection from the South
pole; apply an usual Euclidean dilatation by a to the projected element in the flat space
and then project back the result onto the sphere S* by the inverse stereographic projection.
Remark that the stereographic projection is not well defined at the South pole and this will
also have consequences in the formulation with some undefined ratios.



Under this mapping, the 6 dependence of the Haar measure undergoes (Appendix
provides justifications of the following results)

2a

df(sin 0)* — df,(sin6,)* = (u(a,))3do(sin 6)* wla,0) = A=) cosf 11T

. (20)

In fact, restricted to the two-sphere, dilatations of this kind together with translations belong
to a subgroup of the Lorentz group SOq(3, 1), the component of SO(3,1) connected to the
identity, which acts conformally on S? [41]. For our situation of the three-sphere, we foresee
that dilatations and translations will reasonably belong to a subgroup of conformal group
acting of S* [42].

Discussing infinitesimal variations, the angle 6 transforms as

0.0 = 2 arctan[(1 + €) tan g] — 60 = 2¢ecos g sing =esind . (21)

Dilatations and current vector - Scale invariance for fields for 1D GFT corresponds to
the requirement

6(9) = 0(94) = n(a,0)'6(g) - (22)
Infinitesimally, the above transformation finds the variation (see (C.42]) in Appendix [C.2])
ded(g) = —€[cos O + sin By |p(g) - (23)

One notices that the group field dilatations (22]) might be different from the so-called canon-
ical Weyl transformations considered in [33].

Considering the infinitesimal generator associated with this transformation (acting on
fields)

D = cosf + sin 0o, (24)
together with translation generators d;, we have
10;,D] = 0,D", [D',9;] = 6;oD, [D, D] = -0y, D' := (—sinf + cos 69y) . (25)

The generator D’ can be seen as a rotation of D by an angle of /2 and so defines a generator
of a distinct dilatation seen from another pole (West, up to a sign). Hence on the algebra
of fields, the translation generator dy, D and D’ associated each with a different dilatation,
form a closed s0(2, 1) Lie algebra of vector fields. This can be seen by first multiplying each
generator by the complex i and then rename Ky = idy, K1 = D and K, = iD’. Note also
that other translations generators 0;/, j # 6, just span a central extension to be added to
this Lie algebra.

Since the Haar measure transforms according to (20)), a scale invariant action is of the
form

ki
Seealel) = /dg [(sin 9)_1%(0k (sin0¢))(0, (sin b)) + 2 sin A



= /dg[ (sinf)™"=— {5k 001,0]cOS 0¢]* + 26, 0 cos0sin0¢p0,¢ + (sinb) akgbalgb}

+% sin 9¢4} . (26)
It is worth emphasizing that, due to the explicit appearance of the coordinate 6 in the
Lagrangian, we expect a breaking of the ordinary notion of local conservation of current in
this theory. Note also that a mass term could be also included but, for simplicity, we will
not consider it.

The field equation of motion reads

5Sscale 0 2 ~
5 =0= (o) (CS?Z ; ¢ + (9) cos 00y — Dp[(e) cos O] — A + (8)Asin g’ , (27)

() :=+/|detg|, A¢:=0, {(e)sinbg"0,0},

where A is a modified Laplacian. The metric variation will be not considered this time and
rather consider the functional operator for solely field dilatations given by

W(e)() = / 10dg' A5 .62 (). (28)

00

We have to evaluate the variation of the action under (28]

a scale __ a 1 2
@St = o /d@dcp d {( D) x

[( )(COS 0)* & + (9) cos 00y — Dp[(e) cos 6] — A + (8)A sin9¢3]} (29)

sin
and will prove that this can be computed as a surface term. A direct, though lengthy,
calculation (see Appendix [C.3]) yields the current

Dj =sinf [cosf +sin0 V] ¢ V¢ + gjg cos 0¢ [cos 0 + sin V] ¢ — gjosin 0L55°,  (30)
that we put in another form
Dj = Vy(sin0¢)V,(sin 0¢) — gjg sin LSS . (31)

Concerning the local conservation property, as expected, we find that the current is not
covariantly conserved (a proof of this can be found in Appendix [C.3]). The breaking term
for the covariant conservation to hold can be written as

V/D; = cosfsinf [ — (cot 0)%¢* + Vg(b Voo + é(bﬂ
1 (cos 0)?

- 2COS€[ 2 sinf

COSU)” 42 4 sm OV6 Voo + 2 T sin 9¢4] (32)
The breaking expression comes mainly from partial derivative in 6 of factors containing an
explicit  dependence in the initial Lagrangian £5%°. A non-trivial task, going beyond the
scope of this paper, is to understand the breaking (32)) in terms of coordinate dependent
regular Lagrangian systems [43].



As a remark, from the expression (31]), one could be tempted to argue that the current D;
should be related to an EMT TZ] by just a field redefinition qu — gb = sin #¢. Then one ought to
check that sin §£5%3% is the correct Lagrangian of the form Lip=(1/ 2)g IV, gbV b+ (N\/4) "
so that the EMT in this theory can be related to the current by ng = D; and thereby
\Y ng = V’D; = 0 should reasonably hold. We then compute

scale gkl Ta T A : —274
sin L5 = —akgbalgb + —(sm 0)“¢ (33)

and clearly find that sin 0L£5%l £ El p. The new Lagrangian sin 0£553° as a function of g;
and # is not translation invariant even up to a surface term. This means that dilatation
invariance cannot be reduced, at least in that naive way, to translation invariance.

Finally, in the ordinary ¢* theory, the dilatation current d; can be related to the im-
proved local and traceless energy momentum tensor by d, = x Twu where T, v = Ty +
(1/6)(n,,0"0 — 0,0,)¢9*, T,, being the ordinary EMT and 7 the Minkowski metric. Here
trying to obtain an analogous relation, one may write at best

D; =sinf Tgsj-ale +sinf cos0p V¢ + gjg cos0¢ (cos + sinVy) ¢, (34)

and, remarkably, sin 6 plays the old role of the coordinate position in flat spacetime.

4 Translations and dilatations: 3D case

4.1 Translations and EMT

Right translations conserve the sense of Section B.Jl In a higher rank tensor GF'T, each
group argument can be translated by a fixed quantity, but fields will transform according to
a particular rule. It has been highlighted recently that diffeomorphisms can be implemented
for GFT models through quantum deformed symmetries. The deformed Poincare group acts
on the base manifold defined by the Lie algebra dual to the group [28]. Translations in Lie
algebra or “metric” variables have been scrutinized by Baratin et al. still in the form of
a quantum symmetry realization [29]. For colored GFT models in 3D and 4D, quantum
translation invariance corresponds to the invariance under translations of the vertices of the
Euclidean tetrahedron representing the GFT interaction. The same symmetry reflects, in
the group formulation, the fact that the boundary connection associated with field variables
is flat. Even though the fields used in this section are non colored and so the geometric
interpretation of translations will certainly differ, the way of implementing group translations
here (by acting one some particular field arguments) is somehow similar to the anterior
formalisms.

First, we need to introduce complex valued fields and consider the new Lagrangian density
Lsp = Liin,3p + Lint,3p With

3
Liin3p = Z gijv(s)i &172,3V(s) j 01,23+ m2¢§1,2,3 1,23 (35)

A _ _
»Cint,3D - 5¢1,2,3¢5,4,3¢5,2,6¢1,4,6- (36)



The action defined by

3
Skin, 3D [¢] = /[H dgf]ﬁkin, 3D 1nt 3D / Hdgf int, 3D > (37)

(=1

is real and may be written Ssp = Skin, 3p[®] + Sint,3p[¢] = f[H?Zl dge] L3p. The equation
of motion for fields ¢y 23 can be inferred from () after renaming properly some variables in
the interaction.

Under right translations by hy, ¢ = 1,2, 3, the fields transform according to

o(91, 92, 93) = @(g1h1, g2ha, gsha)
0(9s, 91, g3) = @(gsha, gaha, gshs)
¢(9s, 92, go) > @(gshi, gaha, gehs)
P91, 915 g6) = P(grha, gaha, ghs) - (38)

Note that the group arguments with labels (1,5), (2,4) and (3,6) are shifted by the same
amount. This defines a correct field symmetry. Actually, there is a simpler field transforma-
tion which can be extracted from the above mappings by just shifting either the first, the
second or the last field argument. Thus an ordinary D dimensional GF'T will have D such
basic translations. The results and conclusions obtained with the “3-translation” (B8] are in
some sense more general and will again hold for any of these simpler symmetries.

Infinitesimal variations of a tensor field can be inferred from the variations of a field
defined over a single copy of the group. Three translations defined by the group elements
he, £ = 1,2, 3, yield the infinitesimal variations

OX (1), X () X(3) P1,23 = Z X(s) - Os) G123 = Z X(is)a(s) i P123 - (39)

Henceforth, X1y X (2, X(3) will be simply denoted dx. The following operator

() +0xPr23 =——(-)|(40)

6
W(X)() = / [ douditag? [Z5ng () + xdras ;
=1 8s

0d123

4]
00123
generalizing (I3)) will act again on the action Ssp in order to find the Noether current for

translation symmetry with parameters X,
Considering (39), some calculations yield (see Appendix [B.2))

5 6 6 |
X W(X)Ssp = — Z /[H dfdippdef] O k([H Videtgl] T i), (41)
(s) s’k (=1 =1

where T{s o). (5,5) is the “stranded” EMT given by

T(s,s’);(i,j) - a(s) i¢1,2,3 a(5’) j$172,3 + a(s) i$1,2,3 a(s’) j¢1,2,3 - 5s,s’gs’ ij£3D - 5s+[a5},s’gs’ ijﬁint,SD s

(42)
with indices such that s = 1,2,3, ¢ = 1,2,...,6 and (Jau], [oe], [as]) = (4,2,3). In any
dimension D, the EMT will hold this form, the strand indices will become s = 1,2,..., D

10



and s = 1,2,...,D(D + 1)/2 whereas the indices [a;] have to be combinatorially well
chosen. For a basic field transformation acting, for example, only on the strands (1,5), the
corresponding EMT is nothing but the component T{; .(; ;).

First, the EMT (@2) is symmetric under the permutation (s,i) < (¢',7), if s = 1,2,3.
For ¢ = 4,5,6, the EMT breaks down to the interaction Lagrangian and therefore this
component remains also symmetric. However, the EMT (42)) turns out to be not covariantly
conserved (see Appendix [B.2]). This is mainly due to the fact that the nonlocal interaction
clashes with the specific way that the field symmetry is imposed in (38]) (we will come back to
this fact in depth in the next paragraph). Such an oddity prevents to form proper equations
of motion for fields thanks to which, usually, the local conservation could be guaranteed.
It could be asked if removing the dynamical part in the definition of the Lagrange density
will not help to recover the conservation of the EMT. It can be shown, in that particular
instance, that the EMT reduces to the Lagrangian itself, and in the non colored case, this
quantity is still not locally conserved. The local conservation breaking of the EMT and, in
fact, of all other currents as we will find in the subsequent analysis, has a deeper reason to
hold.

Let us digress a little from our present purpose and understand what is the main reason
why nonlocal field theories under a group of transformations will generally fail to obey the
Noether theorem. The local conservation of currents by Noether theorem assumes different
features of the initial theory. For the sake of clarity, let us consider a theory with local fields
described by an action S[¢, 0¢| which computes up to surface term d,7* under a group of
field symmetry @

Qv S[6, 0] = /Q 9T =0 . (43)

The last equation is valid on-shell and the integration domain {2 should be any subspace of
the domain M of fields ¢ : 2 € M — C. From the arbitrariness of €2, one concludes to the
local continuity equation:

0,T" =0. (44)

However, there may exist nonlocal theories having an action S™™°cal[¢ d¢| invariant under
a group of transformations, the surface term can be still computed but now the equation
(@3) may be only valid on the entire domain of the fields, namely

Q> 5(6,06] = /M 0,T" =0 (45)

then nothing else can be said about the local conservation properties of the current T#. In
general, the corresponding current is not locally conserved. Nevertheless, depending on the
structure of the field theory, the current could appear by itself a locally conserved quantity
or one may use different tools in order to regularize or to improve the properties of that
current. This last case includes, again, the so-called noncommutative field theories defined
over the algebra of fields equipped with a Moyal star products [34]: the noncommutative
tensor 16" = [z, 2], can be chosen in a specific way to extract from the initial non locally
conserved EMT of the scalar ¢? theory, a conserved four-momentum. Obviously, the success
of getting the relevant local properties of currents in these kinds of theories is strongly
dependent on the type of framework one is dealing with.
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In the present setting of nonlocal GFTs, we are in a similar situation. Indeed, let us
scrutinize the translations given in (B8) by reducing them to the minimal translation, for
instance (1,5). This transformation acts on the same field on two distinct points of the
manifold: it can be called a “nonlocal translation”. The associated surface term is computed
using the structure of, at least, two Haar integrals over, at least, two group copies in order to
vary properly the nonlocal interaction (involving two different group variables ¢g; and gs; in
fact, the computations involve all the six copies of the group). As a simple consequence, an
ordinary local conservation which occurs on a local group copy of the EMT will be explicitly
broken. An improvement procedure, if exists, would be necessary in order to recover that
local property. Note that, as shown in Appendix (B.2), integrating the local conservation
breaking term on the full manifold vanishes again. By this, one is ensured of the validity of
a vanishing divergence on the entire manifold as the calculation of the surface term claims
this fact. Nevertheless, we will see that for colored GFTs, the EMT appear locally conserved
because, in comparison to the above nonlocal translation, in colored GFT one can implement
“local translation” (the meaning of these will become clear in the following). This confirms
the point of view that the local conservation of the currents in nonlocal field theories becomes
actually model dependent.

Let us investigate alternatively the meaning of group translations for fields invariant under
permutation of their arguments and understand if this extra feature could not improve the
currents. Hence, for any permutation o € X3, we assume ¢1,23 = @o(1),0(2),0(3)- We can think
about the consequences of having such an invariance on translations in a combinatoric way.
We focus on a translation with respect to one field argument, say ¢, — g1h. g1 appears twice
in the interaction, in ¢ 23 and in &174,6, and will be translated in both of these fields. The
same translation remains to be defined on two fields: 557473 and ¢596. The transformation
could only affect g54 in the former and g5 in the latter field (otherwise, go or gs will be
assumed to be transformed and then the situation become more nonlocal with the, by now,
expected features). Then, two transformations could be consistently implemented: one of
which is the minimal translation involving (1, 5) as performed earlier and a second one defined

by

O(91,92.93) = d(g1h. g2.93) . 091, 9a: 96) = D(g1h, ga. ge) -
¢(g5ug4ag3) — ¢(g5vg4hug3) ) ¢(g5vg2796) — ¢(g5792796h'> . (46)

As peculiar as it appears, considering (@Gl as a valid field translation, one agrees that it
is even more nonlocal than the minimal (1,5) translation. The transformation acts on the
same field on three distinct points. It becomes obvious that all previous broken currents will
remain broken under this transformation. Otherwise, if one disputes the fact that g4 and g
have been translated and then should be translated in the remaining terms, a rapid checking
shows that the said translation is equivalent to a translation of all field arguments by a
unique element. This transformation is nothing but the identity from the gauge invariance
of the fields. Thus, considering fields invariant under permutation of their arguments leads
to the same conclusions as given in the above analysis or to triviality. Nevertheless, we can
comment that, through any new meaning that one could give to “nonlocal translations,” that
we did not investigated in depth in this paper focusing on the most nontrivial situations, it is
not excluded that properties of currents can be improved using new types of transformations.
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Next, for a massless theory, let us evaluate the trace of the EMT (42) in the following
sense:

3
Tt Thmo = ) [gi’T(s,s);(m; m=0 T 8. ja T(s.s+os)sGii)s m=0 | » (47)
s=1
where T(, ¢).(i,j); m=o is defined from L3p ;,,—o. A trace of this form is justified by the fact that

a contribution for each strand represented in the Lagrangian is needed. The calculations of
this trace yield (in covariant notations)

3
Tr Th—o = Z[Vés)ﬁgm,g Vis)i®1,23] — 9(Lspm=0 + Lint,3D) (48)

s=1

which is not a vanishing quantity. A traceless EMT can be built by considering instead
1 3

Tis,5n:(,5) = Tis,s)(0,5); m=0 + B(Ss,s’gs’ ij Z P1,230m D123 +

s'"=1

1 )
@Ws) 9123 V(s) jPr23 - (49)

The trace of this tensor is

88 I~ - _ _ 9 < _
TrT = %7, Z V%s)ﬁbm,:’,v(s) i01,2,3 — IND123P5430526P146 + B Z ¢1,2,3A(s)¢1,2,3- (50)
s=1

s=1

The improved EMT T is traceless if 8/ = 1 /8 and 5 = 1 after integration of the variables
coined by 4,5,6. We should emphasize that T is not covariantly conserved.

In general, a traceless property of a locally conserved EMT hints at a scale invariant
theory. Scale or dilatation symmetry is an important feature of any field theory because
it preludes, in certain cases, to a larger conformal symmetry. The latter has a cortege of
physical implications among which rests, for example, the existence of universality classes
having for fixed point a particular conformal theory [44]. Hence, before demanding conformal
invariance for GF'T, one could investigate if simpler symmetries can be implemented at this
level. A way to test if a theory is scale invariant, is to prove that its conserved EMT is
traceless. Showing that the EMT is not locally conserved and not tracelessﬁ, we anticipate
the fact that GFT as given by the action ([B7) will be not scale invariant and hence the
ordinary dilatation (and so the larger conformal) symmetry of ¢ theory will be explicitly
broken in GFTs. This is again due to the nonlocality of these theories.

4.2 Dilatations and current tensor

Boulatov-Ooguri model - We first study GFTs without dynamics in order to make the
following developments more comprehensible. Consider a 3D GFT model equipped with
a quadratic part LY [¢] := ¢123¢193 and an interaction part as given by (B6). The total
Lagrange density is £° and we put the mass to m = 1.

5Of course, one of these features could have been a sufficient condition for claiming that the dilatation
symmetry of the ordinary ¢} is explicitly broken. However, we have shown that the lack of traceless property
of the EMT can be improved hence only the first condition should be considered as the actual reason for the
breaking of scale symmetry.
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Demanding scale invariance of the action implies that the fields transform as

3
¢(91792793) = g(ga 1,902 Ya 3) = [H M(asves)cs](b(glvg?vg:i) . (51)

s=1

Given (20), the scale invariance of the interaction (quartic in fields) and trivial kinetic term
is achieved by 3+2c¢, = 0. Thus the scaling dimension for fields is characterized by ¢ = —3/2.
Furthermore, as it was the case for translation symmetry, we use complex fields and require
that group elements defined by the couples (1,5), (2,4) and (3,6) are all submitted to the
same dilatations.

Setting as; = 1 + €,, where €, is an infinitesimal parameter, angle and field infinitesimal
variations (Appendix gives useful details pertaining to the following identities) are of
the form:

0c.0s = €5sinfy |
3

3
0eh1,2,3 7= Ocy 0,050 = Z 0e, 01,23 = — Z es(—ccosb +sinb,00) 0 )Pr23 . (52)
s=1

s=1

We introduce the functional differential operator

ol (53)

3
)
— 1 2
w0 = [[Tandciad) [ g0+ oo g5

and evaluate for the action S° = [[[], dg,|L"

) 6
s =L Hdezdgo;dsoﬂﬂﬂdetg]{
v v /=1 s=1

s=1

3
[— Z €s [ —ccos O, +sin 0,0,) ¢ ] ¢1,2,3] [591,2,3 + )\@5,4,3%,2,6(51,4,6] + (¢ <> @} -(54)

In the last above line, (¢ <+ ¢) is the symmetric of the previous expression under complex
conjugation. The expansion of the last line yields

0
aos == 1 Hdegdgo;dm

{0@)9 [H /| det g,|] sin ;£°

6

+ Ot o)) 0 [[H V| det gg|] sin ;4 (a,) Lint, 30

s=1

} .(55)

The dilatation current vector becomes a “reduced” and “stranded” quantity with two com-
ponents

Dy =sin0,L°, Dy =sin0s o) LCint.30 - (56)

This fact merely comes from the absence of a true dynamics in the model. In this “trivial”
situation, the EMT reduces to the Lagrangian itself plus the interaction again, namely
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T0 = (10, 19) = (—L£°, —Lin,3p). From this point, one infers a slightly generalized formula
for dilatation current in Boulatov-Ooguri tensor theory in terms of

D, = —sin6,T), D, = —sin 93+[QS]T20 (57)

where sin 6, should be seen as the coordinate position. Properties of the EMT T° and the
current D, are direct: they are not locally conserved.

Dynamical GFT - Incorporating nontrivial dynamical part, we have to define a correct
scaling of derivative on fields. Consider a kinetic part of the form

3
Sie (8] = / [T dod €55,
/=1
3

L, = > (sinf,)gY (Vi (sin)*d123)(Visy; (sinb)*dras),  (58)

s=1

where the degrees ~s, 85 have to be chosen in order to satisfy the scale invariance. It can
easily inferred that v = 7 = —1 and 5 = § = 3/2. The interaction part remains as Sin 3p
and Ly, 3p so that S55'° = Sl + Sin sp and L35' = L2, + Ling, 3p-

A direct evaluation (see Appendix [C.4)) shows that the dilatation current is a tensor
defined by

D55 =

3

1 . 7 e .
SiIl 95{ sin 932’ [8(3) 9¢17273 a(s/)j(SHl 95@517273) + 8(5) 9@517273 a(s’)j (SIII 9?,@517273)] (59)
_5s,s’gs’j9£??,%le} - 5s+[as],s’gs’ 70 sin Hs+[as}£int,3D + B COS esa(s’) j ((Sin ‘95’>2($1,2,3¢1,2,3) .

This tensor is not covariantly conserved and its breaking involves both the nonlocal interac-
tion and the fact that the Lagrangian contains explicit coordinate dependence.

Note that there exist other types of GF'T interactions which are scale invariant under
([9). For instance, the following interaction

A\ 4
Sint[¢] = Z /[H dge] ¢1,2,3 ¢3,2,4 ¢3,4,1 <Z54,2,1 ) (60)
=1

assigns each group variables g; (appearing three times in the interaction) to a vertex in the
tetrahedron. This vertex is indeed shared by three triangles, each triangle being represented
by a field. Hence, this model should be equivalent to a colored GFT model. A straightforward
inspection using ([60]) proves that the scaling dimension of the fields is such that ¢ = — 3, = —1
so that a kinetic term of the form (G8) with 75 = —1 would be scale invariant. Remark that
the problem of non locally conserved quantities will be not necessarily solved by considering
these interactions.

The pattern followed by the field arguments in the interaction ([60) and the pattern of
the vertex of Carrozza and Oriti [45] are exactly the same. In the latter, the field colors are
explicitly given. In fact, it can be shown that the assignment of a group variable to each
vertex of a tetrahedron and a particular pattern should be enough to ensure the equivalence
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between the said vertex and a colored vertex. The proof of this statement can be given as
follows: let us consider the following interaction (we change once again the vertex in order
to recover a typical colored theory)

S«col ¢ L A ! d ¢ ¢ (61)
it (0] = 1 [H 9e] G234 D143 D214 P31 -

(=1

To each field ¢, a,b,c € {1,2,3,4}, we assign another redundant index d € {1,2,3,4}\
{a,b,c}. After the procedure, the same vertex can be recast as

_ N\ [
Sicr?tlw = 1 /[H dgi ¢%,3,4 ¢%,4,3 ¢§,1,4 ¢§,2,1 . (62)
(=1

Assign, once again, to each field variable the redundant index of the same field. This proce-
dure yields a colored vertex in the sense of Gurau [I8]. At the quantum level, the gluing rules
between these new colored fields can be imposed as one may require (for instance, only fields
with the same redundant index have to be glued). Conversely, given a colored model, in
order to obtain, the model described by (61l), affect each color to a vertex of a tetrahedron,
then remove the index from the vertex (the said index is indeed redundant). The model
obtained by this process coincides with (&1).

5 Translations and dilatations: Colored GFT

5.1 Translations and EMT

We consider now a colored GFT with Lagrangian of the form (@). Due the freedom of having
colored fields, a right translation for only the fields ¢! and ¢* can be defined such that

¢i(gla92ag3) = QSi(glhagZag?)) )
¢ (96794791) = ¢ (gﬁ7g4aglh) ) (63)

whereas the fields of color 2,3 remain non modified. At the infinitesimal level, (63]) gives
5X¢a:1,4 _ (Xz . a(l) z) ¢a:174 ’ (64)

where 01 refers to only to derivative with respect to the strand 1 involving the group element
gi-

The coloring of GFT defines the “minimal” symmetry for the GFT action in the sense
that we can transform only one group argument. This feature both simplifies somehow the
derivations and, in fact, radically differs from the above translations for non colored GFTs
as we will see. In order to recover the full symmetry of the action, one simply has to identify
pairs of field arguments which can be transformed independently. Thus, besides of (G3)),
other possible field transformations are

¢1(gl7g27g3) = ¢1(gl7g2h7g3) and ¢3(g57g2796) = ¢3(g57g2h796) )
¢1(gl7g27g3) = ¢1(gl7g27g3h) and (252(93794795) = ¢2(g3h7g47g5) )
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¢z(g3ag4a95) = ¢z(g3ag4ha95) and ¢§(gﬁag4agl) = ¢§(g6ag4hagl) )
¢3(gs,g4,gs) — ¢3(gs,g4,gsh) and ¢4(gs,gz,ga) — ¢4(gsh,gz,ga) ,
¢ (gSaQZagﬁ) = ¢ (gSaQZagﬁh) and ¢ (gﬁag4agl) = ¢ (gﬁhag4agl) . (65)

For such a D dimensional GFT, there will be D(D + 1)/2 of such basic transformations, one
for each pair of group arguments in the interaction.
We write the equations of motion of the colors 1 and 4:

5scolor 3 _ _ 6
0= Sol . T Z Ap)drs + m2¢i2,3 + A /[H dge] ¢§,4,5¢§,2,6¢§,4,1 )
¢1,2,3 s=1 /=4
5Scolor — 94
0= Soh T Z A Poan T M Ggan+ A [ | H dge] 12505450526 - (66)
6,4,1 5=1,4,6 0#1,4,6

For the present purpose, the following functional operator will be used to compute the EMT:

500 60) s 90)
WX / H db,dtde?) { 5gij + 5¢%,2,3 50! s + 5¢%,2,35¢_)%’273}
5() o)
do,dbdg?) 5 0 | ”
/ege’ gt <Z56415%41 " ¢6415¢641} "

Varying the action up to a surface term, the following two-component EMT has been iden-
tified (see Appendix [B.3))

1 7 i color
T s = 00)iblas 0 0 as +00)i®las Os) j01as — 01.48e 1 L,
; s ’
T in = 0w iear O 061+ 0) 0841 Oe) P - (68)

More generally, for any pair of colors (a,b) sharing a common group argument labelled by
gs, the EMT for a translation in g, will be of the form:

T iy = O i®as 0w 105 05+ O0s) 1003 0w 105 2.5 — OB 1L,
b _ —_
T((S)S ) (2’]) - 8(3) i¢l{/’2/73/ 8(3’) j¢?/72/73/ + 8(3) i¢l{/’2/’3/ 8(3/) j¢?/72/73/ . (69)

Moreover, the components T and T™ satisfy the relation (see Appendix [B.3)

6
0 () _
Vi / 11 dod [T(l,l);(zpj) +T(171>;(m)} =0 (70)
/=2

and this means that

6
(1) (4)
/[H dgq] |:T(1,1);(i, T(l 1);(i ])} (7D
=2

being still function of gq, is a conserved current.
The existence of such a conserved quantity for GF'T models can be easily understood.
This mainly comes from the definition of translations: they involve an unique field argument
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whereas all remaining field variables becomes integrated. We can call these local translations.
On the symmetry point of view, the colored theory with its minimald symmetry acts as a kind
of local theory in ¢'(g;, —) and ¢*(—, g1). Hence, the fact the EMT is covariantly conserved
here can be translated into a local integral in the sense of (A3)). Another kind analysis
supporting this idea will be definitely interesting and useful. For instance, one should check
that, in the noncommutative dual space, colored GFTs endowed with Laplacian dynamics
which are invariant under translations will have a conserved EMT.

5.2 Dilatations and current tensor

Let us assume once again that only ¢! and ¢* are subjected to the dilatation g; — g4 1:

¢1(91,92,93) = ,U(Cl, 91)C¢1(91,92>93) )
¢4(96,g4,91) = p(a, 91)C¢4(96,94>91) . (72)

The action invariant under these dilatations is defined by the Lagrangian density

Ecolor ,scale

3
(sin 6) " g ) s[(sin 61) Bl 55100 5(sin 1) D1 05] + D 8Y0(e) 01 2,500 101 08
s=2

+ (sin 91)_1gij8(1) i[(sin 91)_6%,4,1]8(1) j[(sin 91)_C¢é,4,1] + Z gija(s) i(EgA,l&(S) j¢é,4,1

s=4,6
+ Z gija(s) i‘lgg,4,5a(s)j¢§,4,5 + Z g?a(s) iég,z,(ﬁ&(s)j(ﬁg,z,a
5=3,4,5 5=5,2,6
+ A ¢%,2,3¢§,4,5¢g,2,6¢§,4,1 + A ¢i2,3¢£23,4,5¢§,2,6¢§,4,1 ) (73)

where we omit to write mass terms even though they can be also included. Indeed, they
possess the same scaling behaviour as the interaction itself.

Requiring an invariant action implies that ¢ = —3/2. The associated current can be
derived using

J

3
S B
wee = TLatcbact] 36t g+ 0as 55— 0)
) )

o [UT] dtudoddd) (3.6t 50— () 468000 55— (). (70

42
é:1,476 1,2,3 5¢172,3

The current tensor for this symmetry possesses distinct components (derivations are given
in Appendix [CH)

Dg)); i [(sin 91)2[5008 01 + sin 6, a(1) 0 ]Cbi,z,?, a(1) jﬁgi,z,?,

6Minimal in a sense that we previously gave, namely, a single translation symmetry on one group argument
and keeping all the remaining variables fixed and afterwards integrated. But, at the end, collecting all these
minimal symmetries, the colored theory will certainly fall into a category of theories with the maximal
number of symmetries. For instance, the non colored case has D independent field translations/dilatations
whereas the colored theory has D(D + 1)/2 of such transformations.
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481 jo cos 0 sin 01 ] 5 cos 01 + sin 6 ](Z)l 23 b1 23T (¢ < 9)

. 1,4
—g) jo sin elﬁcolor,scale (1,4) ’

D). = [Beosty+sind )]ty 0 j0lay + (0 0), s=23, (75)

while the components DE )) can be obtained from DEl - and D( Z23), by taking the sym-

metry (¢} 3 <> ¢4 4,) without the Lagrangian term L£e0onse2le 9 The latter is defined from
Leolorscale by con81der1ng only terms containing the fields of colors 1 and 4. The dilatation
current component D(1 - can be written also as

;5 a(1) o[(sin ‘91)5951,2,3]8(1) j[(Sin 91)605%,2,3] + 8(1) o[(sin 91)%312,3]8(1) j[(sin el)ﬁﬁﬁiz,:&]
— <in elﬁcolor,scale (1,4) ) (76)

Finally, we can note that the dilatation current is not covariantly conserved due to the
explicit coordinate dependence but not because of the nonlocal interaction:

/ [ doe] [ > V{S)D >V £0. (77)

s=1,2,3 s=1,2,3

The explicit expression of the breaking is given in Appendix

6 Summary and outlooks

The classical formalism, i.e. the extension of Klein-Gordon field equation and the group
symmetry study, for dynamical GFT over tensor copies of SU(2) has been investigated in
this paper. We find that the GFTs exhibit peculiarities that one could expect when dealing
with nonlocal models. For translation symmetry, the EMT for the general GFT (without
colors) proves to be symmetric but not locally conserved for any dimension, save D = 1.
As a matter of fact, for D = 1 locality is recovered and, from that, the EMT is covariantly
conserved. In contrast and astonishingly, the genuine colored GFTs which are also nonlocal
possess a covariantly conserved quantity obtained by integrating and summing some EMT
components. This is another feature advocating in favor of these colored theories. In all
situations (with and without color), the EMT possesses a nonvanishing trace, even though
the latter property could be improved but the meaning of the resulting tensor remains
unclear. We also discuss a specific way that group dilatations could be implemented at the
GFT level. Indeed, dilatation symmetry can been consistently settled in GFT with cost
to put an explicit dependence of the class angle 6 coordinate of the SU(2) group variable
g(0,7) in the Lagrangian. In any dimension D > 1 colored or not, this dissipative term
explicitly breaks the conservation of the dilatation current. Remark that there should be an
alternative way to implement dilatation on the sphere according to the work by Okuyama
[42] or by using Weyl transformations that we did not consider here. Nevertheless, the issue
of nonlocality and the current local conservation breaking will be in all cases difficult to
circumvent.

It can be desirable to find some improvement procedures adapted for the non-colored
GFTs in order to render the EMTs and other currents covariantly conserved for D > 1. In
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the case of noncommutative field theory defined with a Moyal x-product with its induced
nonlocality, improvement procedures have been highlighted to treat the breaking term of
the EMT local conservation [37]-[39]. Nevertheless, these methods were successful due to
the specificity of the Moyal field algebra. Here, clearly the issue is different and deserves
a better understanding. Another important field symmetry, that we did not discuss and
could be viewed as rotation in the context, would be the one associated with group adjoint
transformation g — hgh™!. There are more infinitesimal vector field generators associated
with such transformations and so more involved becomes the computation of the “angular
momentum” tensor. The fact that the EMTs found here are symmetric is encouraging for
the local conservation of the angular momentum tensor but only in the color case. Finally,
new vertices leading to orientable graphs for GFTs have been highlighted recently [46]. It
could be interesting to see if the techniques used in this paper could be also implemented on
these models and could lead to other or more regular properties.

The present analysis has revealed that one of the simplest notions of symmetry, such as
translations, for dynamical non colored GFTs are more difficult to implement and so remain
to be understood. In contrast, dynamical colored GFTs have quite regular properties with
a conserved quantity for translation symmetry. A key point revealed by this analysis is
that dynamics for colored GFTs is not incompatible with the notion of symmetries. A
natural question is the implications of such symmetries at the quantum level. We should
comment that this study could be useful for the larger program aiming at renormalizing
GFTs [B]. In particular, among the most interesting candidates for that program are colored
tensor theories. Here we have proved that colored theories endowed with dynamics have a
well defined notion of translation symmetry. As a result, they will have more constrained
Ward-Takahashi identities in relation with that particular symmetry. These will be useful
for both perturbative renormalization and also nonperturbative features. Indeed, Ward-
Takahashi identities (which can be called quantum versions of conservation laws) provide
useful relations between correlation functions which should hold even after renormalization.
These identities have been successfully used in quantum electrodynamics renormalization
(giving a link between the renormalized vertex three-point function and the renormalized
wave function). More recently, they prove to be one of the main ingredients for the proof of
asymptotic safety at all order of perturbation theory for particular matrix models [47][48].
Note that Ward-Takahashi identities have been already discussed for non dynamical colored
GFTs under unitary symmetries [I5]. In the present work, dynamical colored tensored
theories have been investigated and should provide other kinds of Ward-Takahashi identities
with respect to translations.

Last, GFT symmetries can be inquired in another way by establishing a bridge between
our formulation and the metric representation as described by Baratin and co-workers [29].
For simplicity, we will restrict to the 1D GF'T formalism. Consider a function ¢ : G — C of
one group variable and use the group Fourier transform [30] in order to obtain its Lie algebra
representation:

(E(SL’) = /G¢(g)eg(:c)dg . ey su(2) ~ R? — U(1), eg(x) = G N R (78)

where 7 € R? and 7 = (71,7, 73) is the vector of anti-Hermitian su(2) generators. Let
g — gh be a group translation such that under this transformation fields get modified
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according to ¢(g) — ¢'(¢' = gh), then the transformed dual field becomes

—

(@)(@) = (dxen) (@), (79)

where the explicit nature of the x-product can be found in [30]. Thus, the group translation
invariance for fields can be translated as a U, (1) noncommutative gauge invariance in the Lie
algebra formulation. Note that the latter result is in contrast with translations z — x+a di-
rectly stated in the Lie algebra formulation which yield a field transformation corresponding
to a plane wave multiplication: [p(z) — ¢'(x +a)] < [p(g9) = ¢'(9) = ey(a)p(g)]. Group
dilatations will certainly have a noncommutative analogue but this deserves to be investi-
gated. Remarkably, there is an analogue to our Noether theorem in this noncommutative
setting. An infinitesimal translation corresponding to x — x + a, where a € R3, is totally
similar to an ordinary infinitesimal translation is the common spacetime: d. ¢ = Z?:l €0; ¢ .
A main difference between the group and the Lie algebra formalisms lies in the type of field
algebra under consideration. While in the former theory, the field algebra is commutative,
in the latter, the same algebra becomes noncommutative. However, it has been defined a
Noether procedure for noncommutative field algebras equipped with x-product ([35]-[39] and
for more general discussion on Noether’s theorem in noncommutative geometry see [49]). In
the present context, one needs to introduce the operator

0

Applying the operator %() on the action should produce the noncommutative version of
the equations of motion for fields. Note that, due to the noncommutativity theory, it is
still possible to introduce other types of operators W, (€) by considering for instance [% *
3e0](+)](x) or by symmetrizing both the latter and (80). Obviously dealing with colored
fields, the operator (B0) should be extended for that purpose. An interesting exercise would
be to compute and the characterize all noncommutative Noether quantities issued from the
operator (80) and the similar for other field transformations. We expect that currents will

share the similar (broken or not) features as given in this work.

W00 = [ gz (605 50)) @) (s0)
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Appendix

A (Gauge invariant fields

Consider a gauge invariant field, namely a field satisfying

(91,92, 93) = /dh (g1h, g2h, gsh) . (A1)

This condition translates in Fourier modes via Peter-Weyl theorem as
Z ma,na H \% ]a ma,na ga - Z ma,ka H \% ]aDiga na /thDna,ka

JasMa,Na Jasma,ka,na
(A.2)
where a = 1,2,3, ¢Js  isanotation for ¢J1727 . j, indexes half spin representation,
Ja € 1N Na, Ma, k, are ordinary associated magnetic momenta each constrained to be inside
[_.]a7+ja] dj, = 2jo + 1 is the dimension of the representation space. D7 (g) denotes
the Wigner matrix element of ¢ in the representation j. The factor \/dTa is chosen as a
normalization convention.

Computing the last integral, one gets by simple identification:

ja — Ja Ju J2 s Ju o J2 J3

z%%—%jwm(klb IEE (A3)
with the arrays denoting the rotation invariant Wigner 3j-symbols. A field with coefficients
as ([A3) indeed exists and satisfies [Ad]) due the orthogonality relation of 35 symbols. A
simple ¢J¢ n, 1s given for instance by the product of two 3j-symbols with coefficients fol-
lowing the pattern ([A.3). For the general D dimensional gauge invariant fields, the integral
[ dh HaD:1 Di‘;’ka(h) gives an invariant intertwiner which can be recoupled in more involved
Wigner 3nj-symbols.

B Group translations

In this appendix, we give the main identities leading to the formulas of EMTs in 1D, 3D
and colored GFTs and to the (non)local conservation property of these tensors. The first
subsection explains also the method of computation of these quantities.

B.1 Ward operator action for translations for 1D GFT

In this paragraph, an explicit calculation of the EMT is given for a 1D GFT by applying
the Ward operator method in a curved background like S® parametrized by (6, 1, ps). The
ensuing tensor study could be deduced from this point.
For an infinitesimal translation of parameter X, we can set in a given local coordinate
system 0x¢ = X'0;¢. Then one introduces the operator
o )) (B.4)

WU = [ dbdpudr (brgh50) +bv0
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that acts on the action Sip (I0) such that

P a~/| detg OL1p
aXpW(X>SlD = 5xr /ded%d@z {5Xg ———Lip | et g[ === O ]
[det g] (X"0,0) (—Ad + m2¢ +A¢?) } . (B.5)

Keeping in mind that the Laplacian contains an inverse factor of the metric determinant,
one gets

0

&X,,W(X)Sm = 5Z/d9d<p1d<pz { g {——\/ldetg gi;Lip + /| det g 0¢8J¢]
—0;(0.08" /| det g0;0) + (9,0.0)g”\/| det g|0;¢ + /| det g|8ﬁ(m2§¢ + Zaﬁ“)} :

(B.6)

It is customary in a field theory to identify the EMT from the variations of the metric g.
The EMT already appears in the above expression up to some factor. However, in this paper,
we will not use this route preferring instead to get a final surface term. To this end, further
computations invoking both metric and field variations are in order:

0

8X,,W(X)51D=5Z/d€d<p1d<pz { g {——\/ldetg gi;Lip + /| det g 0¢8J¢]
~0,(0,087 /[ det g]0,6) — /[ det g](0,87) (30,0050) + /[ det g0, ﬁw}

— [ dbdordes 0./ [dct gl (8,60,6 ~ gystan)) - (B.7)

Finally, this expression is of the form of a surface term and we identify the EMT

Tyj = 0,00;¢ — 8p; L1 - (B.8)
We verify, in a covariant script, that
i i L m® 5 Ay
V'Ty; = V' (VipV;0) = V; 58 VioVio + 705 + Z¢
. , 1
= (V'Vi9)V;¢ + VipV'V;0 — §gklvj(vk¢vl¢) — Vo (m*¢+X¢*) =0, (B.9)
where, we use the property of the Levi-Civita connection, and, in last resort, the field
equation of motion —A¢ + m?¢ + \¢> = 0.

This method of deriving the EMT will be extended in the subsequent situations dealing
with tensor models.

B.2 EMT for GFT in 3D

EMT calculation - We provide here the main stages of calculations leading to (42).
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First, we recall that the infinitesimal variation for a tensor field ¢ under a “3-translation”
is given by 0x @123 1= 5X(1)7X(2)7X(3)¢1,273 = Z‘;’:l X(Zs)ﬁ(s) i®1.2,3. Then, we require an operator
symmetrization for the interaction part:

6
A /[H dge] (6x¢1.2,3) <f_>5,4,3¢5,2,6¢_>1,4,6 + (5X<Z_51,2,3) ¢5,4,3<f_>5,2,6¢1,4,6 =
=1

A [ - - -
5 /[H ng] { (5X¢172,3) ¢574,3¢5,2,6¢174,6 ‘l' (5X¢5,2,6) ¢1,2,3¢574,3¢1,476
/=1
(5X$1 2 3) G54 3&5 2,601,4,6 T (5XQ§5,2,6) ¢574,3¢1,476Q§1,2,3}

/Hdge {Z X(is)a(s) i¢1,2,3) <135,4,3¢5,2,6<51,4,6
s=1

3
+ Z (ng)a(s-i-ocs) ngs,4,3) ¢1,2,3¢5,2,6$1,4,6 + Z (ng)a(s—i-as) i¢5,2,6) &5,4,3@51,2,3&174,6

s=1 s=1

+ Z (ng)a(sms) i¢§1,4,6) &574,3¢5,2,6¢1,2,3}
s=1

\ 6 5 ) )
=5 /[H dgy] Z X(s) <5(s) i F Olstlas]) 2) $1,2,3054,3052,601,46 - (B.10)
/=1 s=1

where the index ay = 0,2,3,4 has to be chosen appropriately. In the last equality, the
notation [a;] means that we fix ([ou], [az], [as]) = (4,2,3). It is remarkable that, under
integral over all six variables, we can exchange gz_ﬁl 9.3 for gz5543 and ¢526 for gz5146 by just
renaming the variables (this is a set of discrete symmetries which will be also used in the
sequel).

We introduce the notations (e) = [[°_, 1/ det g,| and ( = [z, VI det gy, so that
6 L8
() = ()sv1detgl . []ldgd = 5 [ [[d0ediidi](e) (B.11)
=1 =1

The factor 1/(27%) will be omitted in the following. The EMT can be computed as follows

6 6
)
Wx)Si = [ ([ dutebid (z sl
(=1

3
+ Z XFS’)&(S’) kD123 [ Z 8 | det gs|g (s) 1<2_51,2,3)]
s'=1 5 ) ) ) )
+(e) Z XEn O k123 [m° 123 + X d54305260146)] + (¢ ¢)> ,  (B.12)
s'=1

where the part including the variation 4 x¢ is not explicitly displayed but appears symbol-
ically as (¢ <> ¢). The corresponding terms can be carried out in a symmetric manner.
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Adding all contributions, combining the mass terms and the interaction using (B.10)), it can
be seen that

Ssp—/Hdezdﬁd‘Pz {Z 5ng

3
{ Z X(S a(s KP12,3 (o )ggla(s) 1651,2,3]

s/ s—
7S_

3
Z X)0s) 5 [0 k61,28] (0)810s) 10125 +(¢H<Z;)} (B.13)

_ A _ _
+(e) Z X(ksf) [m2a(s') k(01,2301,2,3) + 5(3(3/) k+ a(s'+[a5,}) k)¢1,2,3¢5,4,3¢5,2,6¢1,4,6)] } .

Focusing now on the dynamical part and metric variations, one has:

6
K= / [ [ d0edeoides] { / Hdeg,dw,dw, Zaxg
=1
6

6
5£ in,
=1

s=1

iV | det g8|)£3D

3
+{ = Y X095 [0 k01,28 ()81 161,23] + (¢ ¢3)}
3 . -
+(e) Z XEn Oy 1 (8110 191,23 Os) 161,2,3]
3 . —
—(e) Z Xé/)a(s/) k [gil} 05y j91,2,3 Os) l¢1,2,3} . (B.14)

Canceling the variation 6Ly, 3p/0g? with its partner coming from the field variations and
recomposing the Lagrangian, by injecting expression K (B.I4) into (BI12), we get

W(X)S3D = ,
/ H d@zdSOEd@z [{ - Z X(ks/)a(s) i [(.)8(8/) k¢172’3ggl8(8) lQ_517273} + (gb <> Q_S)}
s/ s=1
+ Z X { a(s )E3D] + a(s'+[aS,]) k[(')ﬁint,gp]}] . (B.15)

We are now in position to provide the EMT for group translations of the GFT by just
deriving the above expression by some infinitesimal parameter: X (ks), s,k=1,2,3,

0
ang)W( )Ssp = — / Hdﬁedwdw Z% {
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8(3) k¢1,2,3 8(3') 151,2,3 + 8(3) k<]31,2,3 8(3') l¢1,2,3 - 5s,s'gs' wlsp — 5s+a5,s’gs’ lkﬁint,sD}-
(B.16)

Hence the EMT is given by

T(s,s’);(i,j) = 8(5) i¢1,2,3 8(s’) j¢1,2,3 + 8(s) i¢1,2,3 8(s’) j¢1,2,3 - 5s,s’gs’ ij£3D - 5s+[as],s’gs’ ijﬁint,3D )
(B.17)

fors=1,2,3,¢=1,2,...,6,and 4,5 = 1,2, 3.

Covariant conservation - The fact that the EMT is not covariantly conserved is proved

here. We have in covariant notations:

6
> Vi Tiesniin =
s'=1
3

{ Z <V{s/)v(s) 0123 Vi) 0123 + Vis)id1,23 V?s/)v(s') j$172,3) + (¢ < Qg)}

s'=1

3
B B A B B
—Vis)i ( § gf,lv(s,) kD1,23V () 101,23 + m2¢1,2,3¢1,2,3 + 5¢1,2,3¢5,4,3¢5,2,6¢1,4,6>
s’—l

—V(st[as)) z( ¢123¢543¢526¢146)

3
Z < (s)i91,2,3 st,)v(s')jﬁgl,z,:’,) - m2¢§1,2,3(v(s) i$12,3)

3

[y

+ <V(s) 10123 VZS/)V(S') j¢1,2,3> —m$123(V(s)i01,2,3)

3/:1 Y : :

5( (5) i91,2,3) P5.4.305,2,601,.4.6 — §¢1,2,3(V(s) i05,4.3)05,2,601,4,6

%Cbl 2305.43(V () i05,2.6)P1.46 — égbl 2,305,4,305,2,6(V(s) i01,46)

%th 23(V(s+la)) i05,4,3)05,2,601,4.6 — —¢1 2,305.4,3(V (s4{as]) 195,.2,6) 01,46
—%¢1,2,3¢5,4,3¢5,2,6(V(s+[as}) iO1,46) - (B.18)

Using the equation of motion of ¢123 and ¢ 53 after integrating by g4, g5 and gg, (BIS)
becomes

/ H dge| { V(s 01,2 3)¢5 4,305, 6¢1 4,6 — —¢1 23(V (s) i¢§5,4,3)¢5,2,6¢31,4,6

>\

—§¢1,2,3¢5,4,3(V(s) i¢5,2,6)¢§1,4,6 - §¢1,2,3¢§5,4,3¢5,2,6(V(s) i$1,4,6)

A - - A

- §¢1,2,3(V(s+[ocs]) i05.4,3)P5.2,601,46 — §¢1,2,3<235,4,3(V(s+[a3}) i95.2.6)01.4.6

A _ _ _ _
_5¢1,2,3¢5,4,3¢5,2,6(V(s+[as]) i¢174,6> + A(v(s) i¢1,2,3)¢5,4,3¢5,2,6¢1,4,6} (B19>

which is not a vanishing quantity. Hence the EMT is not covariantly conserved and the
breaking term is clearly a factor of the coupling constant A\. As a proof that actually the
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EMT is globally (covariantly) conserved, we have to check that, for s = 1,23, the above
remainder can only vanish under integration over the full six group copies. Due the particular
symmetric form of the strands, it is sufficient to check that claim for s = 1. We have:

6
A - _ A _ _
/[H dgz]{§(v(1) i91,2,3) P5.4,305.2,601,4,6 — §¢1,2,3¢5,4,3¢5,2,6(V(1) iP1.4.6)
=4

A — _ A _ _
—§¢1,2,3(V(5) i05.4,3) 05260146 — §¢1,2,3¢5,4,3(V(5) i05.2.6) 01,46
+A (V) z'<2_51,2,3)¢5,4,3¢35,2,6¢1,4,6} : (B.20)

We use two further integrations in g; and g3, in order to put the last expression, in the form
/[ H dge]{ - )\¢1,2,3<235,4,3¢5,2,6(V(1)i<131,4,6) + AV i<]31,2,3)¢5,4,3<135,2,6¢1,4,6} , (B.21)
0=1,3,4,5,6

and, finally, in order to cancel this term, we need the last integration in gs.

B.3 EMT for the colored model

EMT calculation - Let us start by considering the functional operator (67) where the
variations of the fields are 0x¢{ , 3 = X'0;¢{ , 3 and equations of motion (G8). We introduce

further notations (®)apc = [[,_,4. /| detgs|. Using the field variations and equations of
motion, the interaction has to be reconstructed as follows

6
3 [T o) [5x0h26% 502 266800 +0x681264 2063 568820+ (6 )
(=1
6
3 [ Mo [X00) (6263062206801 + (04 )] (B.22)
/=1

The EMT can be computed from a similar routine as previously performed. We sum up the
main steps:

3
i Y color
W (X)Seeler = /[H dfydipydipy] {5Xg1] @S 1
1

/=1

3
+Xka(1) k¢%,273 [— Z As) j sV/ | det g8|ggl8(s) lﬁbi,z,s)]

6
+(0)1,23X" ) k¢123 [ ¢123 +)‘ Hdgé] ¢§,4,5¢g,2,6¢§,4,1 + (¢ < Qg)}
=4

3
/ I1 dowdeide?) { X 00y kPgas [ Zﬁ(s)j((‘)ﬁv\detgs|g§l3(s)z¢_>é,4,1)]

{=1,4,6 s=1

+ (6 &)}(Bz?))

+(.)1,4,6Xka(1) k¢§,4,1 [m2¢§,4,1+)‘/ H dgy] ¢123¢345¢526

(4£1,4,6
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Adding the contributions to the mass term and using (B.22), we get

. 6/Tdet §Leolor
W( Scolor _ / Hdezdg%d(ﬂz {6Xg1j [. A s 1L | g|1 color ( ) kl'g

ogy ogy

{ sza [0 k¢123( ) gla(S)lCB%,m]

2.4 Z 8 )k¢é,4,1 (’)ggla(s) lﬁgé,m]
s= 146
+X* Z la(l a(s J¢1 2,3 As) l¢1 2 3} (B.24)
Xk Z gglﬁ )j¢g,4,1 8(s) la’é,m] + <¢ AN @} (B-25)
5=6,4,1
+(')Xk[ (¢123¢123+¢641¢641)

+ ()\8(1) k(¢1,2,3¢3,4,5¢ 6¢6 4, 1)+ (9 ¢))] } ’

where we used the symmetric part in ¢ for completing the partial derivative. Expanding the
metric variations, one has

5 V | det g|1 Color 5500101‘
dx g 1 ( ) ;

5g ogy
X*00) vg? [ - 5 °)iv/| det gligy ;L] (B.26)
+(0)[0(1) ié%,z:ﬁ(l) l¢%,2,3 + a(1) iqgé,4,1a(l) l¢é,4,1} . (B.27)

The term (B:26) completes the derivative of (#)L£%°" while the second (B.27) cancels exactly
the term with —d(1) g7 obtained after integrating by parts (B:24) and (B:25). We obtain

9 _ k 1 2
V05 = =0 [T anasiaz) {

[Z ) j [001) k123 (9)81'0(s) 191 2.3]
+ Z s) )k¢§,4,1 (‘)gglﬁ(s) lq;é,ﬁt,l] + (¢ < (;_3)}

s=1,4,6
— 0y 1 [(9)LIY] = [0y 1&7][— = (o)1 V/] det g| gy 1, LY } (B.28)

where, by definition,

: Z gs a(s z¢1 2 38(8 J¢1 23T Z gw@ 2%,4,18(8) j¢é4,1

s=1 s=1,4,6

271 1 4 4 1 2 3 4 N Al 72 23 4
m [¢1,2,3¢1,2,3 + ¢6,4,1¢6,4,1} + A ¢1,2,3¢3,4,5¢5,2,6¢6,4,1 + A ¢1,2,3¢3,4,5¢5,2,6¢6,4,1 )
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V= Y 8000 05450 s T Y, 870 1052,600 10320

s=3,4,5 $=5,2,6

[¢345¢345 + ¢526¢526] (B29)

Since £ does not contain the variable gy, the last term in (B.28) computes to a surface
term ;1) x[(8)L1Y]. Thence, the variations (B.28) can be written

0
8XPWZ(X)S a ,
- /[H d‘géd@%d@?] {Z a(S) j(.>ggl [(a(l) p¢%,2,3 a(s) l(ﬂ,zg + (¢ > (5)) — 5371gs lPECOIOr]
s=1
+ Z a(s ggl (1) p¢é,4,1 8(s) l&éA,l + (Qb < @] } (B-3O)
s=1,4,6

From these last lines, the EMT can be readily identified as a two-component tensor

1 n n color
T((l,?s);(i,j) = Oy i¢i,2,3 As) j¢i,2,3 +0y) i¢%,2,3 As) j¢i72,3 — 01,585 i £ l )

h _ _
T((l,)s);(i,j) = Oy i¢§,4,1 8(S)j¢g,4,1 + ) i¢é,4,1 8(S)j¢é,4,1 . (B.31)

Of course it is a matter of choice to put the Lagrangian term in one or the other component.

Covariant conservation - The conservation property of the EMT should be checked. We
first evaluate:

3
j ) j 4) _
D VioTwmen T 2 VigTuwsn =
s=1 s=1,4,6
3 . — — .
> [V )iP123 Vig Vi) 10125 T Vyidias Vig Vi j¢i2,3}
s=1

3
+ Z [Va z¢641v(s Vi) i%%.a1 + YV z¢641v(s Vs y¢641]
—14

[mQ V z¢1 2 3¢1 23T Vi 2¢64 1¢64 1]
AV [ 26251 2 3]¢345¢ 5,2 6%,4,1 + A ¢1,2,3¢3,4,5¢§,2,6[V(1) i¢é,4,1] + (Cb e Qg)} . (B-32)

_|_

Integrating first by ¢4, g5 and gg, and using equations of motion of ¢! and ¢, we obtain

/[ﬁdgz]{ZVf Tls gt Z V] Tls)(”)] = (B.33)
=4 5=

5s=1,4,6

6

/[H dgg]{V(l) i¢§,4,1[ Z V%s)v(s)jéé,m - m2q3§7471 - )\/dg5 ¢i2,3¢§,4,5¢g,2,6
=4 s=1,4,6

(0 )} -
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Performing a second integration with respect to g and g3, using this time equations of
motion of ¢* and ¢*, one gets

/Hdgg [ZVJ i+ D0 VT ] =0 (B.34)
s=1,4,6

The following quantity

(4)
/Hdgf T T Toa) (B.35)
(=2

is therefore covariantly conserved. Indeed, starting from (B.34), a calculation yields
6
_\7J (1) (4)
0=V, / 11 4o [T(l,n;(m) + Ty, (zn}*
=2
6
J J (4
J T o[ 3 VTl 2 T T
=2

s=2,3 s=4,6

0= V{l)/Hdge [ )+ T, (w)}
+> / [T [doedioide?log kl(0)gH T . 5]

5=2,3 (=23

+ Z / H defd@%d%% yk[(0)g k]T(( l) (iJ)] ; (B.36)

5s=4,6 (=46

where we used the fact that V() ; and V(y); commute for s # s, and some integrations
by parts for trading covariant derivatives for partial derivatives. Thus (B.33]) is a conserved
current.

C Group dilatations

C.1 Dilatations on the sphere S”

Consider the sphere SP with spherical local coordinates (6, ¢, ¢, ..., ¢p_1), and the trans-
formation d, : 6 — 6, such that

00 0
tan; = atan§ : (C.37)

Note that this transformation is invertible (d,)™' = d1. We define the mapping on S”

1
a

(97 ¢17 ¢27 R ¢D—1> = (yo = eavyl = ¢17 y2 = ¢27 ce 7yD_1 = ¢D—1> (CBS)
0, = 2 arctan{a tan g} (C.39)
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The mapping defines a conformal transformation of the sphere with metric tensor g if the
metric induced by (C.38) satisfies, Vp € S,

Iyt dy”
gﬂ”|(6a7¢i)%w = 120, ¢:) 8asl(0.6:) - (C.40)

The first component of the induced metric can be computed as, for t = 6/2,

96, 06, 90, \°
g69|(9a7¢i)% o0 =1 (89 ) = :U“2(a79) (041)
1 9 _a 9 df, 2a B
5(1 + tan®t,)d0, = 2(1 + tan®t)df , B 0—)esfiita w(a,d) .

The other metric components are of the form gy, ¢,|@..6,) - 1, ¢ = 1,...,D — 1, such that
one can prove that the metric tensor is conformally invariant. Indeed, the central points for
that are: (1) sin?6, is a factor shared by all these components and (2) sin 6,/ sin @ scales as
df,/df. Hence the relation (C.40) is verified.

C.2 Infinitesimal dilatations

Under an infinitesimal dilatation with parameter such that a = 1 + €, 6.0 = esinf, a field
with scaling factor ¢ defined on a single copy of G ~ S? transforms as

0:6(9) = Bdad1(9)) — 69) = | e rarrrrresg | 00 — esind) — 6(0)

= —¢( —ccos +sin 6y ) d(g) . (C.42)
Thus D(-) := [—ccosf + sinf0p](-) is the generator of this dilatation. For tensor fields, it
can be shown similarly that the corresponding operator becomes
3 3
Och103 = Z 0e, 01,23 = Z —Es( —ccosty +sin b O ¢ )¢1,2,3 ; (C.43)
s=1 s=1
Dy := —ccostly +sin b, ) 0 - (C.44)

C.3 Dilatation current for 1D GFT

Current calculation - Consider the operator (28]), we evaluate the variation of the action
under this operator using the equation of motion (27]):

%) %)
—W(e)S55e = e / d9d<p1d<p2{ (—€Dg) x

Oe (cos0)?
[(.) sin

First, we recombine the interaction in a surface term

¢ + (@) cos 035 — Dp[(®) cos ] — A + (8)Asin 9q§3] } (C.45)

Ay = / d@dcpldapz{ (—eDg) [(o))\sin eqﬂ} — e / dfdptdp? 0, {(-)%(sm 9)%4] (C.46)
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and then reduce the following terms

By = /d@dgpldQOQ{ (—€eDo) [(0) (Cs(zi?2¢ + () cos 80y — Op[(e) cos 9¢]} }

—€ / d9dg01dg02{ — Oy [(o) (cos B + sin 60y) ¢ cos ng}
3
+(o) (CS?E? & + (o)(cos 9)2891¢2
+(eo) [{ cos 0 sin ¢* + 3(cos 0)?p0yp + cos O sin 69y [gb@gqﬁ]} }
/d@dcpldgp (o) [cos 0{(cos @ + sin0dy) ¢} — cos O(cos O + sin 989)%¢2

(#)(sin ) ¢ae¢} (C.47)

Evaluating the Laplacian term, one finds:

dfdp'dp® Do Aqﬁ

/ Qdapldap e {[cos 8+ sin 0y |6 () sin 0 g"'0,0}
—0, { [COS@+Sln989]¢} o) sind gklﬁlgb}
/ de(pldap . { [cos 0 + sin 0 9p] ¢ (o) sin 6 g0y}
(o) sin 0¢) Dy — Dy [( ) ;(sin9)2 gk’ama@]} : (C.48)

where we use some integrations by parts and the fact that 0y [sin2 Hgkl] = 20,900 cos @ sin 6.
One notices that in the last expression, the term which is not of the form of a surface
term cancels exactly the similar expression in (C.47). Adding the three contributions Ay

(C.46), By (C.4T) and C, (C.A4]]), we get
9
De
94 (o) [sme( = sin g g"o,p0,6 +
— cos 0{(cos 6 + sin 09y) gb}gb] }
- / d9d<p1d<p2{8k {(e)sin 0" [cos 6 + sin 0.9y] ¢ D100}
— 8y (o) [ Sin 0L — cos 0 (cos 0 + sin 69,) ¢}¢} }
_ / dfdp'dy? ak{ (o)g"! [sin 0 [cos 0 + sin 0.9y] ¢ Ohb
g sin AL 4 gy cos 0 (cos 6 + sin §9) ¢] } . (C.49)

W (e)S55e = /d@d(pldwz{ﬁk {(e)sin @ g [cos O + sin 6 ] ¢ 01}

(cos9)*1
sin ¢

—¢2 + cos 0Oy + é sin 9¢4)

The dilatation current can be written

D; = sinf [cosd + sinf dy|¢ 9;¢ + gjo cos B¢ (cos b + sin 09p) ¢ — g sin OLH

32



= 0p(sin 0¢)0;(sin O¢) — gjo sin OL5G . (C.50)

Covariant conservation - The equation of motion for this model can be calculated further
as:

cos? @ — sin? 0

0= —(e) ¢ — Ap+ (o) Asin6° . (C.51)

We compute still using the Levi-Civita connection:
ViD; = [cosf +sin V| ¢ %M
[ ]
+ [—sinfd + cos 0 Vg| ¢ (sin0Vyg) + ([cos b + sin 6 V| V7 ¢) (sin 6V ;¢)

sin 6

—sinf¢ [cos 0 + sin OVy| ¢ + cos (Vo) [cos O + sin OVy| ¢
+cos 0¢ [—sin @ + cos OV ¢ + cos 8¢ [cos § + sin OV ] Vo

2
—cosf [1 (cos 6) ®? + cos 0Oy + % sin gV, V0 + % sin 9¢4]

21 sin 0 (eos )2
. 1o 0 5 (cos
sm@[ 2[( 2) — cot* @] cos 0 + e~ A0

+(Vyp)[cos OV gd] + ¢[—sin OV o + cos OV Vo]
+%V9{sin 0g"' V1oV 10} + g[cos 0¢* + 4(sin 9¢3)V9¢]} : (C.52)

Canceling the equation of motion, substituting the remaining term in A making use of the
equation of motion and performing some direct simplifications yields

V/D; = cosfsinf [ — (cot 0)%¢® + Vo Vo + %qﬂ , (C.53)

which is not vanishing without further assumptions. Hence the dilatation current is not con-
served as expected from a system with an explicit coordinate dependence in the Lagrangian
unless the field satisfies both the equation of motion and (C.53]) equated to zero. The latter
statement is far to be an obvious issue or to even have nontrivial solutions for fields on
SU(2). In order to have a taste of that problem and for simplicity, by considering only class
angle fields ¢ = ¢(f), the system to be solved is of the form

~(eos 0t + (im0 (/)2 + 3sin0)g" = 0
(C.54)
(cos? ) — sin? 0) ¢ + 3 cos O sin ¢ + sin? 0¢” — Asin? 0¢® = 0

C.4 Dilatation current for GFT in 3D

In this section, we compute the dilatation current for a dynamical GFT in 3D.
We need again to symmetrize the variation operator on the complex interaction, recalling

that d.¢1 2,3 assumes the form (C.43):

6
)\/[H dgi (56¢1,2,3(55,4,3¢5,2,6(51,4,6 + 5e¢_51,2,3¢5,4,3035,2,6¢1,4,6) =

(=1
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6
% /[H dgr] { (0cr,2,3) §5,4,3¢52,601,46 + (0c05,2,6) P12,3054301,4,6
=1
(5 P54 3) $1,2,305,2 6651 46 1+ (54_51,4,6) ¢1,2,3¢_55,4,3¢5,2,6}

/ H dge] { Z )D(s)¢1,2,3) &5,4,3@55,2,6&174,6

s=1

3
+ Z (E(S)D(s+as)¢_>5,4,3) P12305,2601,46 + Z (E(S)D(s+as)¢5,2,6) $5.4301,230146
s=1

s=1

3
+ Z (E(S)D(s+as)<f_>1,4,6) (55,4,3¢5,2,6¢1,2,3}
s=1

\ 6 3

Y /[H dge ZE(s)( +D(S+ )¢123¢543¢526¢146 ; (C.55)
=1 s=1

Dg)) = —2ccosl; +sinb, 00 , (C.56)

where the definition of indices o and [o;] remains the same as in the section dealing with

translations.
Let us consider the action Si'5,[¢] (BS) without massfl with v = -1, 8 = 3/2. The
equation of motion for the field ¢ 23 can be inferred as:

5Sscale 3 _ . —
5¢3D - Z {(‘)1,2,3ﬁ2(005 05)%d12,3 + (9)1,2,38 cos 0y sin 0,0(s) 091 2,3 (C.57)
123

—55(5) 0 [(')1,2,3 cos b sin 95551,2,3] - z(s)él,li&} 1 12,3 / H dge )\¢5 4 3¢5 2 6¢1 4.6 5

3
(‘)1,2,3 = H V ‘ det gs‘ ) A(s 123 = a(s k{ 1 23 sm@ ) ( (s) z¢1,2,3)} )
s=1

where A(s) is again a modified Laplacian due the presence of the sine function. The functional
operator for dilatations given by (B3)) allows us to compute the variations of the action up
to a surface term:

P 9 6 3
EW( )Sscalo _ E /[H d@gdgpéd(p?]{ <_ Z 65D5¢1,273> X
! ¢ /=1 s=1

3
[ Z {(')52((308 05)°b123 + (#)3 cos O, sin 050s) 061,2.3
s=1
_ﬁa(s) 0 [(') cos f, sin 95&1,2,3} - z(s)Clgl,z,g} + (.))\Q§574,3¢572,6Q§1,476] + (gb > QE)}

By first recombining the variations of the interaction, we get an expression like (C.55]):

6 3
— [([Tdbutetaet{ - > clDetnasl[(8DNsaatnzsdnag] + (6 < 3}
(=1

s=1

"In fact, a mass term can be included but for simplicity purpose, we do not consider a massive field.
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6 3
_/Hdegd%dw ZES { 8+[a } $1.2,305.4.305,2.601.4.6

s=1

A B B
=— Z 65/ Hd@gd@gd@g { )0+ O(st]as)) 0}[(.)5¢1,2,3¢5,4,3¢5,2,6¢1,4,6] . (C.58)

Second, we treat the terms with no or an unique derivative in the kinetic part:

3 6 3
B=-Y e [([Jandoiac "

s'=1 (=1 s=1
Dyp123 [( )32 (cos 0)°P1,2.3 — BO\s) o(®) cos B sin 95]65172’3} (@ Qg)}

3 6 3
==Y e [[aveiast > {
s'=1 (=1 s=1

+ [ — B0y 0[(®) ( B cos By + sin by 0oy g )<Z>1,2,3 cos 0 sin 0,01 23] + (¢ <> &)}

+(')352(COS 95)2 COSs 95’551,2,3@,2,3 4: (')52(008 98)2 sin 95/8(5/) 0 [&1,2,3?251,2,3]
+(®)0, 53 cos b sin 6 ( —23sin 95'¢1,2,3¢1,2,3) (C.59)

+(®)d5,5 3 cos b sin O cos b (Cgl 2,30(s) 001,2,3 + 01,230 9¢123)
+(®)2” cos B, sin 0, cos b (¢1238 9¢123+¢1235(s 9¢123)

(‘)5 sin 6y cos 0, sin 0, [8(5/ 9(<Z51,2,38 (s) 9¢1,2,3) +0 (s") 9(¢1,2,38(s) 051,2,3)]}- (C-60)

Since Oy g[(®) sin Oy cos?0,] = (e) (3 cos Oy cos? 0, — 20, ¢ sin® Oy cos 95/), the intermediate
line (C.59) reduces to a surface term

(8)3 cos by 252 (cos05)’P1 030123 + (o) sin by 252 (cos05)°0 sy pld1230123  (C.61)

s=1 s=1

3
—2(e) sin Oy Z 05,5037 cO8 O SN Oshy 2 301,23 = sy 0 |Sin by (o) Z 32 (cos 95)2¢1,2,3¢1,2,3]

Furthermore, using

051y o[(®) sin Oy cos O sin 0] = (e) [3 cos Oy cos O, sin O, + J, o sin Oy (— sin® Oy + cos® 95/)] ,
(C.62)

we have

3
3 cos Oy (') Z f3 cos 0, sin 95(51,2,35(3) 9¢1,2,3 + ¢1,2,38(s) 961751,2,3)
s=1
3

+ Z(')(Ss,s'ﬁ cos 0, sin 05 cos 95’(551,2,38(5) 901,23 + P1,2,30s) 9&1,2,3)

s=1

3
+sin Oy (o) Z B cosbssin 0,05y 0(91230(5) 601,23 + D1.2305) 001.2,3)
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3
= sy 9 [sin Oy Z(')ﬁ cos O, sin s (d1.230s) 001,23 + P1.2,30,s) 951,2,3)]

s=1

+3sin® 05 (012305 09123 + P1.230(s) 001,2,3) - (C.63)

Hence, the quantity B can be rewritten as
3 6
- / [T anaclazif (.61
[ Z By 0[(9)( B cos By + sin by O(sry g) b1,2,3 €08 b, Sin 51 23] + (¢ ¢ (;_3)}
+0s) 0 [sin Oy (o) Z 52(005 95)261_51,2,3%,2,3}
s=1

3
+0(s) 0 [sin b (o) Z f3 cos O sin 0,0(s) 9(&1,2,3%,2,3)} + Bsin® 0505 o(G1230123) }

s=1

Last, the Laplacian terms have to be calculated as follows:

3
C = Zes / Hdegdcp dy?) Z [Ds'¢1,2,3 g(s)$1,2,3 + (¢ < Qg)}

s=1

3 3
=Y e / [H dhedpydef] {
s'=1 l=1 1

s=

{[Bcosby +sinby Oy o] d13 (0)(sinby)* g0 101,25}

®)3s 50k 03 (sin 0 )¢123gs l¢123
®) 3 cos Oy (sin 65)0,s) k¢123gs 9 101,23

) k
(o)
—(e)
—(®)35,5 050 cO8 Oy (sin 05) 20, 9¢172,3 gfla(s) 10123 + (6 ¢ ¢)]
—(e)
(o)

1

Os) &

_|_

o) sin 0y 0 o[sin® 0 8505 k1.2,30(5) 161.2,3]
+(® SIIIH 8 [Sln2 95 gfl]ﬁ(s) k¢172730(5) 1&17273 } (065)

The identity 9y o(sin® 05g*") = 8 ¢04,001,02 cos Oy sin by, allows one to rewrite ([C.G5) as

3 3
¢ = e [ [ andeiaz] (.66
s'=1 /=1

3
[Z sy i { [ Bosby +sinby Oy o | 123 (9)(sinb,)°gE 05y 10123} + (¢ > (b)}
s=1
3
_8(5’) 0 ((‘) sin 0y Z sin’ Hsgffl@(s) k¢1,2,33(s) l<231,2,3> + (o)ﬁ(sin 93')38(5/) 9(51,2,3?591,2,3) .
s=1

The non-like surface term appearing in ([C.60) cancels the extra term appearing in (C.63)).
Summing all contributions, A (C.58), B (C.64)) and C (C.60) affords

0
a Scalo_/HdHZd(Pzd(Pz{
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|:Z 8(5 SlIl ‘9 ) [ﬁ COS Hq -+ sin Hq 8(q) 0 ]¢172,3 gflﬁ(s) l$1,2,3}

+ Z B0(s) o[(®) cos O sin O (ﬁcos@ + sin 6, O(q) )¢172,3 b1.23] + (¢ < (5)}

3y pl(o) sim B, £558] — Outoa) o[(#) 510 0 ) L 0]
/Hdﬁedwdw {

[Z Oy i ( { sin 0,)[ B cos O + sin b, 0ig) 0 |61,2,3 O 19123

+88s 19 cos O sin 0| 3 cos 0, + sin 0, 0y 6] 12,3 br23+ (¢ < Q_S)}
04,585 10 SIN O L35 — Og+[ag],s8s 16 SIN 9q+[aq}£mt7gp} ) (C.67)

The current for this symmetry becomes a stranded tensor expressed by

D(S,S’);j =
1 _ _
Sil'l 93{ Sil'l 952, |:8(8) 9(?172,38(8/) j(Sil’l 95,(?172’3) + 8(8) 9(?172’38(8/) j(Sil'l 95,(?172,3)} (C68)

58 s/ 8! ]eﬁscale} - 6s+[as},s’gs’ 70 sin 98+[as}£int,3D + 5 COs 6)sa(s’) j ((Sin 98’)265172,3@51,2,3) .

Again due to both the presence of the nonlocal interaction and the explicit coordinate ap-
pearance in the Lagrangian, the dilatation current is not covariantly conserved.

C.5 Dilatation current for the colored model

Current calculation - We start by giving the equations of motion for the fields ¢! and ¢,
llSil'lg Ecolor,scale — Lcolor,scale(lv4) 4 Ecolor,scale(lv4) in the form (IB])’ with —¢ = B — 3/27 with

Ecolor,scalo(1 A4) .

3
(sin 91)_14‘%;] ) i[(sin 91)%5%,2,3]8(1 jl(sin 91)%5% 2 3 + Z g?ﬁ(s i¢i,2,3a(s) jﬁbi,z,g
+(sin 91)_1gija(l) i[(sin 91)%%,4,1] [(sm 91) ¢6 4, 1 ‘l‘ Z g”@ zﬁgéA 1 J¢6 4,1
s=4,6
+A ¢%,2,3¢Z23,4,5¢g,2,6¢é,4,1 + A ¢i2,3¢§,4,5¢?,2,6¢é,4,1 )

poonsete) SN g0 82 0 1Bt S B il s - (C69)

5=3,4,5 5=5,2,6

The equation of motion obtained for ¢y , 4 is

K Scolor,scale

e = (4123003006 + (#1208 cos015in 01001 00
1,2,3
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—By o [()1,2,3c08 01 8in 0161 53] — Aydiag — (®)123 AP a3

s=2,3
+A(e 123/ Hdgé [63.4,595.2.696.41 » (C.70)
®)abe = H \/|detgs 1)®1,2,3 = O) k{ 1,2,3(sin 0;)°g} (8(1 l¢123)}

s=a,b,c

The equation of motion of ¢* and complex conjugate fields are therefore obvious from (C.Z0)).
The functional operator for dilatations is given by ([[4]) where the infinitesimal field variations
possess an unique parameter €. Let us evaluate the variations of the action up to the point
we obtain a surface term:

d color,scale
86W( €)S = / Hdﬁzdwdw {

D) b1 2.3 [(o)ﬁ2(cos 01)% 01 23T ( )B cos 01 sin 6,01 95172’3
—B0ay ¢ [(‘) cos 0 sin 91¢1 2 3] - E(l)&i,z:’, — (o) Z A(s)‘f;%,z,s + (.)A¢§,475¢§,2,6¢g74,1:|

s=2,3
+D1)bg [ (8)5%(cos 0,)? q§64 1 + ()3 cos 0y sin 6,01 9(]3%174,1

6,4,1
—B9u) 0 [ ®) cos 0 sin 91¢64 1] - (1)%74,1 — (o) Z A(S)QEQ‘AJ + (‘))\45%,2,3@5%,4,5(??,2,6}

s=4,6

(o &)}. (C.71)

Following the same steps as in Appendix [C.4] the variations of the interaction can be recom-
bined as

6
A = [ atudoldat)s) DG} 0063 15680008 + (6 )] (©72)
/=1

6
= _5/[1_[ deﬁdﬁd%]{aﬂ) 91 (e)sint; [)\Qﬁ,2,3¢§,4,5¢§,2,6¢é,4,1]} + (¢ < Qg)}
(=1

Second, we treat the terms with no or a single derivative in the kinetic part:

B=—c / [161 abditdf]{

/=1

[(D(l)ﬁblz,:’» [(')52(COS 01)°01 95 — By o[(®) cos by sin 91]65%,2,3]
+(¢i2,3 A ¢§,4,1)) + (¢ < Q_S)] }

= —e / [f[ deedwédwi]{

(=1

[ — B0y ol(®) (B cos by + sin by 1y 6) P} o 5 cos by sin b1 5 5] + (¢ <> gb)]
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+0y 0 [ﬁz(‘) sin 01 (cos 61)2@3%,2,3%,2,3]
+01) 0 [5(0) cos 0 (sin 91)28(1) 9(&1,2,3?25%,2,3)} + B(e) sin® 0100) 9(&%,2,3@,2,3)

(¢123 A ¢641)} (C.73)

Last, the Laplacian terms have to be calculated following the same steps as done for the case
without color. We find:

3
C=e / [T dteaotazii{
(=1

D1¢%,2,3 z(1)€Z_5i,2,3 + (’)1,2,3 Z D1¢%,2,3 A(S)Q_ﬁ,z,?, + (Cb A Qg)] + (¢%,2,3 A ¢é,4,1)}

s=2,3
/Hdﬁzdwdw {

[8 { [B cos 0y + sin 6, 9 ]¢1 23 (®)(sin 6,)? g'flﬁ(l) lq_ﬁ’zg}
+ Z O(s) k[(B cos 01 + sin 918(1 )¢1,2,3 (‘)gflg(S) ng%,z,?,] + (¢ < q})]

s=2,3

+(®)B(sin b1 ) 9(615%,2,3 &%,273)
—0) 0 [ D (o) sin 018801 k0] 05 Os) Nﬁ,z,g]

s=2,3

~ 01y 0| () sin 01 [(5in61)° g5'01) 10} 2,000 10} 23] | + (9120 € 6L } - (C.74)

and again the non-like surface term in (C.74)) cancels the extra term in (C.73). By adding

all contributions, A (C12), B (CZ3) and C (CT4), one writes

8 color,scale °
s — [([] doagtag?l{
/=1

O w(@)es { [ ((5im 01)°( 5 c0s 1 + sin by Dy o 6% 05 00y 16} 0

+6g1 16 cos 0 sin 01 5 cos 0 + sin 6 9 ]qbl 2 3¢1 03T (¢ < qb))

coorsca014
(¢123H¢641)]_g1l051n‘9£ lor, 1( )}

+ Z s i [( [Bcos by 4 sin 0,0 ]¢%,273 Ots) lqgizg] + (¢ < QE))

s=2,3

(13 ¢§,4,1)] } (C.75)

The current tensor for this symmetry possesses the distinct components:

py = [(sin 01)?[ B cos By + sin b, n) o |b1 23 0) ]gﬂ 23
+Bg1 jo cos 0y sin 0 B cos 0 + sin 6, O ]¢123 ¢123+ (¢ < @)

—g1 0 sin 91 Ecolor,scale(l A)
J

Y
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Dg));j = [fBcosb; +sinby O 9](?%72,3 8(5)@%72,3 + (g @), s=23  (C.76)

and the other components Déj)),j can be obtained from Dg;,j and Dg)zz 3): by taking the
symmetry ((;S%,Zg ¢é,4,1) and omitting the Lagrangian part. We can rewrite the dilatation

tensor component DEB i in the more compact form:

Dg;; i = ) o[(sin 91)%%,2,3] ) jl(sin 91)%5%,2,3] + ) o[(sin 91)%5%,2,3] ) jl(sin 91)655%,2,3]
— gijo sin 91£C010r,sca10(174) ) (C??)

Covariant conservation - We write the equation of motion for the color 1 field as

0=p [_ﬁ COS 9% + sin’ 9} Qg%,z,za - 7g(1)§5i2,3 - Z A(S)Qgiz,s

(®)123 5=2,3

6
+>‘/[H d9€]¢§,4,5¢g,2,6¢§,4,1 .
(=4

In a covariant form, we evaluate

PR i H@
Y VgDt Y VigDy =

s=1,2,3 s=1,4,6

V{l) [[5 cos 0y +sin 6,V 9]&%7273 [(sin 91)2V(1) jgbizg]

+ 0y, sin 0y cos 6’1¢},273[5 cos by + sin 6, V1) 9]&172,3 + (¢ < Q_S)]
+ 3 [[ Beos by + sin by Vi) o]V, 8 o5 Vi 60054

s=2,3

+[5COS 0 + sin 0, V(l) 0]@,2,3 V{S)V(s) jﬂ_ﬁ,z,:a + (Cb A Q_S)]
—i—V{l) [[5 cos 01 +sin 6V 9](5‘6174’1 [(sin 91)2V(1) j¢§,4,1]
+B0; sin 0y cos 01 ¢ 4 1 [f cos 01 + sin 6V (1) g]dg 41 + (¢ &)]
+ Z [[5 cos 01 +sinf; Vi g ]st) é,4,1 Vis) jagéA,l

s=4,6
[Bcos by +sinby Ve ]¢§,4,1 V(s) jv‘gs)($§74vl + (¢ e q@)]
— cos O, LY
—sin 04 [
(2 cos 0y sin legl)ﬁgi,zsv(l) j¢i72,3
+(sin 91)2g{k[v(1) oV (1) j¢i,2,3]v(1) k¢i72,3 + (sin 91)2g{kv(1) j¢i,2,3[v(1) oV (1) Wﬁ,zﬁ]

+B[—(sin ;)% + (cos 9_1)2]03%,2,3v(1) 9¢i2,_3
+3 cos by sin 01[V (1) 601 25V (1) 601 9.3 + D125V (1) 0V (1) 091 .5]

+B[—(sin 0;)* + (cos 91)2]¢i,273V(1) 9&%,2,3
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+Bcos by sin 61V 1) 00155V (1) 00125 + D123V (1) 6V (1) 601.2.5)
2 . 71 1 2 2 71 1 71 1
+(%[—2sin 0, cos 6)1]€Z51,2,3€Z51,2,3 + %(cos 0) [V(l) 0¢1,2,3¢1,2,3 + ¢1,2,3V(1) 0¢1,2,3]

+ Z [v(l) Ovzs)éi,mv(s) j¢%,2,3 + vjs)ﬂ,mv(l) 0V(s) j¢i2,3]

5=2,3
(o' "))

[V 1) 0¢%,2,3]¢§,4,5¢g 2 6¢§ 4,1 + Cbi 2 3¢§ A4, 5¢g 2 6[ 1) 9¢?§,4,1]

A [V(l) 9‘%,2,3]@3,4,5?25 6¢6 41T ¢1 2 3¢3 4 5¢5 2 6[ (1) 9‘2_%1,4,1] (C-78)

which yields after canceling equations of motion of ¢!, ¢!, ¢* and ¢*, by integrating all
variables save g and trading the remaining modified Laplacian using once again the equations
of motion:

/[f[dgz][ > ViDL, + > Vi DY }

s=1,2,3 s=1,4,6

= / [ﬁdgz]{[(ﬁcosemg[( S Bwdlaat 2 Vi Vi 0 aa| + (6 9))
(=2

5=2,3

+2 cos 01 (sin 01)°V (1) 091 9.5 V(1) 001 5.3 + 37 cos 0](cos 01)* — 2(sin 01)]1 5 301 2.5
+2c0801 Y Vi 0l Vi i0las + (0 & 0Y)]

s=2,3

- [)\ COs elﬁlﬁ 2 3¢§ 4 5¢:5)) 2 6¢é,4,1 + Acos 91Cl_ﬁ,2,3@%,4,5?1_5:5)),2,6@_5%1,4,1] }
/ Hdge { [2 COSs 6’1 Slﬂ 91) (1) 95%,273 v(1) 0¢i,2,3

9 _
+2 cos by Z V(s)¢1,2,3 Vi) if125 — 5((303 01)° 01250125 + (&' ¢ ‘254)]

s=2,3

1 B I
T3 [)‘ c08 0191 5,303,4,503,2,6P6,4,1 + A COS ‘91Qﬁ,2,3¢§,4,5¢g,2,6¢§74,1:| } (C.79)

One can compare the latter expression with the breaking (C.53]) for the 1D case and discover
than they have in fact the same structure.
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