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Revisiting the Simplicity Constraints and Coherent Intertwiners

Maité Dupuis! and Etera R. Livine!

! Laboratoire de Physique, ENS Lyon, CNRS-UMR 5672, 46 Allée d’Italie, Lyon 69007, France
(Dated: January 10, 2011)

In the context of loop quantum gravity and spinfoam models, the simplicity constraints are
essential in that they allow to write general relativity as a constrained topological BF theory. In
this work, we apply the recently developed U(N) framework for SU(2) intertwiners to the issue of
imposing the simplicity constraints to spin network states. More particularly, we focus on solving
on individual intertwiners in the 4d Euclidean theory. We review the standard way of solving the
simplicity constraints using coherent intertwiners and we explain how these fit within the U(N)
framework. Then we show how these constraints can be written as a closed u(N) algebra and
we propose a set of U(N) coherent states that solves all the simplicity constraints weakly for an
arbitrary Immirzi parameter.

Introduction

Spinfoam models present a tentative framework for a regularized path integral for quantum gravity. Initially
constructed as a history formalism for loop quantum gravity describing the evolution of spin network states of geometry,
it has been developed since then as a discretization of the path integral of general relativity reformulated as a
topological BF gauge theory plus constraints. Since the BF theory is topological, it does not have any local degree of
freedom and can be discretized and quantized exactly as a spinfoam model without losing any of its physical content.
Then one works directly at the quantum level in the spinfoam framework and attempts to impose consistently the
constraints turning the BF theory into a geometrical theory and introducing local degrees of freedom.

More precisely, the Plebanski action writes general relativity as a constrained BF gauge theory for the Lorentz
group SO(3,1) (or SO(4) in the Euclidean case):

Scr[B,w, \] = / B A\ Frylw] 4 MaCa[B,
M

where M is the space-time manifold, I, .J are Lorentz indices running from 0 to 3, w is a s0(3,1)-valued 1-form (or
50(4)-valued in the Euclidean theory) and Fw] is its strength tensor, B is a s0(3,1) valued 2-form. The constraints
C.|B] are enforced by the Lagrange multipliers A, and are called “simplicity” constraints. They are usually quadratic
in the B-field and constrain it to come from a tetrad field e in a such way that we recover general relativity in its
first order formalism formulated in term of tetrad and Lorentz connection (see e.g. [1]). This reformulation is at the
heart of the spinfoam models developed up to now. Another approach is based on the MacDowell-Mansouri action,
which writes general relativity as a BF theory for the gauge group SO(4,1) (or SO(5) in the Euclidean case) with a
non-trivial potential in the B-field which breaks the symmetry down back to the Lorentz group [2]. Although this is a
very interesting alternative, it hasn’t yet lead to a definite proposal for a spinfoam model. We will therefore focus on
spinfoam models attempting to implement a discrete path integral for the constrained BF theory with gauge group
SO(3,1) or SO(4).

At the continuum level, the simplicity constraints are essential in turning the non-physical BF theory into 4d
gravity. They are second class constraints and modify non-trivially the path integral [3-5]. At the spinfoam level, we
usually start with a triangulation of the 4d space-time manifold (or more generally, any cellular decomposition of the
manifold) and we discretize the fields, both the B-field and the Lorentz gauge connection. The B-field is a 2-form and
is naturally discretized on the faces of the triangulation, i.e the triangles. In the spinfoam framework, the discrete
B-field is then quantized into a representation of the gauge group associated to each triangle. Next, the simplicity
constraints can be discretized as well and are usually solved separately on each 3-cell of the triangulation i.e the
tetrahedra. Upon the spinfoam quantization procedure, a tetrahedron becomes an intertwiner (tensor invariant under
the gauge group) between the four representations living on its four triangles. Finally, the simplicity constraints are
to be imposed on these intertwiners. At this discretized and quantized level, a big issue is that the algebra of these
simplicity constraints does not close. This reflects the fact that they correspond to second class constraints.

The first explicit attempt to solve these discrete simplicity constraints lead to the Barrett-Crane spinfoam model,
which was actually initially built as a geometrical quantization of individual 4-simplices [6, 7]. In this case, the
constraints were imposed strongly and a single solution was found [8]: to each tetrahedron is associated the unique
Barrett-Crane intertwiner (once the four representations living on the associated triangles are fixed). Although it
seems to be a happy coincidence to find such a unique solution, it also has the drawback that it seems to freeze too



many degrees of freedom of the 3d space geometry, especially considered from the point of view of loop quantum
gravity or the spinfoam graviton calculations [9].

It was then proposed that, as second class constraints, the simplicity constraints should be imposed weakly, using
coherent state techniques [10] or following a procedure similar to the Gupta-Bleuler quantization [11]. These two
possibilities were shown to lead to the same family of models, the EPRL-FK spinfoam models [12-15], which rely
heavily on the use of coherent intertwiners [10, 16, 17].

In the present paper, we would like to revisit the implementation of the discrete simplicity constraints from the
perspective of the recently developed U(N) framework for (SU(2)) intertwiners [18-20]. This framework proposes
a closed algebra of geometric observables acting on the space of intertwiners. The goal of the present is to use
these tools to understand better the algebraic structure of the simplicity constraints. In particular, it is natural to
wonder whether the simplicity constraints can be recast in term of these U(N) observables, and then see if it allows
to propose a closed algebra of simplicity constraints and/or if we can identify some holomorphic splitting of the
simplicity constraints into annihilation/creation operators following a rigorous Gupta-Bleuler quantization procedure.
Indeed one important point that we would like to address is that the now standard EPRL-FK procedure to build
coherent intertwiners solving the simplicity constraints (weakly) and the corresponding spinfoam amplitudes rely on
requirements on the expectation values of these coherent intertwiners and their semi-classical behavior. The resulting
EPRL-FK coherent intertwiners then are not (strong) solutions of explicit and exact algebraic constraints. What we
will do here is identify such constraints by a quasi-systematic search through the different possibilities.

We will restrict ourselves to the study of the Euclidean case, i.e constrained BF theory with gauge group Spin(4)
(which is the double cover of SO(4)) and the corresponding intertwiners. We have not yet investigated how our
approach can be applied to the Lorentzian case yet. We will focus primarily on the theory without Immirzi parameter,
but our final proposal will hold for an arbitrary value of the Immirzi parameter. We will start by reviewing the
discrete simplicity constraints and how to solve them in term of coherent intertwiners. Then we will introduce the
U(N) framework and explain how to reformulate the coherent intertwiners in this context. We analyze in details
the operators acting on these coherent intertwiners. These new technical results will be relevant for the analysis of
the simplicity constraints presented in the third part. In this last part, we will apply the U(NN) tools to the issue of
the simplicity constraints: we propose new sets of simplicity constraints which form closed algebra and therefore can
be solved strongly. In this approach, we follow the line of the EPRL-FK model, that is we impose weakly the cross
simplicity constraints but we keep strong diagonal simplicity constraints. However, this will hint towards the fact
that enforcing strongly the diagonal simplicity constraints is too restrictive and physically unjustified. All simplicity
constraints should be treated on the same footing. In the last section, we will therefore relax the diagonal simplicity
constraints and this will lead us to identify a set of strong “F-simplicity” constraints, which can be interpreted as
the annihilation/holomorphic part of the simplicity constraints and which allow to solve weakly all the simplicity
constraints for an arbitrary value of the Immirzi parameter in term of the U(N) coherent states.

I. INTRODUCING THE SIMPLICITY CONSTRAINTS
A. Discretizing Polyhedra into Intertwiners

The spinfoam framework is based on discretized space-time manifolds, built from gluing 4-cells together. The
key kinematical ingredient is the boundary of the 4-cells. More precisely, the boundary of a given 4-cell is made of
3-cells (usually tetrahedra) glued together. To each 3-cell is associated an intertwiner for the Lorentz group (or more
generally for the considered gauge group). This intertwiner lives on the dual 1-skeleton of the 3-cell: the intertwiner
vertex corresponds to the inside of the 3-cell while each of the intertwiners legs pierces one (2d) face of the 3-cell. Then
the intertwiners associated to all these 3-cells are glued together into one spin network which defines the quantum
state of the boundary of the 4-cell. Finally the standard prescription for the spinfoam amplitude associated to a given
4-cell is to evaluate its boundary spin network on the flat connection (all holonomies set to the identity). Then the
spinfoam amplitude for the whole discretized space-time is defined as a sum over intertwiners with a specific statistical
weight of the product of the spinfoam 4-cell amplitudes. To sum up this construction, the key step in the spinfoam
quantization is to define an intertwiner corresponding to each 3-cell. This is where the discrete simplicity constraints
usually come into play.

Let us therefore focus on one 3-cell. In the following, we will work in the Euclidean theory, with the spin(4) Lie
algebra. The B-field is discretized on the faces of this (3d) polyhedron by associating a bivector B4/ to each face A
on the polyhedron boundary. I,J are Lorentz indices and run from 0 to 3. These bivectors define the geometry of
the polyhedron. We distinguish two sectors: the normal bivector to the face (the normal to a plane embedded in a
4d manifold is indeed a bivector) is either BY’, which we call the standard sector (s), or it is given by its Hodge dual

(*B)Y = 1!/ BEE, which we call the dual sector (x). In both cases, the norm of the bivector [By’| gives the area



of the face A and the bivectors satisfy a closure constraint:

> By =o. (1)

A€dv

For a discussion on how these two sectors correspond to gravity or not, the interested reader can check out for example
[1].

The simplicity constraints come from the fact that all the faces of a given 3-cell v all lay in the same hypersurface.
Let us call N7 the 4-vector normal to that hypersurface. This leads to very simple constraints on the bivectors Bi‘] .
We will call them the linear simplicity constraints. They distinguish the two different sectors:

(s) Np-BY =0,vA € ov, (*) €Ny BKE =0,vA € ov. (2)

These linear simplicity constraints are at the root of the construction of the recent EPRL-FK model and other new
spinfoam models [12-15, 21]. Here we start by working without Immirzi parameter. The Immirzi parameter is taken
into account by considering a linear combination of these two sectors, thus leading to a linear simplicity constraint of
the type Nj - (BY + ve!’ k1, BKL) = 0, and we will discuss how to take it into account in a later section.

These linear simplicity constraints involve explicitly the time normal N7, which is an extra field. This time normal
extra-field appears explicitly in some formulations, for instance in the covariant loop gravity framework by Alexandrov
and collaborators e.g. [22, 23]. But it is not usually considered as a fundamental field variable. It is thus convenient
for some purposes to reformulate the simplicity constraints solely in term of the B-field. This leads to the discrete
quadratic simplicity constraints, which were actually the original formulation of the simplicity constraints:

VA, & € 0v, €KL BZJBgL =0. (3)

Written as such, the quadratic simplicity constraints truly look like the discretization of the classical simplicity
constraints of the continuum Plebanski theory (e.g. [1]), which turn BF theory into general relativity. The moot
point is that these quadratic simplicity constraints do not distinguish the two sectors (s) and (x) since they are
invariant under taking the Hodge dual B — %B. This means that we have to recognize the two sectors by hand when
solving these simplicity constraints.

The quantization procedure for the 3-cell is very simple: we associate an irreducible representation of our gauge
group Spin(4) to each face A and we quantize the bivectors BL’ as the Lie algebra generators J1/ acting in that
representation. Then states of the 3-cell v live in the tensor product of the representations of all its faces. Moreover,
taking into account the closure constraint,

BV =0 — Y JM=o,

A€dv A€ov

we require that the states associated to the 3-cell must be invariant under the global Spin(4) action which acts
simultaneously on all faces. Thus, the Hilbert space of quantum states of the 3-cell is the space of Spin(4) intertwiners
between the representations attached to its faces. Since Spin(4) ~ SUL(2) x SUR(2) is the direct product of its two
SU(2) subgroups, the irreducible representations of Spin(4) are labeled by a couple of half-integers (j%,j%). So we
attach a pair of spin to every face A and the intertwiner space for the 3-cell is the tensor product of the space of
SUL(2) intertwiners between the spins jX and the space of SUg(2) intertwiners between the spins jX :

L ‘R
Hji jn = Inv ®VJA ® Inv ®V]A (4)
A A
Then we still need to implement the simplicity constraint. We use the quadratic simplicity constraints:
VA,AE@’U, €IJKL Jijng = 0. (5)

They translate very simply into conditions on the Casimir operators on the intertwiners states. We distinguish the
diagonal simplicity constraints obtained when the faces are the same A = A |

VA, (JX)? = (JR)?, (6)
and the crossed simplicity constraints in the case that the two faces are different A # 5,

VAAA, (JX-JR) = (JR-TR). (7)



The diagonal simplicity constraints are simple to impose. We require that the Spin(4) representation be simple i.e
j& = j& for all faces A. So we can drop the index L, R for the spin labels and call them simply ja = jX = j&. The
crossed simplicity constraints are the true constraints on the intertwiner states and are more complicated to impose.

Naturally, the first approach is to attempt to impose these constraints strongly for looking for intertwiner states
|4} vanishing under the simplicity constraints:

errwer JKTEE [4) = 0. (8)

It was shown (at least in the 4-valent case corresponding to a tetrahedron) in [8] that these equations have a unique
solution once the spins (j%,7%) are specified. This leads to the Barrett-Crane spinfoam model [6]. This frozen
intertwiner issue leads to several problems in the interpretation of the Barrett-Crane model, especially when looking
at its relation with the canonical loop quantum gravity framework and when studying the graviton propagator derived
in the asymptotical semi-classical regime of the model. This uniqueness of the intertwiner state can be traced back
to the fact that the Lie algebra of the quadratic simplicity constraints does not close. Indeed, looking at the crossed
simplicity constraints, it is fairly easy to check that:

Jk, K, — TR TR, K, TE, - TR TR | = Tk, - (VK AJK,) + TR, - (TR ATR,). ()

And so on we generate higher and higher order constraints by computing further commutators. This means that when
we impose strongly the quadratic simplicity constraints on the intertwiner state |¢), we are actually also imposing
all these higher order constraints. Then it is not surprising to find a unique solution, although it could actually be
considered surprising to find at least one solution.

To remedy this issue, it was proposed to solve the crossed simplicity constraints weakly, either by some coherent
state techniques [10] or by some Gupta-Bleuler-like method using the linear simplicity constraints [11, 12, 15]. These
two approaches were shown to lead to the same spinfoam amplitudes [13, 14] apart from some subtle cases [24]. On
the one hand, one seeks semi-classical states such that the simplicity constraint is solved in average [10, 13],

(W|JX - TE) = (TR - TE[), (10)

and minimizing the uncertainty of these operators. On the other hand, one looks for a Hilbert space H[ja] such that
the matrix elements of the simplicity constraints on this smaller Hilbert space all vanish [11, 14]:

Vo, € Hljal, (¢|JX - JEIb) = ($JR - T2|y). (11)

At the end of the day, these two methods lead to the same intertwiner space, at least in the present case considered
in the Euclidean setting and without Immirzi parameter. We explain this construction in the next section.

Our approach in the present paper is to attempt to address these crossed simplicity constraints from the viewpoint
of the U(N) framework for SU(2) intertwiners. We will propose a closed set of U(N) simplicity constraints, which can
be solved by a straightforward group averaging, and also we will introduce another set of Gupta-Bleuler-like simplicity
constraints using the U(N) creation and annihilation operators.

B. Using Coherent Intertwiners

Let us introduce the coherent intertwiners used to solve weakly the crossed simplicity constraints. First, we need
to define the usual SU(2) coherent states. They are derived by acting with SU(2) rotations on the highest weight
vectors |j, 7):

vg € SU2), 15:9) = glij)- (12)
These states are coherent states! & la Perelomov and transform consistently under the SU(2) action:
hlj,g) = 15, hg)- (13)

It is easy to compute their expectation values:

I
@
N>
—
—
N
~—

1 These states minimize the uncertainty relation (4, g|J2|4,9) — (j,g|J17,9)% = j(j +1) — j2 = j and also satisfy a very simple tensorial
property |5,9) ® |7,9) = g(15,5) ® 5,5)) = gli+34.d+3) = i+34,9)



This only depends on the unit vector 7 € S, which defines the group element g up to a U(1) phase. It is then natural
to choose a specific section and define the standard SU(2) coherent states as |j,7) = g(7)|4,7) = |7, 9(n)) where the
rotation axis of g(f) is constrained to lie in the (zy) plane.

Then N-valent coherent intertwiners are defined following [10] by tensoring N such SU(2) coherent states and group
averaging this tensor product in order to get an intertwiner. More precisely, we choose N representations of SU(2)
labeled by the spins ji,..,jx and N unit 3-vectors nq, .., 7y, then we define:

N N
[1Jis i) = / dg g > |jin i) = / dg 99(7i) i, ji)- (15)
oy 997 o &

Now coming back to the Spin(4) ~ SU,(2) x SUg(2) and the simplicity constraints, we use simple Spin(4) represen-
tations with jiL = jiP” and double the labels of the coherent states introducing unit 3-vectors ﬁf’R, o ﬁf\,’R. Considering
the tensor product of SU(2) coherent states |7, n*) ® |7, 7f), the expectation values of the spin(4) generators J_;L’R are
ja . These two 3-vectors with equal norm define a single bivector B € A’R* being its self-dual and anti-self dual
components. Then considering N such coherent states |j;, nF) ® |7;, At), their expectation values give N bivectors

B;. We now impose the simplicity constraints on these classical bivectors .

First looking at the sector (s), the fact that the bivectors B; all share a same time normal A translates to the
existence of a SU(2) transformation mapping simultaneously all the self-dual part (left) onto the anti-self-dual part
(right). Moreover, this SU(2) group element defines uniquely the normal 4-vector?:

Vi,N-B;=0 &  3geSU©2), Vi, alk=gnl, N=(3,1)>pNO, (16)
where N = (1,0,0,0) is the reference unit time vector and the Spin(4) group element (g,T) is defined through its
left /right factors. Imposing this constraint on the labels of the coherent states, we define a Spin(4) coherent intertwiner
by group averaging. This coherent intertwiner is labeled by the representation label, plus the unit 3-vectors 2, plus

the group element g which gives the time normal and the rotation which defines the components fzf from the ﬁf’ :

N N
|Jis iy 9)s = / dgrdgr |gr > (X) glji;7i) | @ |gr>X) |7, M)
SUL(2)><SUR(2) g g
N N
= dgr gr. > (X) |ji, 7i) | @ / dgr gr > (X) |Ji i) | - (17)
l/su@) g SU(2) g

Two things are obvious from this expression:

e The Spin(4) group averaging erases the group element g and thus all the data about the precise time normal
N. In particular, we can drop the label g and call these states simply ||7;, ;).

e This states ||j;,7;)s are the tensor product of two identical SU(2) intertwiners for the left and right parts. In
particular, they obvious satisfy the quadratic simplicity constraints:

o 7L 7L\ _ (7R . 7R
Vi, g, (J; 'Jj> = (J; 'Jj )- (18)
Moreover, they minimize the uncertainty by definition.

We can go one step further by re-writing these states,

N N
|[gis Ri)s = / ( )dGG'>®|ji7ﬁi>L ® |ji, i) = / dG G > Q) (2, 7). (19)
Spin(4

i1 Spin(4) i=1

wo
2 The easiest way to write the action of the Spin(4) transformation on a 4-vector N = :1 is to use the representation (1/2,1/2) of
2
w3
SO(4) and to represent A as a couple of Hermitian matrices: N'— Q = (Qp,Qg) = ZH(WuUikuUH)v with g = 0,---,3, 00 =Iax2
and o (i = 1,---,3) the Pauli matrices (taken Hermitian and normalized so that (o;)2 = I). Then, Spin(4) group elements act by

conjugation: G>Q = (gLQLgZI,gRQRg};1> where G = (g1, 9r) € Spin(4) ~ SUL(2) x SUR(2).



This shows that these coherent states are exactly the EPR states [11, 12] which form a Hilbert space H[ja] solving
weakly the simplicity constraints [13, 14].

Second, we consider the dual sector (x) and we follow the same procedure. The only difference is a sign in solving
the corresponding linear simplicity constraints :

Vi, eN'B; =0 & Jg € SU(2), Vi, nl = —gal. (20)

This leads to similar coherent states [13, 14]:

®

N N
[17is 0i) « l/ dgr gr > |7, =) / dgr gr > |74, ﬁi)] ; (21)
o 9 & o 9r 97> &

N N
dgr gL > Ji» Mg / dgr gr > Jirfig) | - 22
[ / » bt | [, i (22)

Once again, it is obvious to check that these states satisfy the quadratic simplicity constraints in expectation value.
Also, the information about the time normal is completely erased by the group averaging. Finally, the key difference
with the previous sector (s) is that these intertwiner states generate the whole intertwiner space and do not form a
subspace. This ansatz looks more like a fuzzy version of the Barrett-Crane intertwiner.

®

This concludes our quick overview of the standard way to deal with the crossed simplicity constraints. We will now
review the U(N) framework for intertwiners and see what this new approach can say about the simplicity constraints.

II. THE U(N) FRAMEWORK FOR INTERTWINERS
A. Review of the U(N) operators

The standard invariant operators considered on the space of SU(2) intertwiner are the scalar product operators.
They act on pairs of legs (i, j) of the intertwiner and are simply J; - J_; As presented above, the discrete simplicity
constraints are usually formulated in term of these operators. An important issue is that the algebra of the scalar
product operators does not close. More precisely, the commutator of two scalar product operators gives a operator of
order 3 in the J's:

[Ji - Jjo Jie di] = idi - (J; A J), (23)

and so on generating higher and higher order operators. This leads directly to problems when one tries to define
coherent intertwiner states minimizing the corresponding uncertainty relations or when one attempts to solve con-
straints such as the simplicity constraints. The approach followed in [18] was to use Schwinger’s representation of the
su(2) algebra in term of harmonic oscillators to identify a new family of invariant operators, whose Lie algebra closes
and which would still generate the full algebra of invariant operators acting on the intertwiner space. This leads to
the U(N) framework for SU(2) intertwiners [18-20], which actually goes beyond this initial objective and offers a
whole new perspective on the intertwiner space. It shows that the intertwiner space carries a natural representation of
the U(NN) unitary group and allows to build semi-classical coherent states transforming consistently under the U(N)
action. It also uncovers a deep relation between the intertwiner space and the Grassmannian spaces, which could
prove very useful to understand the geometry of the intertwiner space and its (semi-)classical interpretation. We
review this formalism below.

Let us consider the Hilbert spaces of intertwiners between N irreducible SU(2)-representations of spin ji, .., jn :
Hjy, gy = vV @ . @ VIV, (24)
We further introduce the space of intertwiners with N legs and fixed total area J =3, j; :
J
Hg\l) = @ Hjiojine s (25)
> di=J

and the full Hilbert space of N-valent intertwiners:

Hy = P Hjgw = PHY. (26)

{5i} JeN



The key result of the U(N) formalism is that there is a natural action of U(N) on the intertwiner space Hy [18]. More

precisely the intertwiner spaces ’HE\}]) carry irreducible representations of U(/N) [19]. Finally the full space Hy can be
endowed with a Fock space structure with creation and annihilation operators compatible with the U(N) action [20].

This U(N) formalism is based on the Schwinger representation of the su(2) Lie algebra in term of harmonic
oscillators. Let us introduce 2N oscillators with creation operators a;, b; with ¢ running from 1 to N:

[ai,al] = (b, 0] = 8i5,  [as, by] = 0.

J J

The generators of the SU(2) transformations acting on each leg of the intertwiner are realized as quadratic operators
in term of the oscillators:

1
Ji = E(ajai —blb)),  JFr=alb,  J =aib!

[ [ [ 7

E; = (ala; + bb). (27)
The J;’s satisfy the standard commutation algebra while the total energy F; is a Casimir operator:

UFJE| = £JE [T =207 [ELJ]=0. (28)

[

The correspondence with the standard |j, m) basis of su(2) representations is simple:

1 1 . . .
[N, ) HO = |§(na +ny), 5(”(1 —np)), lj,m) =|j+m,j —m)uo (29)

where m is the eigenvalue of J? defined as the half-difference of the energies between the two oscillators, while the
total energy F; gives twice the spin, 2j;, living on the i-th leg of the intertwiner.
Intertwiner states are by definition invariant under the global SU(2) action, generated by:

N
JP=3 05 TE=YJE (30)
=1 1

Then operators acting on the intertwiner space need to commute with these operators too. The simplest family of
invariant operators was identified in [18] and are quadratic operators acting on couples of legs:

Eij = ajaj + bl—tbj, Ejj = Eji. (31)
The main result is that these operators are invariant under global SU(2) transformations and form a u(N) algebra:
[J, Eij] =0, [Eij, Er] = 0juEi — 6uEly;. (32)

The diagonal operators E; = E;; form the Cartan sub-algebra of u(N), while the off-diagonal operators E;; with i # j
are the raising and lowering operators. As said earlier, the generators F; give twice the spin 2j; while the U(1) Casimir
E =3, E; will give twice the total area, 2J = ), 2j;. Then all operators E;; commute with the U(1) Casimir, thus
leaving the total area J invariant:

[Eij, E] = 0. (33)

The usual SU(2) Casimir operators have a simple expression in term of these u(N) generators:

- 1 E; e 1 1 1
(Ji)2 = §E/L (?’L + 1) s Vi 7& Js (Jz . J]) = EEUEJ% — ZE,L'EJ‘ — EE’L (34)
Let us point out that case i = j of (J_; . J_;) does not give back exactly the formula for (J_;)2 due to the ordering of the
oscillator operators. The two formula agree on the leading order quadratic in E; but disagree on the correction linear
in E’i-

The next point is that explicit definition of the E;;’s in term of harmonic oscillators leads to quadratic constraints
on these operators as shown in [19] :

E
Vi, Y Ei;Ej=E; <§+N2), (35)
J
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where we have assumed that the global SU(2) generators J vanish. These quadratic constraints on the E;; operators
lead to non-trivial restrictions on the representations of u(N) obtained from this construction. To solve them, the
method used in [19] is to apply them to a highest weight vector. This allows to identify the representations corre-
sponding to the intertwiner spaces Hg\}]) at fixed total area J = ", j;. The highest weight vector v§\}]) diagonalizes
the generators of the Cartan sub-algebra F; and vanishes under the action of the raising operators E;; v = 0 for all

i < j. The N eigenvalues depend very simply on the area J :
Eioy) =Byl = Jof), Bl =0, vk >3 (36)

This highest weight vector corresponds to a bivalent intertwiner between two legs both carrying the spin % One can
compute the corresponding value of the quadratic U(N) Casimir using the previous quadratic constraints:

E
ZEijEji:E(§+N_2):2J(J+N_2)a (37)
4,J

and the dimension of Hg\‘,j) in term of binomial coefficients using the standard formula for U(N) representations:

o 1 <N+J—1><N+J—2> (N +J—DUN+J—2)!

NS T J J = : (38)

Dy, = dimH T+ DN - DN —2)!

Next, we introduce annihilation and creation operators to move between the spaces ’HE\}]) with different areas J
within the bigger Hilbert space of all intertwiners with N legs [20]. We define the new operators:

Fij = (aibj —ajbi),  Fji = —F. (39)

These are still invariant under global SU(2) transformations, but they do not commute anymore with the total area
operator E/. They nevertheless form a closed algebra together with the operators E;:

[Eij, Eri] = 61 Bu — 6u Lk

[Eij, Fra] = 0uFy = Swky, (B, By = 05Fj) — 6Fp, (40)
[Fij, Fl)) = 6By — 60 Bxj — 8;6 B + 63 Bki + 2605 — dadjp),

[Fij, Fia] = 0, [F;E,FJL] = 0.

The annihilation operators F;; allow to go from H;}]) to Hg}]_l) while the creation operators F;rj raise the area and

go from Hg\}]) to Hg\}”l). We can re-express the scalar product operators in term of this new set of operators:

. 1 1
Ji-J; = fEFijZ-j+ZEZ-Ej, (41)

1 1
fiFZ—ijj + 5 (B +2)(E; +2).

This formula is explicitly symmetric in the edge labels i < j contrary to the previous formula (34) in terms of the E;;-
operators. Finally, as shown in [20] and as we review below, these operators can be used to construct coherent states
transforming consistently under U(N) transformations. These U(NN) coherent states will turn out very convenient in
order to re-express and solve the simplicity constraints.

B. Revisiting Coherent Intertwiners

To define coherent intertwiner states, we attach a spinor z; to each leg of the intertwiner:

P = 1 -
2

Basically, the first component z? is the label of the coherent state for the oscillator a; while the second component
z} corresponds to the oscillator b;. Let us first clear up the geometrical meaning of the spinors z;. Considering a

%



spinor z, the matrix |z)(z| is a 2 x 2 matrix which can be decomposed on the Pauli matrices o, (taken Hermitian and
normalized so that (0,)? =1I). This defines a 3-vector V(z):

1 o
[2)el = 5 ({12 + V(=) - &) (42)
where the norm of the vector is |V (z)| = (z|z) = |2°2 + |2!|? and its components are given explicitly as 3:
VE =202 — |27, VT =2R (%2, VY =23 (2. (43)

The spinor z is entirely determined by the corresponding 3-vector 17(2) up to a global phase. Following [20], we also

introduce the map ¢ between spinors:
0 1
z o —Z 2
§<Z1><Zo)a ¢“=-L (44)

This is an anti-unitary map, (sz|sw) = (w|z) = (z|w), and we will write the related state as
|z] = g|2).

This map ¢ maps the 3-vector 17(2) onto its opposite:

(<z|z>]I —V(2)- 5) . (45)

Finally coming back to the intertwiner with N legs, we have N spinors and their corresponding 3-vectors V(zz)

Typically, we can require that the N spinors satisfy a closure constraint, . V(zl) = 0. This can be written in term
of 2 x 2 matrices:

Solsal = AGL  with AG)= 3 Yl = 5 30 VGl (16)

It translates into quadratic constraints on the spinors:
031 0|2 12
Zzi zZ; =0, Z|Zz‘ :Z|Zz‘ = A(z), (47)

which means that the two components of the spinors, zio and zil, are orthogonal N-vectors of equal norm.

Then we can define coherent intertwiner states [10, 16, 17]. First, for a given leg, we define the SU(2) coherent
states labeled by the spin j; and the spinor z;:
(2fa] + 210])>

(27:)!

This vector clearly lives in the irreducible SU(2)-representation of spin j; since it’s an eigenvector of the energy E; with
value 2j;. Moreover it transforms coherently under SU(2): ¢g|j,z) = |4, g2). They are the standard SU(2) coherent
states & la Perelomov because they can be obtained by a SU(2) action on the highest weight vector |4, j) on the SU(2)
representation of spin j (see in appendix for more details).

Coherent intertwiners are then defined following [10] by group averaging the tensor product of SU(2) coherent states
attached to every leg of the intertwiner:

10). (48)

i 21}) = /SU2d99>®'~7i’Zi>' (49)

3 Remember the convention for the # generators:

1 1
o+ =0 tioy, o0z = 5(0+ +o_), oy= 7i5(0+ —o_).
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These are the standard coherent intertwiners used in the construction of the EPRL-FK spinfoam models and their
boundary states [13, 14]. Following the logic of [10], we can write the identity on the intertwiner space H in
term of these coherent intertwiners:

—(zil|zi) 2
| H i (1) (s 2 (50)

(27;)!m2

J1s-JN

where we used the fact that the spinor norm (z|z) is invariant under the SU(2) action. Finally, the main point shown
in [10] is that this integral is dominated by intertwiners satisfying the closure constraint . j; V(2:)/|V (2)| = 0 while
the norm of intertwiners not satisfying this closure constraint is exponentially suppressed. It is also possible to write
a decomposition of the identity on the intertwiner space restricting the integral to intertwiners satisfying exactly the
closure constraint by modifying slightly the measure [16, 17]. This is achieved through considering and gauging out
the SL(2, C) action on spinors complexifying the previous SU(2) action.

We are now ready to define the U(IN) coherent states. Their definition is slightly more complicated. Following
[20], we define the following antisymmetric matrix Z;;, which is holomorphic in the spinors z; and anti-symmetric in
RV

Zij = [ailz) = (2)2) — 277), (51)
and the corresponding creation operator:

which is also holomorphic in z. A crucial property of this matrix Z is the Pliicker relation Z;,Zj — ZyZji, = Zij Z
which holds for any indices ¢, j, k,I. The U(N) coherent states are then labeled by the total area J and the N spinors
Zit

|7, {z}) = m@)ﬂo» (53)

This state clearly lives in H;}]) since it is an intertwiner (invariant under global SU(2) transformation) and is an
eigenvector of the total area operator E with value 2J. Notice that the behavior under rescaling of this coherent state
is very simple:

Zi — )\Zi, Zij — )\2Zija |J, {)\Zz}> = )\QJ |J, {Zl}> (54)

Now we assume that the spinors z; satisfy exactly the closure condition ), V(z) = 0 introduced earlier in (47).
We can compute the norm of these states:

2J 2J
({2} ) {z}) = (A()* = @ Z<zz-|zz->> = (% > |V<zi)|> : (55)
Then, as shown in [20], these states are coherent under the action of U(N):
Vue UN), alJ{z}) = [J,{(uz)i}), (56)
where @ is the operator representing the unitary transformation w, that is for an arbitrary anti-Hermitian matrix « :
u=e" — a=elo =i il (57)
The U(N) action on the N spinors is the natural one:

zi — (uz); = Zuijzj, z—uz, Z—uZu. (58)

This U(NV)-action is proved by computing explicitly the action of @ on the Ff-operators [20]:

Eas FYl=Fl 5 7o = €™ FlePo=Fl . (59)

Here is a summary of the properties of these U(IV) coherent states already proved in [20]:
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e They transform simply under U(N)-transformations: wu|J,{z}) = |J,{(vz);}). This key property actually
holds also if the spinors do not satisfy the closure condition.

e They are coherent states a la Perelomov and are obtained by the action of U(/V) on highest weight states. These

highest weight vectors correspond to bivalent intertwiners such as the state defined by the spinors z; = (29, 21),

29 = ¢z = (=24, 2Y) and z; = 0 for k > 3. This only holds if one assumes that the spinors satisfy the closure
constraint. Indeed, U(V) transformations conserve the closure condition and the spinors defining the bivalent

intertwiner satisfy it.

e For large areas J, they are semi-classical states peaked around the expectation values for the u(N) generators
and the scalar product operators:

N zilzg) T
<E1.7> 2J Zk<zk|zk> A(Z)< 1| J>’ (60)
Vi i A T) = V) V) + g (Ve Ve - sElPE)). 6

e The scalar product between two coherent states is easily computed:
J J
1
(J{zi}|J, {w;}) = det <Z |zi><wi|> = (§tr ZTW) .

e They minimize the uncertainties on the E;; operators. The interested reader can find the various uncertainties
computed in [20]. The simplest is the U(V)-invariant uncertainty:

A = (EijEji) — (Eij)(Eji) = 2J (J+ N —2)—2J% = 2] (N - 2). (62)
j
e They are related to the coherent intertwiners discussed above:

1

1 .
o e = Z%)_J o e

(63)

e The coherent states |J,{z;}) at fixed J provide an over-complete basis on the space Hg}]). This gives a new

decomposition of the identity on that space ]Ig\}]) = [ldu(z:)] |, {z:})(J, {z}| where [du(z;)] is a U(N)-invariant
measure (on CPyx_1). For more details, the interested reader can refer to [20].

Up to now, we have assumed that the spinor labels satisfy the closure condition (47) that requires that ) ‘7(21) =0
or equivalently that >_,|z;)(z;| o< L, or even equivalently that the two components of the spinors z) and 2] are
orthonormal N-vectors. An important point, as was shown in [20], is that this closure condition can be relaxed and
the closure constraints on the spinors dropped, using the SL(2, C) invariance of the coherent states.

We consider the GL(2, C) action acting simultaneously on all spinors z;. It has a simple rescaling action on the Z;;

matrix, which means that the U(IV) coherent states also get simply rescaled:
VA S GL(Q,(C), Zi — AZZ', Zij — det A Zij; |J, {Zl}> — (det A)J |J, {Zz}> . (64)

Thus two coherent states labeled by spinors related through a GL(2,C) action define the same quantum state, up
to normalization. In particular, if the transformation A lies in SL(2,C) then the coherent state is exactly the same.
The moot point is that GL(2,C) transformations allow to go in and out of the closure constraint (see in [20] or in
appendix for more details on this procedure).
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C. The F-action on Coherent Intertwiners

In order to discuss the simplicity constraints in the U(N) framework, we need the explicit action of the operators

E,J,F”,F on the coherent states. Let us start by looking closer at the F' annihilation operators. We first compute
the action of F;; on coherent intertwiners:

(2P + zbl) "
(27k)!
since the operator Fj; is invariant under global SU(2) transformations and thus commutes with the action of group

elements g € SU(2). Making F;; = (a;b; — a;b;) commute through the creation operators, we obtain after a straight-
forward calculation:

Fy 1. 24}) = / dgg > Fy o 0), (65)
SU(2)

. e A
Fij [k, 21}) = Zig \f(230) 233) Idi = 55045 = 55Tk 263, (66)
where we remind the reader that Z;; = (z?zj1 — 2} 2 9). Then using the formula (63) of U(NV) coherent states in term

of coherent intertwiners, we easily get:

VIT +1)!
FylJAz)) = Fy ) /— ks 2e}) = Zijv/J(J + 1) [T = 1, {z}). (67)
Z]k J )

This fits with the F-action on U(NN) coherent states derived in [20]. Moreover we can use these relations to diagonalize
the F;; operators. We introduce the vectors |3, {zx}) for g € C :

EREOEDD mum} = Fylo{ad) = 822516, {5}). (68)

JeN

These new intertwiners |3, {z}) diagonalize all Fj; operators simultaneously. This is normal since the Fj;’s all
commute with each other. We can also give other convenient expressions for these vectors in term of creation
operators acting on the vacuum:

B (B2FL)’
_ /dgg > @pePERal b)) oy, (70)

which makes a clear link between these vectors and coherent states for the harmonic oscillator. Finally, we can
compute the norm of these states, which is easily expressed as a Bessel function:

(I8P A(2))* _ L2812 A(2))

p
(5.3 ev)) = 3 iy G e ) = 3 (e = OEERES

; (71)

where we assumed the closure condition on the spinors so that the norm of the U(IN) coherent state is given directly

by A(z)?’ (else we should in general replace A(z) by the determinant y/det X (z)). Here I; is the first modified Bessel
function of the first kind. This clears up the action of the F-operators. Below, we further investigate the actions of
the F and FT operators on the U(N) coherent states.

D. Operator Algebra on Coherent Intertwiners

We already have the action of the annihilation operators F;; on the U(N) coherent states. Now we need to complete
the algebra to derive the action of the operators F and E;;. To this purpose, we use the standard action as differential
operators of the creation and annihilation operators for the harmonic oscillator (see in appendix for some details):

P, 0 1 i, 0

0
Q; — Z;, a,; biﬂzi, i @

-
KNG F
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Using this on the definition of the operators E and F', we guess the following action of these operators on the U(NV)
coherent states:

|l I {ze}) = V(I +1)JZi;|J = 1,{z}), (72)
T P _ 1 z z

Filad) = Sompees AL + 1 () (73

Ei|J {ze}) = 0517, {zk}), (74)

where Z;; = (z?zl — 2}29) as before and where we have defined the following differential operators with respect to

the spinor z;:

0? H?
A? = -
K 0200z;  02}02Y’ (75)
0 0
z 0 1
05 = Zino0t% (76)

7029 7oz}

The J-factors in front of the actions of F' and F'' come from the normalization factor y/J!(J + 1)! of the coherent
states.

The multiplication action of F' on the U(N) coherent states can be derived by using the commutation relation
between the creation and annihilation operators:

(P, Y| = €2+ 224, (77)
{55,17*} = 27,,F}. (78)
where we have defined the auxiliary operator 55 = Zm (ZimEmj — ZjmEm:). To show the second commutator, we

have used that the antisymmetric matrix Z satisfies that Z;;,Z;; — ZyZj, = Zi; Z. This allows the straightforward
calculation:

Fo (K1) 10 = 3 ()" ez (1) 00+ 202 (£) 01,
k=0
_ <§ k+2J> (F})J*l|0>,
= I+ 125 (F})" o), (79)

which gives the expected result. Moreover, we recover the same action for the Fj; operators that we had already
computed in the previous section using that the U(/V) coherent states are superpositions of coherent intertwiners.

As for the F'-action, it is straightforward to compute the action of the differential operator A7 on the coherent
state taking into account that:

J
1
A% (Zi) = 200050 — 0udie), AL (FL) = A <5 ZZMF,L> = J(J+1)E] (F})~. (80)
kl

This leads to the following action for the creation operator Fjj

AL + 1, {ze}) = V(T + 1) (T + 2)F] [, {z}), (81)

since F;rj commutes with F} because they only involve oscillator creation operators a’ and bT. At this stage, we can

also check that the differential Ff-action is indeed the adjoint of the multiplicative F-action on the U(N) coherent
state. That is straightforward to show. First, considering the matrix element (K, {w}|Fij|J, {zx}), it doesn’t vanish
ifft K =(J —1). Then, on the one hand, we can compute:

J—1
(J = L, {z}|Fij |, {we}) = VI(T + 1) Wy (J — 1, {zi}|J — 1, {wi}) = /I (J +1) Wy, ( tr ZTW) . (82)
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On the other hand, we have:

J
1 1 1

JAwHFLT = 1, {21}) = ———x AZ (J, {wp }FL|J, {21)) = ———— A7, (—trWTZ) . 83

(J, {wi } |} {z}) U0 i (S AweHEG |, {zk}) R AY (83)

To evaluate this expression, we calculate explicitly the action of the differential operator on the J-power of the trace:

Az (e Wiz)! = 20+ )Wy (wWiz) 7. (84)

This allows to conclude that we have as expected:
(7 = L {z}Fyl T {wn}) = (T A{wn I ET — 1, {z})- (85)

Finally, let us now compute the action of the E-operators on the U(N) coherent states. First we compute the
commutator [ iis } Yom

Zm, which easily gets generalized to arbitrary power of the creation operator:

J—1

By, (F})] = S (FS) - ’“[EW,FT} —J <ZZ Fi ) (F})’ 1, (86)

k=0

since all FT commute with each other. This proves directly that the E-action on U(N) coherent states is simply
related to the Ff-action:

Ey(FL)7|0) = J (Zz FT> (F})?=1|0). (87)

Then we can easily compute the action of the differential operator:
B J b
5ij (F;) ( 8_ ) < ZZlekl>
J—1
7y (ijij) (7%) (88)

This allows us to deduce the actions of the F-operators and of the differential operators 6fj match on the U(N)
coherent states:

Eij|Ji{zk}) = 051, {2k })- (89)

It is possible to check directly that these differential operators actually generate the correct U(N) action on the
spinors. Let us for instance consider the infinitesimal unitary transformation u = exp(e(E;; — Ej;)) where i,j are
arbitrary but fixed indices. It acts at first order on the spinors as:

(uz)k ~ 2 + €binz; — €012
It is very easy to check that this fits with the action of the previous differential operator:
€(05; — 05;) 2 = i€dinzj — €0jpzi ~ (U2)g — 2k

Following the same steps with the unitary transformations u = exp(ie(E;; + Ej;)) allows to prove completely that the
differential operators d;; generate as expected the U(N) action on our coherent states.

Finally, it is also possible to check that the commutation relation between the differential operators corresponding
to E, F and F' satisfy the correct commutation relations (see in appendix).

E. The U(N) setting for spin(4) intertwiner and Diagonal Simplicity

We have reviewed the whole U(N) formalism for SU(2) intertwiners and we gave the explicit action of the operators
Ei;, Fij, F on the U(NV) coherent states. Now, we come back to the initial problem and to Spin(4) intertwiner. Since
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the Lie algebra spin(4) = sur(2) @ sur(2) simply splits into two copies of the su(2) algebra, it is straightforward to
adapt the whole U(NV) framework to spin(4). We double all the operators, introduce harmonic oscillators al, b* and

af b2 and build two sets of u(N) operators EIL],FZ?, ?T and Eg, Fg, FRT These two u(NV) sectors don’t speak to
each other and are a priori decoupled. It is the simplicity constraints that will couple them.

Several ways of imposing the constraints are explored and their advantages and disadvantages are analyzed. The
idea presented in the next section is to replace the simplicity constraint algebra which does not close by a new
equivalent constraint algebra which does close defined using the u(NN) operators keeping a strong imposition of the
diagonal simplicity constraint and imposing weakly the cross simplicity constraints as it is done in the EPRL-FK
model. The fact to have a close constraint algebra allows to have strong equations to solve. This introduces a much
more precise control on the way the constraints are imposed.

Let us start with the diagonal simplicity constraints. They impose that the spin(4) living on the legs of the
intertwiners are simple. This means that the spins in the left and right sectors match: jiL = jiP”. This translates into
very simple constraints in the u(N) framework:

C; = EF — EE. (90)

This diagonal simplicity definitively couples the two sectors. This constraint is actually the same than the matching
conditions for spin networks on the 2-vertex graph and the whole construction will be very similar [25]. Every
(constraint) operator that we will now introduce to solve the simplicity constraints will have to commute (at least
weakly) with these diagonal simplicity constraints C;.

Now moving to the crossed simplicity constraints, they refer to couples of legs of the intertwiners and to their scalar
product. They amount to 1mpose strongly, weakly or semi-classically, the equality between the scalar products of the
left and right sectors, J; JL - JL =J; JR - Jj JR, Dropping the L/R index, we remind the expression for the scalar product
operator in term of u(N ) operators for i 7é j:

1 1
Ji . Jj = §E1]Ejz — 1
1

= lEE —EE;
2 4

FTF + 4E B,

“EE,; — —E;, (91)

2
1

1
= _EFijFiTj + 1 (Ei +2)(Ej +2).
This expression clearly suggests two things. First, we could replace the J_;-L . J_;-L = J_;-R . J_;R constraints by some
constraints of the type EX = EF or FL = . We will explore these various possibilities below. Second, we then
expect that the equality J; JL -J; JL — =J JR -J; JR w111 only hold semi-classically at first order and will usually have corrections
linear in the j;’s (terms in E; "and E, i)

III. THE NEW U(N) SIMPLICITY CONSTRAINTS
A. The Closed Algebra of Simplicity Constraints

One big issue about the standard crossed simplicity constraints J_;-L . J_;-L — J_;-R . J_;R = 0 for all couples of legs 7 # j is
that their algebra doesn’t close. The U(N) framework was precisely introduced to close the algebra of scalar product
operators and provide an alternative algebra for invariant observables on the space of intertwiners. Indeed, considering

the operators E;; instead of J; - J_; allowed to have a closed algebra of invariant observables and to build coherent
intertwiner states 4 la Perelomov that transforms nicely under the operators of that algebra. This naturally suggests

to replace the simplicity constraints J_;-L . J_;-L — J_;-R . j;R = 0 by a simpler constraint expressed in term of the operators

Efj’R. We propose to consider a new set of constraints, that we name the u(N) simplicity constraints:
Cij = EL - B = EL — (BT, ¢l =i (92)
The two important facts about these new proposed contraints are:

e They naturally include the diagonal simplicity constraints:

Cii=C;=EF - ER.
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e They form a closed u(N) algebra:
[Cij,Cri] = 6;5Cit — 0:1Ch;- (93)
Moreover, let us H¢ be the Hilbert space of states satisfying these u(N) simplicity constraints:
He = {|v) such that C;;|¢) =0, Vi, j}. (94)

Then this solves weakly the crossed simplicity constraints at leading order (i.e for large spins). Indeed, for all solution
states ¢, € H¢, we have for ¢ # j:

oo 1 1 1 1 1 1
(GTF - TEW) = (63 BLEL — JEFEY - SEF) = (¢l5 EREE — EFER - SEFy),
o 1
= (TR TR + (oI5 (BR - ER)y). (95)

Therefore, the crossed simplicity constraints are solved approximatively at first order. Indeed the expectation values
(JE . J_;L> are of order O(j2) while the correction term is of order (j; — j;) ~ O(j). This is not a very big obstacle
since we only expect the simplicity constraints to be satisfied semi-classically in the large spin regime. Let us still
point out that the diagonal simplicity constraints are still strongly and exactly enforced on all invariant states in He.

As we said above, the operators C;; generate a u(N) Lie algebra: they actually generate the U(NNV) action (u,u) on
the coupled L, R system such that the U(NN) transformation acting on the right sector is the complex conjugate of the
transformation acting on the left sector. Indeed, a finite transformation generated by the constraints C;; will read,
for a anti-Hermitian matrix o;; = —a;;:

L R L — R
U = e @iiCii — o2i @By o= 2 @i Bji — o204 @i Bij 020, @i Eyj

Thus, states which are solution to the C;j-constraints are U(N)-invariant and the Hilbert space H¢ can be obtained

by performing a U(N) group averaging on the space of intertwiners € HE\’,])’L ® Hg\’,])’R. An over-complete basis

of solutions can be obtained by group averaging the U(N) coherent states |J, {zL}) ® |J, {2F}). However, we can
give a more precise description of the U(N)-invariant space. Indeed, since the spaces Hg\}]) are irreducible U(N)-
representations, the Schur’s lemma implies that there exists a unique invariant vector in the tensor product Hg\}])’L &

’HE\}])’R. Calling |J) this unique state solution to the u(V)-constraints for every total spin J, we have a complete basis
of our solution space:

He =EPClI). (96)

This construction is exactly the same than the definition of isotropic states in the 2-vertex loop quantum gravity
model constructed in [25] using the U(N) formalism. Thus following that approach, we won’t perform the U(N)-
group averaging to construct our U(N)-invariant states but we will use using the following symmetric operator :

Lt R
f1=> FRT (97)
ki
Indeed, this operator commute with all generators C;;:
L R L R
[Ciﬁﬂ] = Z ({EfjaFqu szT - Fle {EﬁFleD =0, (98)
Kl

therefore, the operator f is U(N)-invariant. Since the vacuum state is also U(NV)-invariant, we can define the invariant
states by applying this creation operator fT to the vacuum state |0) :

17y = (/1) Jo) (99)

is obviously U(N)-invariant. We also check that |J) € Hs\}])’L ® Hs\}])’R. Indeed, a straightforward calculation of the
action of the total spin operator £ = )", El = Do E! (the left and right total spin operators are obviously equal on
the invariant space Hc¢) gives :

E|J) = 2J]J). (100)
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Finally, following the computations done in [25], we also give the norm of these invariant vectors:

(N +J— 1IN +J —2)!
(N — DI(N - 2)!

(J|J) =22 J1(J + 1)! =227(JN(J +1))?Dy s (101)

where Dy j is the dimension of the intertwiner space ’HE\}]) given by (38). The details of this calculation can be found
in the appendix.

The fact that we get a single state for each total spin means that we are imposing constraints which are too strong.
In the next parts, we will try too impose less constraints using the E operators then different constraints in terms of
the F' and F' operators in order to get a bigger set of solutions to the simplicity constraints. Finally, we will see in
the last section how we can use the U(NN) coherent states in order to solve weakly all the simplicity constraints.

B. Highest weight vectors for the u(N)-simplicity constraints

As we said in the previous section, it seems that the u(N)-simplicity constraints are too strong. Following the idea
that we might have imposed too many constraints, we propose a new restricted set of u(N) constraints and consider
only the raising operators of our u(N) algebra. This is also consistent with the line of thoughts that such a procedure
usually leads to the construction of proper coherent states with the expected semi-classical properties. Thus we try
with the following new set of constraints:

{Ci<j = Cij for ¢ <j and Cf = Ci — O'i} (102)

where we have chosen to require that only the raising operators* vanish Ci;j |¥) =0 for ¢ < j. We have also relaxed
the diagonal simplicity constraints: C; [¢)) = o; [¢)) where the parameters o; € Z/2 are arbitrary but fixed. In general,
we will require that |o;| << jj;, so that the diagonal simplicity constraint are still satisfied at leading order.

Even we do not impose the full u(N) simplicity constraints, the cross simplicity constraints are still weakly satisfied.
Indeed, let us define the Hilbert space He< of states which satisfy the restricted set of constraints (102). For all states
¢, v € Hes, we have:

Vi<j, o (SlJF - TPW) = (T TR ) + (6 | (B - BY) - (UzER+UJE +0i04) — Ugllﬁ) (104)

4

Therefore, the weak cross simplicity constraints are still satlsﬁed approximatively at leading order: the matrix elements
(¢|JE . J_;RWJ} are of order O(j2) while the correction terms are of order O(3).

The meaning of the Hilbert space He< is straightforward in term of the theory of representations of the u(N) Lie
algebra: it is the space of highest weight vectors. More precisely, let us consider the full space of spin(4) intertwiners
defined as the tensor product of the uncoupled intertwiner spaces for su(2);, and su(2)g. It is given by the direct sum
over possible total area labels Jr, Jr of the corresponding irreducible u(N ) representations:

HE" Y = P Y (105)

Jr,Jr

Now our constraint algebra generates the diagonal u(N) action which acts simultaneously on both the left and right
sectors. Then we decompose the tensor products H# ® H%R into irreducible representations of this diagonal U(NNV)
action and the vectors that are annihilated by the raising operators C;; are the highest weight vectors of these
irreducible representations. The parameters o; are the eigenvalues of the diagonal u(N) generators, they are the
values of the highest weight and select the relevant representations.

For instance, the most natural case, o; = 0, Vi , corresponds to U(NNV)-invariant representations and we recover
the space H¢ considered in the previous section. Then for a generic choice of o;, we do not necessarily require that
Jr = Jr as before, but this condition is slightly shifted to J, = Jr + ), 0;. The next step would be to decompose
the product tensor of the two U(NN) representations H}{,L ® H]{]R into U(N) irreducible representations and then to
extract the highest weight vector of this decomposition which correspond to our choice of ¢;’s. This can be done using
the Gelfand-Zetlin basis and the Gelfand patterns [26]. We do not investigate further in this direction in this present
work and we postpone such an analysis to future work.

4 This new set of constraints 102 still forms a closed algebra. Indeed, let be i < j and k < [ then:
[Cij > Cr]l = 6kCit — 6u1Chj (103)

where i < j, k <land j=Fkimply i <lor k<lI,i<jandi=1imply k <I. Therefore, C;; and Cy; are also raising operators.
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C. Using F* — F® Constraints

Another possibility to identify new simplicity constraints within the U(V) framework is to use the Fj;-operators

instead of the E;; operators. Moreover, introducing simplicity constraints defined in terms of the F£ R would be
more in the spirit of the Gupta-Bleuler procedure since the F’s are indeed the annihilation operators. Following this

intuition, we define F-constraints:
fij = Fj - Fj. (106)

First, these constraints all commute with each other, [fi;, fri] = 0. Moreover, these constraints are straightforward
to solve since we know how to diagonalize explicitly and simultaneously the operators Fj; using the superposition of
coherent states |3, {z;}).

Furthermore, solving these constraints seem to allow to solve weakly the exact original quadratic simplicity con-
straints (without correction terms). Indeed, for all states ¢, in the kernel of f;; for all i # j, we have

1

(1T TH) = (o]~ S PR+ 5

EFE1)

<WﬁﬁM+@@ﬁ#*W@W% (107)

If we also assume that the diagonal simplicity constraints hold, i.e that the operators EX — EF vanish on both states
1, ¢, then the second term vanishes and it all works out. Unfortunately, the F-constraints do not form a closed
algebra with the diagonal constraints C;:

(i, fu] = [BE, Fig) + B, Fif] = du(Fif, + FR) — u(Fyy + Fy). (108)
Thus, if we require both C; = 0 and FkLl — Flﬁ = 0, then we automatically also require FkLl + Flg = 0, which means that
we are actually imposing the much stronger constraints F; ,fl =F ,5’ = 0. These constraints are obviously only satisfied
by the vacuum state |0). Thus the fj; constraints are not consistent with the diagonal simplicity constraints. However,
we will see in the last section that if we drop the requirement of imposing strongly the diagonal simplicity constraints
then these f constraints appear to be the right constraints to consider: they allow to impose all the (diagonal and
crossed) simplicity constraints weakly.

D. Using FL — (FF)! Constraints

We now consider “holomorphic” constraints defined in terms of the F;; and Fjj operators by:
Fij = FL _ pht Fij = —Fji- (109)
These new operators commute with each other:
[Fij, Fr) =0 (110)
and the commutator of these new constraints with the u(N) generators C;; is now given by:
(Cijs Fu] = [Bf — Ejf, Fii — B

jio

= 5ilfjk 5zkfjl- (111)

This shows two things. First, if we take i = j, the u(N) generators are the diagonal simplicity constraints. This means
that the holomorphic constraints are compatible with the diagonal simplicity constraints and together they form a
closed Lie algebra: we can impose C; = 0 on the space of solutions to F = 0 without obvious obstacle. Second, let
us call Hx the Hilbert space of states 9 satisfying F; [¢) = 0 for all indices 4, j. Then the previous commutator also
means that there is a natural U(NN) action on this solution space Hr generated by the operators C;;. In particular,
once we identify a single solution to the holomorphic constraints F then this induces a whole family of solutions
obtained by acting with U(N) transformations on that initial solution.

We introduce the Hilbert space Hof of states satisfying the holomorphic constraints and the diagonal simplicity
constraints C;. Then, for all solution states ¥, ¢ € Hg_-, the expectation values of the left and right scalar product
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operators are equal up to a correction of order O(j):

(LT TH) = (9]~ 3 FEIFE + BEEF )
= (9l ZFELE + iEﬁEM
= (G TF) — (01 + 3 (Bi + By, (112)

To identify solution states in ’Hg-, we start by the simplest case, which is to construct U(V)-invariant states solution
of this new set of constraints. We recall that while the E;j-operators leave invariant the total sum of spins ELE
the FZ-?’R operators decrease by —1 respectively the left and right total areas EXf and the FZ-?’RT operators increase
them by +1. That is why we consider a linear combination of U(NV)-invariant states for different areas J; we use the
U(N)-invariant basis |J). It is straightforward to compute that °:

FEgy =277+ )F[T7 - 1), (113)
Then if we define the states:
=y =) 0 ith v € C 114
o) z]: TSI XJ: g )0 withae (114)
they satisfy:
Fho)=aF[Ta) Vij ie Fyla)=0 Vi,j. (115)

Thus for ao = 1, they are solution of the F-constraints: Fi’;f|a =1)= Fgwa = 1). Let us notice that these new states
|y for the coupled L/R system are very similar to the coherent states |3, {z}) diagonalizing the Fj; operators acting
on a single (left or right) sector. It’s actually the exact same expression if we replace the spinor parameters Z;; by

the creation operators F;rj of the other sector: instead of imposing by hand the values of the expectation values using
the spinor labels, the behavior of the left sector is entirely dictated by the right sector, and vice-versa. As underlined
in [25] in the context of loop quantum gravity on the 2-vertex graph, these states |.J) and |«) maximally entangle the
left and right sectors.

Therefore, we have determined the unique U(V)-invariant state solution to the F constraints. The natural question
is whether there exist other solutions to these F-constraints, which would necessarily be non-U(N)-invariant. At
this point, we have not been able to identify such solutions and we would like to conjecture that they do not exist.
We however postpone the precise analysis of such conjecture to future investigation. Nevertheless, we would like to
point out that a promising line of tackling this issue would be to work in the coherent intertwiner basis and use the
expression of the operators E, F, F'T as differential operators on the spinor labels.

E. Including the Immirzi Parameter?

The next step is to extend our construction to the Euclidean case with a finite Immirzi parameter v (v > 0, v # 1).
All the simplicity constraints (6) and (7) are then modified: at the discrete level, there is no equality between the

5 The computation is similar to the computation of the multiplication action of F' on the U(N) coherent states, done from (77) to
(79), replacing Zy; by QFST: FIST is also antisymmetric in k < [ and satisfies the Pliicker relation (FZ.IIZTF].IZﬁ FRTFJIZJr = FRTFRT)
Therefore, we just recall the main steps:

L,FET R

[Sij 7fT]:4FiijT7

Rf Rf
[ ”’fT] QZFik Ekj_ijEkz+4F1] )
k

L,FRT

=&
ij

therefore we get:
FEy =207+ )FSTT - 1).
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left and the right parts of the scalar products anymore; the relation between the left and the right parts becomes a
proportionality relation. For any two faces A, A of a 3-cell:

Jk Tk =p*JR - TR (116)

with p > 0 and where the cases A = A correspond to the diagonal simplicity constraints and the cases A #+ A
correspond to the cross- simplicity constraints. The proportionality coefficient p is simply related to the Immirzi
parameter v by: p = Iv | = [13, 15]. Once again, we would like to use the U(IV) formalism to solve these constraints.
We therefore focus on a Spin(4) intertwiner with NV legs labelled by ¢ € {1,---, N}. The issue remains that the crossed
simplicity constraints J_;-L . J_;-L — p2J_;-R . J_;R = 0 for all couples of legs i # j do not form a closed algebra. Following the
same idea as previously we would 1ike to replace the simplicity constraints by simpler constraints expressed in term of
the operators EL R or F LB and ( i )Jr which form a closed algebra. We tried all possible combinations of E and F'
constraints and the only way to get a closed algebra including all the simplicity constraints is to consider constraints
of the form:

C; = E{“ — EZ-R =0, Vi, for the diagonal simplicity constraints.
Fi = Fz? - p(FZ-};’)Jr =0 Vi,j for the cross simplicity constraints (117)

Then,

(Fi Frl = and [C;, Fp) = 6aFl, — o Fl. (118)

’L]7

We can again define a Hilbert space H” of states satisfying these constraints: C;|¢)) = 0 Vi, ffj|¢> =0V:i#j5. We
already have one solution given by |a = p) as defined in the previous subsection by (114). However, we still have the
usual un-rescaled diagonal simplicity constraint which do not involve the Immirzi parameter. Then, as for the crossed
simplicity constraints, the result is also disappointing and we have that V|i), |¢) € H*:

(]~ 5 FEFE6)

P (] — —FRFR*|¢>

(| JF - TF — ELEL|¢>

PN T — (B + 2)(B 4 2)|0) (119)

Thus, since EF = EF, we get at the leading order in j that the "right” observables (j;R-j;R—EiEj) ~ |Ji|Jj](cos 6 —1)
are rescaled by the proportionality coefficient p? with respect to the ”left” observables J~ -J_;L —E;iEj) ~ | Ji|J;|(cos 0 —

1) where 6;; is the angle between the two vectors J; and j] However, these observables which are corrected observables
compared to the scalar product observables, do not have any real interesting geometrical interpretations and it does
not seem possible to extract the expected relation: (JZ - J_;L> = p2(JR . J_;R>.

Here again, it seems that the main obstacle is imposing strongly the diagonal simplicity constraints. In the following
section, we will show how to relax the diagonal simplicity constraints and solve weakly all the simplicity constraints
using coherent states for an arbitrary value of the Immirzi parameter.

IV. WEAKENING THE CONSTRAINTS

In the previous section, we focused on the issue of the cross-diagonal simplicity constraints j;-L . J_;-L — j;-R . fJR =0
which have to be imposed weakly since they do not form a closed algebra. We defined some new sets of constraints
{Cij, i < g} or {F;;} which allow to solve the cross simplicity constraints weakly and which are compatible with the
diagonal simplicity constraints in such a way that the sets of all constraints form a closed algebra and therefore can all
be imposed strongly in a consistent way. This means that until now we tried to solve the crossed simplicity constraints
weakly whereas the diagonal simplicity constraints were imposed strongly. Here, we propose to relax all simplicity
constraints because there are in fact physically on an equal footing and there is no physical reason to deal with the
diagonal simplicity constraints in a different way from the cross simplicity ones. The idea is to use coherent states
to solve weakly all simplicity constraints in the semi-classical regime. We first go back to the usual SU(2) coherent
states, then we will propose the U(IV) coherent states that solve weakly all simplicity conditions for arbitrary Immirzi
parameter.
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A. Back to SU(2) coherent intertwiners

The SU(2) coherent intertwiners ||j;, 7)1 ® ||ji, i) r are currently used to solve the simplicity constraints. The
usual analysis has been recalled in section I B. It is interesting to notice that these intertwiners are strong solutions
to the diagonal simplicity constraints and that there does not seem to exist any other exact equation strongly solved
by these states in order to weakly solve the cross diagonal simplicity constraints even in the semi-classical regime.

In fact, ||j;, 1) ®||i, 7y = fspin4 dG G >®X,|2j;,7;) span a Hilbert space of intertwiners which is the Hilbert space
of intertwiners symmetric under the exchange of the left and right part. We denote it Hsym. This symmetric Hilbert

space Hsym is generated by applying the operators E@Eﬁ, FiJjFi?, FZ-?TE?T on the vacuum state |0). It is obvious
that any state 1 € Hgsym satisfies all the non-diagonal simplicity constraints (J_;L . J_;-L ) = <J:-R . J_;R> in expectation

values. Hgym is even the largest Hilbert space such that all the matrix elements of the constraints vanish:
Vi, 6 € Hym, (W T = T Tg) = 0. (120)

However, this symmetry property of the states does not seem to be fundamental. Indeed, we have seen in the section
IB that there is a second sector solution to the cross simplicity constraints given by the states ||7;, =) @ ||Ji, 7s) -
These states are not symmetric anymore in the exchange of the left and right part but they clearly satisfy the simplicity
constraints in expectation value. Moreover, the previous analysis is not generalizable to the case of Euclidean gravity
with a finite Immirzi parameter «y: the cross simplicity constraints become J_;-L JE = p2J_;-R . J_;R and thus, the symmetric
intertwiners cannot be used to solved them weakly anymore. The resolution done in IB is not generalizable when
the Immirzi parameter is taken into account; usually the diagonal simplicity constraints are imposed strongly and the
quadratic cross simplicity constraints are replaced by linear constraints J_;-L = :I:pJ_;R which are then used to construct
a so-called Master constraint in order to solve weakly the off-diagonal simplicity constraints [15].

We will now see that it is in fact possible to keep the standard quadratic simplicity constraints and to solve weakly
all the simplicity constraints for any finite value of the Immirzi parameter.

B. The final proposal: using U(N) coherent states

Following the coherent state approach to solving the simplicity constraints, we propose to use the U(N) coherent
states instead of the usual SU(2) coherent intertwiners. As we have already reviewed earlier, a U(N) coherent state
|J,{z1}) is labeled by the total area J and the N spinors zj; which define the semi-classical geometry underlying the
intertwiner state. Now, considering Spin(4)-intertwiners, we consider tensor products of U(N) coherent states for
both the left and right sectors, that is |Jr, {zL}) ® |Jr, {z5}). We would like to relax all simplicity constraints. Since
we also relax the diagonal simplicity constraints, we do not require the matching of the total areas of the left and
right sectors and we work with a priori two different U(IN) representations, Ji, # Jr. Then, the simplicity constraints
impose that the classical geometry of the left and right intertwiners are the same up to an overall scale. This will
translate into relations between the spinors of the left and right sectors, zlf and z,lf.

Let us start by recalling the norm of the U(NN) coherent states and the expectation values (normalized by the norm)
of the geometric observables on them:

(J Az} [ {ar}) = ARR)Y, Alz) = lzwlzw (121)

2
k

o ) = 103 V) V) + s (P) - V) 3P PGE)) . Vi

where we have implicitly assumed that the spinors zj satisfy the closure conditions. In case they do not close, the
formulas above still hold up to replacing A(z) by the the determinant y/det X (z) as explained in the previous sections.

From these expressions, two things are clear. First, the total area label J is simply a scale factor, it does not affect
further the details of the classical geometry determined by the spinor labels. Thus, it appears that the ratio of the
total area of the left and right sectors defines directly the Immirzi parameter p = % Second, if we want to match up

to an overall factor the expectation values of the scalar product (J: . J_;) of the left and right sectors, it is clear that we

have to require that the 3-vectors V(zk) are the same up to a sign for the left and right sectors. Thus we distinguish
two classes of solutions, which correspond to the two regimes, standard (s) and dual (%), of simplicity constraints:
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1. We require z& = zJ* and consider the tensor product |Jz, {z}) ® |Jr, {zx}). This means that V(z}) = V(zF).

This corresponds to the standard simplicity regime (s). At leading order in the total area Jr g, we have
the equality of the expectation values of the scalar product observables:

o o Sp J
(JE TPy ~ P (R TR, =R (122)
Jr
Moreover, we also have the exact equality of the expectation values of the u(N) generators:
(E) = p(E]). (123)

There is still a U(/V) action on the set of coherent states |Jr,{zx}) ® |Jr,{zx}). Indeed the diagonal action
(u,u) acts simultaneously on the two sets of spinors, (zx,2zr) — ((u2)g, (u2)g). Thus these are still coherent
states a la Perelomov.

2. We require 22 = ¢z} and consider the tensor product |Jr,, {zx})®|Jr, {sz,}). This means that V(zlf) = 717(25)
and corresponds to the dual simplicity regime (x). At leading order in the total area Jr, r, we still have the
equality of the expectation values of the scalar product observables:

_ L

(JE T8y~ AR, =R (124)
Jr
However the equality of the expectation values of the u(N) generators is slightly modified due to the fact that

the ¢ map is anti-unitary. Indeed, taking into account that (sz;|sz;) = (z;j]2:) = (2;]2;), we now have:

(B5) = p(B) = p(BE). (125)

The U(NN) action which is consistent with this set of coherent states |Jr,{zx}) ® |Jr,{szx}) is the diagonal
action (u, ) which is actually generated by our u(N) simplicity condition C;; and which acts simultaneously
on the two sets of spinors as (u,@) > (zk,s2r) = ((u2)k,s(uz)r). Thus these are also coherent states a la
Perelomov.

Therefore, just like when using coherent intertwiners to solve weakly the simplicity constraints, we can clearly
implement the two regimes of simplicity for the intertwiners. However, there are clear advantages of this new approach
over the usual one. First, there are no big difference in the properties of the U(IN) coherent states corresponding
to the two sectors. Second, the E;; observables allow to easily distinguish the two sectors. Third, we have U(N)
actions in both cases which allow consistently deform these intertwiners, thus endowing them with a true structure
of coherent states and not mere semi-classical states.

For the moment, we have managed to solve weakly both diagonal and cross simplicity constraints using the coherent
states |Jr, {z£}) ® |Jr, {25}) with 2F = 28 or 2z} = ¢zF. This provides solutions to the simplicity constraints for
values of the Immirzi parameter corresponding to the ratio p = Ji/Jr. This parameter still takes discrete values.
However, since we have decided to relax the diagonal simplicity constraints and thus not require an exact match
between the individual spins jiL T of the left and right sectors, we can further relax our implicit assumption that the
total area need to be fixed. Then we would only require a matching of the total areas of the left and right sectors in
expectation value and the parameter p = (J1.)/(Jg) will be allowed to take any (positive) real value.

To implement this, we come back to the F-constraints considered earlier in section III C and in section IITE :

L __ R
FL = pFE. (126)

These constraints were not compatible with the diagonal simplicity constraints. However, since we have decided to
relax these diagonal simplicity constraints, we can neglect them and impose the F-constraints strongly. We can easily
solve these constraints since we know how to diagonalize the annihilation operators Fj;. Indeed, a generic solution
will be given by the tensor product of G-states:

1BL, {2F}) ® |Br, {25}),  with B, =pBr and z} =zf. (127)

We remind the definition of the (-states as superpositions of coherent states for different values of the total area:

(128)

B 62.] B
|ﬂa {Zk}> - ; \/m|<]a{ k}>a
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which satisfy the eigenvalue equation:
Fj |8 {z)) = 82218, {=}),  with Zij = (2] — 2]2)).

Once again, we can easily compute the norm of these states, as well as the expectation values of the geometric
observables :

Bz |6 (ad) = 220 i @ = |pPAC), (129)

x
" L(2z) A(z)’

1V(z) V() = (30022) +2l3(22)) 3 |V(2)||V(2)] 212(2x) Vit ]

1 A2 T1 (22) s A2 L(22)° o

where the I,,’s are the modified Bessel functions of the first kind and the parameter x = |3|? A(z) depends very simply

on the label 5. For large values of x, i.e for large area A(z) or large value of § (this is more or less the same since

the label 3 can be entirely absorbed as a overall rescaling of the spinors zx in the definition of the (3-states), these

expressions simplify at leading order and we get :

Vi, j

(i T =

<Zz|zj> .o
(Bij) ~ AG) Vi, j (130)
<ﬁ~@>~%%, Vi ).

Thus, considering tensor product states |p3, {zx}) ® |3, {zx}) with B = pBr and z& = 2, we obtain exact solutions

to the F-constraints (FZ? — sz—?) |y = 0. And these solutions satisfy weakly the simplicity conditions at leading order
in the semi-classical limit, (J” - J_;L> ~ p2(JR . jﬁ) and (E[;} ~ p(Ef;”)

We proceed similarly with the other sectors and consider tensor product states |p3, {zk})®|5, {szx}), with 8L = pOr
and zf = gz,f. These solutions satisfy weakly the simplicity conditions at leading order in the semi-classical limit.
Indeed, we have obviously (Ji" - J) ~ p?(Jf - JfP), but (Ef) ~ p(Ei;). However, the main difference is that we
have not been able to identify a set of constraints as the F'-constraints which would characterize these tensor states.
Indeed, looking at the action of the F;; operators, we get:

Fl o8, {z}) ©18,{sz1}) = pBZij IpB,{z1}) ® |8, {sz}),
FlpB.{z}) ® 18, {sz}) = BZij |pB.{zk}) ® 18, {s2k}),

and we actually don’t know any operator which would act anti-holomorphically on states |3, {zx}) so as to produce the
value Z;;. This is very similar to what happens when solving the simplicity constraints using the standard coherent
intertwiners: the coherent intertwiner span a subspace in the standard regime (s) while they still span the whole
Hilbert space of intertwiners in the dual regime (x). However, our approach still has two very interesting advantages:
the U(V) action on our solution states and the straightforward inclusion of the Immirzi parameter in our framework
as a simple scale factor.

We would like to finish this last section with a remark on the phase of the spinors. Indeed, the matching of the
expectation values of the scalar product observables of the left and right sectors only requires a matching of the

3-vectors V(zlf) = :l:V(z,f) with the sign depending on whether we are in the standard regime or the dual regime.

In order to impose these equalities, we have required that zf = zlg or that zf = gz,f . However, the 3-vector ‘7(2)

only determines the spinor z up to a global phase, z — ¢ z. We can thus multiply any of the 2N spinors z,f and
2 by arbitrary phases without affecting the expectation values <J_;L . J_;L> and (J_;R . J_;R>. Therefore, we can consider

generally coherent states |p.J, {e% 2, }) ® |J, {¢" 2 }) with arbitrary phases 0L, 0F. These tensor products will still
solve weakly the quadratic simplicity constraints on the scalar product operators. The expectation values of the u(N)

generators (EZI;R) are nevertheless sensitive to these phases and are equal only up a phase. Since the geometry of the
3-vectors V(z,f’R), and thus the geometry of the intertwiner, do not depend on the phases of the spinors, it is natural
to wonder about their physical/mathematical relevance.

The answer proposed in [20] is that these phases are relevant to the spin network construction when we glue inter-
twiners together. Indeed, following the interpretation of loop quantum gravity in term of discrete twisted geometries
[27], these phases (or more precisely the relative phase between two intertwiners glued along an edge) encode the
extrinsic curvature at the discrete level. In our context, having these freedom in shifting these phase without affecting
the intrinsic geometry of the intertwiner (defined in term of the 3-vectors) should allow to glue these U(NN) coherent
intertwiners in a consistent way without interfering with the simplicity constraints.
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V. CONCLUSION AND OUTLOOK

In the spinfoam approach, the simplicity constraints, which turn the SO(4) BF theory into 4d Euclidean gravity
theory, are discretized and have to be imposed on the Spin(4)-intertwiners from which are built the quantum states of
geometry and the spinfoam transition amplitudes. The issue to implement the simplicity constraints without freezing
too many local degrees of freedom comes from the fact that they do not form a closed algebra at the discrete level
and cannot be imposed strongly.

The purpose of this paper has been to revisit the implementation of the discrete simplicity constraints using the
U(N) framework initially developed for SU(2)-intertwiners in [18-20]. Based on the Schwinger representation of
the su(2) Lie algebra in term of a couple of harmonic oscilaltors, this framework introduces a new set of SU(2)-
invariant operators acting on the space of SU(2)-intertwiners. These operators act on pairs of legs (4,7) of the
intertwiners: E;; generates U(N) transformations that deform the shape of the intertwiner, while F;; and Fjj act as
annihilation and creation operators consistent with the U(/V)-action. The key result of this approach is that these
SU(2)-invariant observables form a closed algebra. In the spinfoam context, we deal with the Spin(4)-intertwiners.
Using the decomposition of Spin(4) = SU(2)r, x SU(2)r in left and right sectors, we now have invariant operators

acting on both sectors EP’R, Fi?’R, Fig’RT which can be used to investigate how to impose the simplicity constraints.

More precisely, the idea éeveloped in this paper is to recast the discrete simplicity constraints in term of observables
defined in term of the U(IV) operators and that form closed algebra. At the end of the day, it allows us to propose a
set of U(N) coherent states that solve the simplicity constraints weakly for arbitrary values of the Immirzi parameter.

In the first part of this paper, we have completed the analysis of the U(NN) framework for SU(2)-intertwiners
initiated in [18-20]. We reviewed the U(IV) coherent states introduced in [20]. For a N-valent SU(2)-intertwiner,
they are labeled by the total area J = ), j; and a set of N spinors z;. These coherent states |J,{z}) form a
over-complete basis for the space of SU(2)-intertwiners at fixed area J and are simply related to the Livine-Speziale
coherent intertwiners. Moreover, we give explicitly the action of the SU(2) invariant operators on these U(N) coherent
states as differential operators.

In the second part of this paper, we have applied these new U(NN) tools to the analysis of the simplicity constraints
for Spin(4)-intertwiners. The simplicity constraints couple the left and right sectors of the intertwiners. We have
focused in re-expressing them in term of the E, F, T operators of the U(N) formalism. Following the usual approach,
we have always distinguished the diagonal simplicity constraints from the cross simplicity constraints. The diagonal
constraints act on single legs of the intertwiner and require that the Spin(4)-representation living on a leg ¢ be simple
i.e that the left and right spins are equal j& = j (or j = pjft for a non-trivial Immirzi parameter). These diagonal
constraints are always imposed strongly on the intertwiner states. On the other hand, the cross simplicity constraints
deal with pairs of legs and are standardly solved weakly in the most recent spinfoam models i.e only in expectation
value (with minimal uncertainty). We started by showing that the discrete simplicity constraints which do not form
a closed algebra can be replaced by new constraints C;; which form a u(N)-algebra. These new u(NN) simplicity
constraints are very simply constructed in term of the E-operators. We also explored other possibilities of constraint
operators based on the operators F' and F't. In the end, it appeared that distinguishing the diagonal constraints from
the cross constraints and imposing the first strongly while solving the later only weakly always lead to difficulties.

Thus, in the last part of our work, we propose to put all (diagonal and cross) simplicity constraints on the same
footing and solve all of them at once in a weak way. This lead us to introduce constraints Flg — pFi? = 0 involving
only annihilation operators. These constraints can be considered as the holomorphic constraints of the Gupta-Bleuler
quantization procedure and should be considered as the main result of the present paper. Indeed they provide us
with explicit constraints that we can solve strongly, in order to take into account the simplicity constraints. Such
constraints were not available previously in the EPRL-FK framework, where the criteria for building proper coherent
intertwiners were on expectation values with quasi-minimal uncertainty. Solving these new F-simplicity constraints
in term of U(N) coherent states provides us with weak solutions to all simplicity constraints, for arbitrary values
of the Immirzi parameter. We emphasize that the main difference with the standard EPRL-FK procedure is that
we do not enforece strongly the diagonal simplicity constraints, although our final states are still peaked on simple
representations but involve all types of irreducible representations. So our states are still peaked around the same
classical phase space point as the EPRL-FK coherent intertwiners but they are spread in more directions that usual.
The advantage is that they are defined as exact (strong) solutions of explicit constraints.

The next important question to explore is how to generalize this framework to the Lorentzian case in order to check
whether it is also possible to construct coherent states which could solve all simplicity constraints with an arbitrary
Immirzi parameter. Another issue is to understand how to glue these U(N) coherent intertwiners consistently into
spin network states in order to generalize our analysis to triangulations formed of an arbitrary number of polyhedra
glued together. This should allow us to build the corresponding spinfoam amplitudes based on our new F-simplicity
constraints and on the U(/N) coherent states. Since these states are naturally related to the standard coherent
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intertwiners, it would be very interesting to compare the resulting spinfoam model to the EPRL-FK models. Finally,
we hope that the introduction of these U(N) coherent states as a basis of the boundary physical Hilbert space
of spinfoam model could help to understand the symmetries of the spinfoam amplitudes and their behavior under
(discrete) deformations or diffeomorphisms.

APPENDIX A: COHERENT STATES FOR THE HARMONIC OSCILLATOR

Let us review the standard definition of coherent states for a single harmonic oscillator, defined by its creation and
annihilation operators satisfying the commutation relation [a,a'] = 1. The standard basis is defined by the number
of quanta:

aln) = vnln — 1), afln) = Vn+1|n+1), ataln) = nln). (A1)
Coherent states are defined through a sum over the standard basis:
z" 2" (ah)
z) = —|n) = —
D Bbve LA Dhv v

This definition is not normalized, but we can easily compute its norm and define normalized states:

0) = e*4" |0). (A2)

(lz) =,y = e |2 (A3)

The action of the a,a’ operators can be derived directly from the definition of the coherent states as series. The
coherent states diagonalize the annihilation operator a while the creation operator a' acts as a derivation:

= 0:]2). (A4)

alz) = z|z)
n>1

This action can be straightforwardly on the normalized coherent states. Then we get a anti-holomorphic shift in the
T action:
a' action:

aloln =zlo)w, atlx =0T |5 = (0. - 2) o). (A5)

The coherent states naturally provides an over-complete basis and a new decomposition of the identity:

d*z d*z |m n| d*z 2
e —|=I? e~ l1Zl"zn,m
/ — 2Nzl / |2) E - z

+oo 2
— Z |m nl dre—r2rm+n+1/ ﬁei(m—n)e
0

™

+o0 5
> —'|n><n| / dre " r2ntl = T (A6)
n! 0

We can also check explicitly that the action of af on coherent states is correctly given by the adjoint of the action of
the annihilation operator a:

[l ul @) cla ) = - [l el @0 w) ) = [ GEww), )
= [l 0w el = [l T azlw). (A7)

Finally, these coherent states transform consistently under the U(1)-action generated by the number of quanta operator
P
a'a :

irata z" TN T
eir'e ) = Zﬁe [n) = |7 z). (A8)
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APPENDIX B: SU(2) COHERENT STATES AND HARMONIC OSCILLATORS

0
SU(2) coherent states can be labeled by a spin j and the spinor z = < il ):

(2%t + z1pT)%
(25)!

where the component z° is the label of the coherent state for the oscillator @ while the second component z! corresponds
to the oscillator b. This vector clearly lives in the irreducible SU(2)-representation of spin j since it’s an eigenvector
of the energy F = a'a+b'b with value 2j. To show that it transforms coherently under SU(2), we compute the SU(2)
action. Dropping the index i, SU(2) rotations are parameterized by an angle § and a unit 3-vector ¢ € Sa:

4,2) = 0)- (B1)

g(0,0) = et T — 0Tt 3T +3 ) |72 = 0?2 + |v|* =1, v, =cos¢, v=-e¥singp. (B2)

It is represented by a 2 X 2 matrix in the fundamental spin—% representation:

oz 0 4 4 in 2 e gi in 2
" 52 + i cos ¢sin 1e"¥ sin ¢ sin
0,0) = % = (2, 2 2 SU(2). B3
9(6,9) = e ( ie” W sincf)sing cosg —icosqbsing €SU@) (B3)

To compute the action of SU(2), we first compute the following commutator:

[17. T, (% +z1bT)} = ((17. g)z)OaT + ((a. g)z)le, (B4)

which gets easily exponentiated:

rolay

ei%'f(zoaT + 2'b') =007 — li69-T.] (27 + 2"y = (Z%T + 2T, with Z=¢e%"% 2 = ¢(6,9) 2. (B5)

This shows that the states introduced above are proper SU(2) coherent states:
9(0,0) |5, z) = 14, 9(0,0) 2) (B6)

This means that these are the standard SU(2) coherent states & la Perelomov. Indeed, one can always set 2! to 0,
or reversely get any arbitrary state from the initial state without any b-excitation. Such an initial state actually
corresponds to the highest weight vector |j, j) of the SU(2)-representation of spin j. More precisely, we act on that
highest weight vector with a SU(2) transformation parameterized by o and f3 satisfying |a|? + |3|? = 1:

e _ (ah)¥ o BN _ . a
5.9 = i0hmo = 10 = (5 2 ) iy =1 (% ) (87

0 _5

2 VER ). (B8)

Vzlz)  V(zl2)

We also give the scalar product between two such SU(2) coherent states:

n

o~

14,2) = (z]2)?

I8

o~

(rwlj, 2) = (w]2)?, (B9)
and the expectation values of the su(2) generators:
0|27|Zl|2 _ 70,1 N ' "/’

(2l L:l5,2) _ 2

Gizli 2y TP+ P

(J2) =

as expected. Finally, expanding these states explicitly on the standard basis for harmonic oscillators,

i) = 34 (%) 606" 2 = o
n=0
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and following the usual calculation done with oscillator coherent states (as shown in appendix A), we can decompose
the identity on the Hilbert space V7 in term of these SU(2) coherent states:

27 _
. . 1 ezl )
I, = Z |n, 2§ — nYmo mo(n,2j —n| = _(Qj)' /[d220d221] — l7, 2){J, 2|. (B11)
n=0 ’

One can check that taking the trace of this expression and using the formula for the scalar product between coherent
states give back as expected tr; = (2j+1). Let us emphasize a last point that the projector |j, z)(j, z| does not depend

on the overall phase of the spinor z but only on the corresponding 3-vector V (z) (|z)(z| = 3 (<z|z)]1 +V(2)- &')).

APPENDIX C: RELAXING THE CLOSURE CONDITIONS ON U(N) COHERENT STATES

Discussing the U(NN) coherent states in the previous section, we have assumed that the spinor labels satisfy the

closure condition (47) that requires that ), V(zi) = 0 or equivalently that > zi)(zi] oc I, or even equivalently that
the two components of the spinors z? and z; are orthonormal N-vectors. It has been shown in [20] how to relax this
closure condition using the SL(2, C) invariance of the coherent states. Let us review this procedure.

We consider the GL(2, C) action acting simultaneously on all spinors z;. It has a simple rescaling action on the Z;;

matrix, which means that the U(V) coherent states also get simply rescaled:
VA € GL(2,C), =z — Az,  Ziy — detA Zy, |J,{z:}) — (det ) |, {z}). (C1)

Thus two coherent states labeled by spinors related through a GL(2,C) action define the same quantum state, up to
normalization. In particular, if the transformation A lies in SL(2, C) then the coherent state is exactly the same. The
moot point is that GL(2,C) transformations allow to go in and out of the closure constraint. Indeed, following [20],
given an arbitrary set of N spinors, we consider the matrix:

X(2) = Y lai) (il (C2)
i
Since X (z) is obvious a positive Hermitian matrix, there exists a matrix A € SL(2,C) which takes its square-root,

X = v/det X AAT. This matrix is unique up to SU(2) transformations. It allows to define a new set of spinors
Z; = A~ ! z; which induce the same coherent state but also satisfy the closure condition:

X=)Y [E)E = A7 X (M) = Vdet XTI, det X = det X. (C3)

This is the exact same SL(2,C) action used in [16, 17] to take the standard coherent intertwiners in and out of the
closure constraint. Let us point out that the SL(2,C) action is simply the complexified SU(2)-action still generated
by the operators J** quadratic in the harmonic oscillators. In the U(N) framework, this simply mean that we can
drop the closure condition on the spinor label, when defining U(N) coherent states and integrating over spinor labels,
e.g. in the decomposition of the identity. Moreover, the coherent states |J,{z;}) still transform covariantly under
U(N) whether they satisfy the closure condition or not, and their norm is easily computed:

(J{z:}|J, {z:}) = (det X)7. (C4)

—

Since the projectors |z;)(z;| are easily expressed in term of the classical 3-vectors V'(z;), we give similar expressions
for the matrix X and its determinant:

X = % (Zn?(zmuz:x?(zn ~5> = detX = i (ZIW%)I) ZV(%)

so that (det X)7/ = A(z)?/ as before when the closure condition 21‘7(21) = 0 is satisfied. Let us underline that
det X > 0 can be interpreted as a measure of how far from the closure condition we are: the larger the total 3-vector

> V (z) is, the smaller det X gets.
Finally, we can write a decomposition of the identity on the intertwiner space Hg\}]) as an integral over C2V:

_ e =0 dtzi |, {zih) (], {zi}]
b = D /cw = (det X(2))) (6)

2 2

; (C5)




28

This is to be compared with the decomposition of the identity on H;, . ;. in term of coherent intertwiners (50).
To check this identity, it is enough to check that this integral commutes with the U(V)-action and that its trace is
equal to the dimension Dy ; of the Hilbert space ’Hg{,]). As explained in more details in [20], we can gauge-fix this
integral by the GL(2,C)-action and restrict it to an integral over the Grassmanian space Gra x = C*V/GL(2,C) =
U(N)/U(N —2) x U(2). The SL(2,C)-action allows to gauge-fix to spinors satisfying the closure condition; then
rescaling the state allows to fix the matrix X (z) = I and the total area A(z) = 1 thus to restrict the integral to
coherent states of unit norm.

APPENDIX D: COMMUTATION RELATIONS OF THE E, F, Ff ACTION ON COHERENT STATES

The commutation relations between these F, F'' and E operators acting on the U(N) coherent states are straight-
forward to check:

[Eij En] |7 {zg}) = 05 (87 (1. {zk1}))) — 655 (05 (1, {z})))

= (k05 — 0u0z) |1, {zq}) = (0ju Eir — 6 Eij) |, {zg}), (D1)
By Bl 1. {z0}) = VI (2 (1 = 1 {zq}) = 35 (Zual =1 {z}))
= VJ(J+1)(6aZjx — 6iZj) |[J — 1,{zq})
= (Oukje = owkj0) |1, {zq}), (D2)
L. T z _ 1 z z, 2 _ 5% z 2
(B Fl| 1 (zab) =~ (A0 (8501 + 1 () = 65 (B30T + 1. z)))
1 s i As .
= oo GuAl AR+ 1))
= (0B — 8 F) 1. {za}): (D3)

AL (Zij| T {z}) — Zij Ak (17, {2¢}))
= (Owi0f; — Onj0f; — 0udi; + 0130k + Afu(Zij)) 1, {2q})
(0ki Bty — OkjEii — 61iEkj + 615 i + 2(kid1; — 01i0k5)) |, {24 })- (D4)

[Fig By 19, {z)

APPENDIX E: NORM OF THE U(N)-INVARIANT STATE: |J)

Following the previous work done in [25], we compute the norm of the U(N)-invariant state |J) = (f7)”]0) where
we have introduced the operator:

1= FIR. (E1)
Kl
The norm of |.J) is then given by:
(o1 (f1)710) (E2)

with f = >",, FLFE. We need to determine the action of f on |J): f|J) = f(f7)7|0). In order to compute this action
of f on |J), we calculate the commutator between f and fT:

[f, f1] = 4e <@) +4 (%(EL + E®? + (EY + ERF)(2N — 1) + 2N(N — 1)> (E3)

where we have defined:

e=Y ELE] (E4)
kl
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and we recall that EL/B = => EL/ R n our case of interest EX = BEF = E. Moreover, to compute this commutator

we used the fact that on the intertwiner space (j L= JR= 0), the F and F' operators satisfy additional quadratic
constraints:

L/R\T /R /g (EYE L/R (pL/R L/R EL/R
Z(Fk/ ) F/f = BT (S 1), ZF/ ( /) = (B +26,) (—5—+N-1). (B9
k

We also need to compute the commutator between e and fT. We use the fact that the E and FT also satisfy quadratic
constraints on the intertwiner space:

EL/R

> () B = () F S () = () (B e ). o
k

then,

L+R

[e, fT] = 2/T (% +N - 1) (ET)

where once again, EX and E® can be replaced by E. Moreover, this total area operator is clearly diagonal in the
basis |J):

E|Jy =2J|J) (E8)
We can then deduce the action of f on |J):
F(H710) = Z {4207 = 1= k) + N)(fD)e (F1)7717H0) +16(2(] = 1 = k)* + (J = 1 = K)2N = 1))(f)"710)}

+8(J = N(N = 1)(fT)7~*|0)

Z{S J=1-k)+N)(J—1=k)(J+N—k—-3)+16(2(J —1—k)?+(J -1 —k)(2N — 1))}
+8(J —1)N(N =1)]|J - 1)
=4JJ+1)(N+J-1)(N+J-2)|J-1) (E9)
Using this action, we compute the norm of the state |J) by recursion:
(JIJ) = O|f77 f|T) =4J(J+ 1D)(N+J —1)(N+J =2)(J —1]J - 1) (E10)
which leads us to the scalar product:

(N +J — DN +J —2)!
(N — DI(N — 2)

(J|J) =22/ J1(J +1)! (E11)
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