arXiv:1107.0709v1 [gr-qc] 4 Jul 2011

The Plebanski sectors of the EPRL vertex

Jonathan Engle^∗

Department of Physics, Florida Atlantic University, Boca Raton, Florida, USA

July 5, 2011

Abstract

Modern spin-foam models of four dimensional gravity are based on a discrete version of the Spin(4) Plebanski formulation. Beyond what is already in the literature, we clarify the meaning of different Plebanski sectors in this classical discrete model. We show that the linearized simplicity constraints used in the EPRL and FK models are not sufficient to impose a restriction to a single Plebanski sector, but rather, three Plebanski sectors are mixed. We propose this as the reason for certain extra ‘undesired’ terms in the asymptotics of the EPRL vertex analyzed by Barrett et al. This explanation for the extra terms is new and different from that sometimes offered in the spin-foam literature thus far.

1 Introduction

Spin-foams [1–3] provide a path integral framework for defining the dynamics of loop quantum gravity (LQG) [1, 3–5], a background independent, canonical quantization of general relativity. Ever since the Barrett-Crane model [6], spin-foams have been based on the Spin(4) Plebanski formulation of gravity [7, 8], in which the co-tetrad e is replaced by an so(4)-valued 2-form B =^⋆e ∧ e, where^⋆ denotes Hodge duality in the internal tetrad indices; at the same time, one introduces a constraint, called the simplicity constraint, to ensure B is of this form for some e. However, the original constraint function used in [6, 7, 9] (equation (2.12)) does not impose B =^⋆e ∧ e for some e. Rather, it imposes that B belong to one of five possible sectors:

(I±) B = ±e ∧ e for some e

(II±) B = ±^⋆e ∧ e for some e

(deg) B is degenerate (tr(^⋆B ∧ B) = 0)

where the terminology for the sectors has been taken from [9]. We call these Plebanski sectors.

The only spin-foam model thus far to match the kinematics of LQG is the EPRL model [3, 10]. This, together with the FK model [11], form the so-called “new models”. The common feature of both of these models is a certain reformulation of the simplicity constraints that is linear in the B variables. Existing literature does not directly address the question of which of the Plebanski sectors are still included by the linear constraints. In this paper we answer this question, and show in a precise sense that sectors (II±) and (deg) are included. We furthermore show that this mixing of Plebanski

∗jonathan.engle@fau.edu

sectors is precisely the reason for the “undesired” terms in the semiclassical limit of the EPRL vertex computed in [12]. This explanation is new and different from the explanation in terms of a sum over orientations of simplices mentioned, for example, in [13]. We discuss this issue in the conclusion section. As section 2 is classical in nature and is an analysis of the linear simplicity constraints which the FK model also uses, all discussion and conclusions in section 2 are equally relevant for FK as for EPRL.

The paper is structured as follows. We begin by reviewing the classical discrete framework underlying the EPRL and FK models. We then clarify the meaning of Plebanski sectors in this discrete context, and prove that the linear simplicity constraint imposes a restriction to precisely Plebanski sectors (II±) and (deg). Finally, we review the asymptotics of the EPRL vertex, and identify the Plebanski sector of the critical point of each term. We then close with a discussion.

2 Classical analysis of the linear simplicity constraints

2.1 Discrete classical framework

2.1.1 Generalities

First, let us introduce some conventions and definitions. Elements of su(2) will be bold. We use the normalized basis τ^i :=^{−i}_2 σ^i of su(2), where σ^i are the standard Pauli matrices, so that [τ^i, τ^j ] = ϵ^{ij}_kτ^k . Given an element λ ∈ su(2), λ^i ∈ R^3 shall denote its components with respect to τ^i. Let I denote the 2 × 2 identity matrix. In the following, we will freely use the natural isomorphism between so(4) and spin(4) := su(2) ⊕ su(2), J^{IJ} ↔ (J_−, J_+) ≡ (J^i_−τ_i, J^i_+τ_i), effectively identifying these two algebras. Here J^{IJ} = −J^{JI} and I, J = 0, 1, 2, 3. Explicitly, the isomorphism is

J^i_± = 1 4 ϵ^i_{jk}J^{jk} ± 1 2 J^{0i}. (2.1)

with inverse J^{ij} = ϵ^{ij}_k(J^k_+ + J^k_−) J^{0i} = J^i_+ − J^i_−. (2.2)

2.1.2 Continuum theory

The EPRL model, as all spin-foam models of gravity, takes as its starting point the formulation of gravity as a constrained BF theory, following the ideas of Plebanski [8]. The basic continuum variables are an so(4)-valued 2-form B^{IJ}_{μν} and an so(4) connection ω^{IJ}_μ . We call B^{IJ}_{μν} the Plebanski two-form. The action is S = −1 2κ ∫ tr[(B + 1 γ ⋆B) ∧ F ]. (2.3)

where F := dω + ω ∧ ω is the curvature of ω, and κ := 8πG. The variable conjugate to ω is thus

J := 1 κ (B + 1 γ ⋆B). In terms of the anti-self-dual and self dual parts of J and B,

(J^±)^i = ( γ ± 1 κγ ) (B^±)^i (2.4)

The action (2.3) is a BF action, and leads to a topological field theory with no local degrees of freedom. To turn it into gravity, one imposes the simplicity constraints, reviewed here in equations (2.12) and (2.13).

2.1.3 Discrete variables

To construct the spin-foam model, one introduces a discretization of space-time using a triangulation into 4-simplices. But for the purpose of analyzing the vertex amplitude, it suffices to focus on a single 4-simplex. We therefore do so. In the past years [14,15] the EPRL model has also been generalized to arbitrary cell-complexes; however, for simplicity, and because we heavily use the work [12], we restrict ourselves to the case in which the cell-complex is a simplicial triangulation.

Consider an oriented 4-simplex S. Number the tetrahedra a = 0, . . . , 4, and label the triangles by the unordered pair (ab) of tetrahedra that contain it. One thinks of each tetrahedron, as well as the 4-simplex itself, as having its own ‘frame’ [16]. The connection ω is discretized by specifying a parallel transport map from each tetrahedron to the 4-simplex frame – thus, in our case, there are 5 parallel transport maps G_a = (X^−_a , X^+_a ), a = 1, . . . , 5. Let Δ_{ab} denote the triangle (ab), endowed with the orientation induced on it as part of the boundary of tetrahedron a, whose orientation in turn is induced from its being part of the boundary of S. The two-forms B and J are then discretized as the elements B_{ab} = ∫ Δ_{ab} B, J_{ab} = ∫ Δ_{ab} J where one thinks of these elements as being ‘in the frame at a.’ For each ab, these algebra elements are related, in terms of their self-dual and anti-self-dual parts, by

(J^±_{ab})^i = ( γ ± 1 κγ ) (B^±_{ab})^i. (2.5)

Because the bivectors J_{ab} ‘in the frame at a’ are key in the canonical theory in section 3.1, we call them the canonical bivectors.

However, in the rest of section 2, we will focus on reconstructing the four-dimensional continuum Plebanksi two-form B^{IJ}_{μν} from this discrete data, and proving related results. For this purpose, it is necessary to parallel transport all of the bivectors B^{IJ}_{ab} to a common frame. If one parallel transports them to the 4-simplex frame, one obtains B_{ab}(S) := G_a ▷ B_{ab}, where ▷ denotes the adjoint action of Spin(4) on spin(4) ∼= so(4). If one parallel transports them to some tetrahedron frame c, one has B_{ab}(t_c) := G_{ca} ▷ B_{ab}. where G_{ca} := G^{−1}_c G_a is the parallel transport map from tetrahedron a to tetrahedron c. Throughout the rest of this section, in order to use a presentation closer to that in [12], we will work in the 4- vertex frame; however, all constructions and analyses in the rest of this section can be equally done in any of the tetrahedron frames — when a tetrahedron frame is used, only the parallel transports G_{ab} := G^{−1}_a G_b between tetrahedra are needed.

Let us now turn to some expected properties of the bivectors B_{ab}. Note that in the 4-simplex frame, because Δ_{ab}, Δ_{ba} differ by only a change of orientation, one should have B_{ab}(S) ≡ −B_{ab}(S). (2.6) This is the ‘orientation constraint’. As was shown in [12], this is imposed by the EPRL vertex amplitude itself: If it is not satisfied, the vertex amplitude is exponentially suppressed. Furthermore, classically, in each tetrahedron frame a, the four algebra elements B_{ab} must satisfy the closure relation ∑ b≠a Bab = 0. This is similarly imposed by the vertex amplitude being exponentially suppressed if

it is not satisfied. Finally, if the closure relation is satisfied in each tetrahedron, then the algebra elements for each tetrahedron uniquely determine a tetrahedron geometry, and hence a shape for each triangle Δ_{ab} in the tetrahedron. One then would expect that the shape of the triangle Δ_{ab} as determined in tetrahedra a and b would be the same — the gluing constraint [17, 18]. As we shall see, when this is not satisfied, either the vertex amplitude is exponentially suppressed or one is in the degenerate Plebanski sector.

A constraint that holds from the start in both the classical and quantum frameworks is |B^±_{ab}|^2 = |B^±_{ba}|^2. It is consequently convenient to introduce separate variables for the norms and directions of the self-dual and anti-self-dual parts of these bivectors. In the tetrahedron frames, for each pair (ab), we then have a pair of norms B^±_{ab} ≡ B^±_{ba} := |B^±_{ab}| and two pair of directions (equivalently, unit su(2) elements) u^±_{ab} := B^±_{ab}/|B^±_{ab}(S)|, u^±_{ba} := B^±_{ba}/|B^±_{ba}(S)|. One has B_{ab} = (B^−_{ab}u^−_{ab}, B^+_{ab}u^+_{ab}). From (2.5), also J_{ab} = (( γ − 1 κγ ) B^−_{ab}u^−_{ab}, ( γ + 1 κγ ) B^+_{ab}u^+_{ab} ) . (2.7)

The bivectors in the simplex frame are then given by

B_{ab}(S) = (B^−_{ab}u^−_{ab}(S), B^+_{ab}u^+_{ab}(S)), (2.8)

where u^±_{ab}(S) := X^±_a ▷ u^±_{ab}. The orientation constraint then takes the form u^±_{ab}(S) = −u^±_{ba}(S).

2.2 Discrete Plebanski sectors defined

We now define what we call a “discrete Plebanski field”. As will be seen in definition 8, it plays the role of a precursor to the bivector geometry definition used in [12].

Definition 1 (Discrete Plebanski field). A discrete Plebanski field is a set of bivectors {B^{IJ}_{ab} }, a, b = 0, 1, 2, 3, 4, such that

(i.) B^{IJ}_{ab} = −B^{IJ}_{ba} (orientation)

(ii.) ∑ b≠a B IJ ab = 0 (closure)

In the following we will see that every discrete Plebanski field determines in a certain sense a continuum so(4)-valued two-form field in the simplex. This will then be used to define the notion of a discrete Plebanski field being in a certain “Plebanski sector”.

Let M denote R^4 as an oriented manifold, equipt with the canonical flat connection ∂_a on R^4 . This is the arena where we will define the simplex and reconstruct the continuum so(4)-valued two-form from given discrete data {B^{IJ}_{ab} }. The symmetry group of (M, ∂_a) is the proper inhomogeneous GL(4) group, IGL(4)^+. ∂_a defines notions of straight line segments and planes in M in the usual way, and the notion of convex hull is defined in the usual way using straight line segments.

Furthermore, let V denote the tangent space of M at any point. Because ∂_a is flat, its parallel transport maps provide (1.) a natural isomorphism between V and every other tangent space, allowing us to identify every tangent space with V , and (2.) a natural isomorphism between V and the space of constant vector fields on M, obtained by parallel transporting any given element of V throughout M. We will let the same symbol denote a given vector in V and the corresponding vector at any other point, as well as the corresponding constant vector field on M. In like manner, ∂_a defines a natural isomorphism between tensors of a given type over V and tensors of the same type at any other point, as well as with the space of constant tensors on M of the same type. Again, We will let the same symbol denote a given tensor over V and the corresponding tensor at any other point, as well as the associated constant tensor.

Definition 2 (Geometrical 4-simplex). A geometrical 4-simplex in M is the convex hull of 5 points, called vertices, in M, not all of which lie in the same 3-plane.

Definition 3 (Ordered 4-simplex). We define an ordered 4-simplex σ to be a geometrical 4-simplex in M with an assignment of labels 0, 1, 2, 3, 4 to its five vertices such that the ordered set of four vectors ( ⃗01, ⃗02, ⃗03, ⃗04) in V has positive orientation. Each tetrahedron is then labeled by the number of the one vertex it does not contain.

A standard way to specify orientation of a manifold is to specify a no-where vanishing volume form modulo rescaling by a positive function. However, through the one-to-one relation between volume forms and inverse volume forms, ϵ^{α1···αn} ϵ_{α1 ···αn} = n!, it is just as easy to specify orientation by a no-where vanishing inverse volume form modulo rescaling by a positive function. Because it is more convenient, throughout this section we will specify orientation in the latter way.

Definition 4 (Oriented triangle Δ_{ab}). Given an ordered 4-simplex σ, let Δ_{ab} = Δ_{ab}(σ) denote the triangle between tetrahedra a and b. Let (N_a)_α, (N_b)_α be any outward pointing normals to tetrahedra a and b, respectively, and let ϵ^{αβγδ} be any oriented inverse volume form. Then the inverse 2-form

ϵ^{αβ}_{[ab]} := ϵ^{γδαβ} (N_a)_γ (N_b)_δ (2.9)

is non-zero and tangent to Δ_{ab}, and well-defined upto rescaling by a positive function. We let ϵ^{αβ}_{[ab]} define the orientation of Δ_{ab} .

The above-defined orientation of Δ_{ab} is simply the orientation induced on Δ_{ab} as part of the boundary of tetrahedron a, considered as part of the boundary of σ.^1

Lemma 1. Given a discrete Plebanski field {B^{IJ}_{ab} } and any choice of ordered 4-simplex σ in M, there exists a unique constant Lie algebra-valued two-form B^{IJ}_{μν} such that B^{IJ}_{ab} = ∫ Δab B^{IJ} . Proof. For each Δ_{ab} in σ, define the bivector I^{μν}_{ab} by I^{μν}_{ab} λ_{μν} := ∫ Δ_{ab} λ for all constant λ_{μν} . This set of bivectors satisfies the same closure and orientation conditions as B^{IJ}_{ab} . In addition, {I^{μν}_{ab} } satisfies a non-degeneracy condition: for i < j, i, j = 0, 1, 2, 3, I^{μν}_{ij} form a basis of V ⊗_{skew} V . Let I^{ij}_{μν} denote the corresponding dual basis of V^∗ ⊗_{skew} V^∗. Then for each I, J = 0, 1, 2, 3, define B^{IJ}_{μν} := ∑ i<j i,j=0,1,2,3 B^{IJ}_{ij} I^{ij}_{IJ} . (2.10)

We then have ∫ Δ_{ij} B^{IJ} = I^{μν}_{ij} B^{IJ}_{μν} = B^{IJ}_{ij}

1This is due to the fact that the pull-back of (N_b)_α to the plane of tetrahedron a is an outward pointing normal to Δ_{ab}.

for all i < j, i, j = 0, 1, 2, 3. Using that both B^{IJ}_{ab} , I^{μν}_{ab} satisfy closure and orientation, it follows ∫ Δ_{ab} B^{IJ} = I^{μν}_{ab} B^{IJ}_{μν} = B^{IJ}_{ab} (2.11)

for all a, b, proving existence. To prove uniqueness, suppose (2.11) is satisfied. Then, from the fact that it holds in particular for a < b, a, b = 0, 1, 2, 3, it follows immediately that B^{IJ}_{μν} is as in (2.10). ■

Definition 5. Given a discrete Plebanski field {B^{IJ}_{ab} } and any choice of ordered 4-simplex σ in M, we call the unique B^{IJ}_{μν} in lemma 1 the two-form of {B^{IJ}_{ab} } adapted to σ.

If B^{IJ}_{μν} satisfies the Plebanski constraint, ϵ_{IJKL}(B^{IJ}_{μν} B^{KL}_{ρσ} − 1 4! η_{μνρσ} η^{αβγδ}B^{IJ}_{αβ} B^{KL}_{γδ} ) = 0, (2.12) where η_{μνρσ} and η^{αβγδ} denote the Levi-Civita tensors of density weight −1 and 1, respectively, then, for example from [9], it must be of one of the five forms

(I±) B^{IJ} = ±e^I ∧ e^J for some e^I_μ

(II±) B^{IJ} = ±^1_2 ϵ^{IJ}_{KL}e^K ∧ e^L for some e^I_μ

(deg) ϵ_{IJKL}η^{μνρσ} B^{IJ}_{μν} B^{KL}_{ρσ} = 0 (degenerate case).

Each of these forms defines a particular sector, which we refer to as (I±), (II±), and (deg). These five sectors are disjoint [9].

Definition 6. If, for a given choice of ordered 4-simplex σ, a given discrete Plebanski field {B^{IJ}_{ab} } has two-form in Plebanski sector (I±), (II±) or (deg), we say that {B^{IJ}_{ab} }, relative to σ, is also in Plebanski sector (I±), (II±) or (deg), respectively.

In fact, if {B^{IJ}_{ab} } is in a given Plebanski sector, this property is independent of the choice of σ, as we will now prove, so that the qualification “relative to σ” is not necessary.

Lemma 2. If a given discrete Plebanski field {B^{IJ}_{ab} } is in a given Plebanski sector — (I±), (II±) or (deg) — relative to a given ordered 4-simplex σ, then {B^{IJ}_{ab} } is in the same Plebanski sector relative to any ordered 4-simplex .

Proof. Let a discrete Plebanski field {B^{IJ}_{ab} } be given. Let two ordered simplices σ, σ^′ be given, and let^σ B^{IJ}_{μν} ,^{σ′} B^{IJ}_{μν} denote the corresponding two-forms.

There exists a unique element G of the inhomogeneous GL(4) group, IGL(4), mapping the 5 vertices of σ into the 5 vertices of σ^′, in order, so that G maps σ into σ^′. Furthermore, because the vertices of σ and σ^′ are each numbered with positive orientation in the sense of definition 3, G is in the proper inhomogeneous GL(4) group, IGL(4)^+. To construct, from {B^{IJ}_{ab} } and σ, the two-form σ B^{IJ}_{μν} on the manifold M, one only uses the orientation of M and the flat connection ∂_a; these are invariant under IGL(4)^+. Therefore, for a given discrete Plebanski field {B^{IJ}_{ab} }, the map from ordered 4-simplices σ to two-forms^σ B^{IJ}_{μν} is IGL(4) covariant. Thus one concludes G ·^σ B^{IJ}_{μν} =^{σ′} B^{IJ}_{μν} . But the action of G in this equation is the action of a particular diffeomorphism, and all diffeomorphisms preserves each of the continuum Plebanski sectors (as is immediate from the diffeomorphism covariance of the equation defining each one). Thus, if either of^σ B^{IJ}_{μν} ,^{σ′} B^{IJ}_{μν} is in one of the Plebanski sectors, then both of them must be in the same Plebanski sector. ■ Thus, the notion of discrete Plebanski field {B^{IJ}_{ab} } being in a given Plebanski sector is independent of the ordered 4-simplex used to define the continuum two-form.

2.3 Plebanski sectors of the linear simplicity constraints

We here review the linear simplicity constraint used in the ‘new’ spin-foam models, and show that it restricts the bivectors B_{ab} to be in Plebanski sectors (II±) or (deg). The linear simplicity constraint imposes that there exists an assignment of an N^I_a to each a, such that

C^I_{ab} := N_{aJ} (^⋆B_{ab})^{JI} ≈ 0 ∀b ≠ a. (2.13)

Using this, we now define “weak bivector geometry” and “bivector geometry”. The latter is the same as the definition in [12], except that the B^{IJ}_{ab} algebra elements here are not to be identified with the B^{IJ}_{ab} algebra elements in [12], but rather with their Hodge duals. This is because we have chosen instead to be consistent with the convention for B^{IJ}_{ab} used in [9, 10, 16, 19].

Definition 7 (Weak bivector geometry). A discrete Plebanski field {B^{IJ}_{ab} } is additionally called a weak bivector geometry if

(i.) For each a there exists N^I_a ∈ R^4 , such that N_{aI} (^⋆B_{ab})^{IJ} = 0, ∀b ≠ a. (linear simplicity)

(ii.) For all distinct a, b, c, d, tr(B_{ab}[B_{ac}, B_{ad}]) ≠ 0. (tetrahedron non-degeneracy)

Definition 8 (Bivector geometry). A weak bivector geometry {B^{IJ}_{ab} } is additionally called a bivector geometry if it satisfies (full) non-degeneracy: For i < j, i, j = 0, 1, 2, 3, B^{IJ}_{ij} form a basis of R^4 ⊗_{skew}R^4 .

The above definitions are intended to be applied to bivectors in the 4-simplex frame. The canonical variables, by contrast, are defined in the tetrahedron frames, where we impose a gauge-fixed version of (2.13) in which N^I_a is fixed to be N^I := (1, 0, 0, 0), following [10]. In each tetrahedron frame, the simplicity constraint then becomes C^i_{ab} := 1 2 ϵ^i_{jk}B^{jk}_{ab} ≈ 0. (2.14) In terms of B^±_{ab}, u^±_{ab} this is equivalent to

B^+_{ab} = B^−_{ab} and u^+_{ab} = −u^−_{ab}. (2.15)

The first of these equations is equivalent to what is called the “diagonal simplicity constraint”; as this is SO(4) invariant, it is clear that it also follows from the non-gauge-fixed condition (2.13). Thus, although, in the original works, the constraint (2.13) was presented as a reformulation of crosssimplicity only, in fact it also contains in it the diagonal simplicity constraint. This fact is also reflected in the quantum theory in section 3.1. This is what allows us to omit diagonal simplicity as a separate condition in definitions 7 and 8.

(2.15) implies that the solution space of (2.14) can be parameterized by what we call reduced boundary data {A_{ab}, n_{ab}}: B^±_{ab} = 1 2 A_{ab} and u^+_{ab} = −u^−_{ab} = n_{ab}. (2.16)

A_{ab} and n^i_{ab} have direct geometrical significance: A_{ab} is the area of triangle Δ_{ab}, and n^i_{ab} is the outward normal to Δ_{ab} in the a frame. Lastly, let B^{phys}_{ab} (A_{ab}, n_{ab}, X^±_a ) denote the corresponding bivectors B_{ab}(σ) in the 4-simplex frame (2.8):

B^{phys}_{ab} (A_{ab}, n_{ab}, X^±_a ) := B_{ab}(S) = 1 2 A_{ab}(−X^−_a n_{ab}, X^+_a n_{ab}). (2.17)

Note that all weak bivector geometries are of the form {B^{phys}_{ab} (A_{ab}, n_{ab}, X^±_a )} for some data set {A_{ab}, n_{ab}, X^±_a }.

We next prove that a weak bivector geometry — i.e., a discrete Plebanski field in which the linear simplicity constraint and tetrahedron non-degeneracy is imposed — is in Plebanski sector (II-), (II+) or (deg), and derive the conditions for each of these. We do this by first proving a simpler theorem, quoting a theorem from [12], and then proving the main result. Remember here again that the B_{ab} algebra elements used here are not the same as the B_{ab} algebra elements used in [12], but are rather related by the Hodge dual.

We will use a canonical tetrad on M ≡ R^4 , defined in the canonical chart as e̊^I_α := δ^I_α, with associated metric g̊_{αβ} = e̊^I_αe̊_{βI} and oriented volume form ϵ̊ := e̊^0 ∧ e̊^1 ∧ e̊^2 ∧ e̊^3 given respectively by δ_{αβ} and the fully skew array with ϵ̊_{0123} = 1. Manifold indices will be raise and lowered with g̊_{αβ} Definition 9 (Geometrical bivectors). Given an ordered 4-simplex in M ≡ R^4 , the associated geometrical bivectors (B^{geom}_{ab} )^{IJ} are

(B^{geom}_{ab} )^{IJ} := A(Δ_{ab}) (N_a ∧ N_b)^{IJ} |N_a ∧ N_b| (2.18)

where A(Δ_{ab}) is the area of Δ_{ab} relative to g̊_{αβ} , N^α_a is the outward pointing unit normal to the ath tetrahedron using g̊_{αβ}, N^I_a = e̊^I_αN^α_a , (N_a ∧ N_b)^{IJ} := 2N^{[I}_a N^{J]}_b , and |X^{IJ} |^2 :=^1_2 X^{IJ} X_{IJ} .

As pointed out in [12], for any ordered 4-simplex σ in M ≡ R^4 , {B^{geom}_{ab} (σ)} form a bivector geometry. Furthermore, Theorem 1. For any ordered 4-simplex σ, {B^{geom}_{ab} (σ)} is in Plebanski sector (II+).

Proof. Let an ordered 4-simplex σ be given. Let N^α_a denote the unit outward pointing normal to the ath tetrahedron using g̊_{αβ} . Let ϵ̊^{[ab]}_{αβ} denote the oriented metric area form on Δ_{ab} and ϵ̊^{αβ}_{[ab]} its inverse. From (2.9), ϵ̊^{αβ}_{[ab]} = λ(N_a)_γ (N_b)_δϵ̊^{γδαβ}.

for some positive function λ. Let q̊_{αβ} denote the pull-back of the metric g̊_{αβ} to Δ_{ab}. Then 2 = q̊_{αγ}q̊_{βδ}ϵ̊^{αβ}_{[ab]}ϵ̊^{γδ}_{[ab]} = g̊_{αγ}q̊_{βδ}ϵ̊^{αβ}_{[ab]}ϵ̊^{γδ}_{[ab]} = λ^2g̊_{αγ}g̊_{βδ}(N_a)_λ(N_b)_μϵ̊^{λμαβ} (N_a)_ν (N_b)_σϵ̊^{νσγδ} = 4λ^2(N_a)_{[λ}(N_b)_{μ]}N^λ_a N^μ_b = 4λ^2(N_a)_{[I} (N_b)_{J]}N^I_a N^J_b = λ^2(N_a ∧ N_b)_{IJ} (N_a ∧ N_b)^{IJ} = 2λ^2|N_a ∧ N_b|^2

where, in the first line, we have used that ϵ̊^{αβ}_{[ab]} is tangent to Δ_{ab}. Thus λ = |N_a ∧ N_b|^{−1}. So, ∫ Δ_{ab} e^I ∧ e^J = ∫ Δ_{ab} ϵ̊^{[ab]}ϵ̊^{αβ}_{[ab]}e^I_αe^J_β = |N_a ∧ N_b|^{−1} ∫ Δ_{ab} ϵ̊^{[ab]}(N_a)_γ (N_b)_δϵ̊^{γδαβ}e^I_αe^J_β = |N_a ∧ N_b|^{−1} ∫ Δ_{ab} ϵ̊^{[ab]}(N_a)_K (N_b)_Lϵ^{KLIJ} = 1 2 ϵ^{IJ}_{KL}A(Δ_{ab}) (N_a ∧ N_b)^{KL} |N_a ∧ N_b| whence B^{geom}_{ab} (σ)^{IJ} = ∫ Δ_{ab} 1 2 ϵ^{IJ}_{KL}e^K ∧ e^L with^1_2 ϵ^{IJ}_{KL}e^K ∧ e^L constant. This proves that {B^{geom}_{ab} (σ)} is in Plebanski sector (II+). ■

Let us review what can be called a partial version of theorem 3 in [12] (the ‘reconstruction theorem’). For the following, we say that a set of reduced boundary data {A_{ab}, n_{ab}} is non-degenerate if for each a, every set of three vectors n_{ab} with b ≠ a is linearly independent, {A_{ab}, n_{ab}} satisfies closure if ∑ b≠a Aabnab = 0, and a set {X ± a } ⊂ SU(2) satisfies the orientation constraint if X^±_a n_{ab} = −X^±_b n_{ba}.

Furthermore, Definition 10. Two sets of SU(2) group elements {U^1_a }, {U^2_a } are called equivalent, {U^1_a } ∼ {U^2_a }, if ∃Y ∈ SU(2) and a set of five signs ϵ_a such that U^2_a = ϵ_aY U^1_a . (2.19) Theorem 2 (Partial version of the reconstruction theorem). Let a set of non-degenerate reduced boundary data {A_{ab}, n_{ab}} satisfying closure be given, as well as a set {X^±_a } ⊂ SU(2), a = 1, . . . , 5, solving the orientation constraint, such that for each a, X^−_a ≁ X^+_a . Then there exists an ordered 4-simplex σ in R^4 , unique upto inversion and translation, such that B^{phys}_{ab} (A_{ab}, n_{ab}, X^±_a ) = μB^{geom}_{ab} (σ) (2.20) for some μ = ±1, with μ independent of the ambiguity in σ.

Proof. From the discussion in section 5.3.1 in [12], because {A_{ab}, n_{ab}} is a set of non-degenerate boundary data and X^−_a ≁ X^+_a , {^⋆B^{phys}_{ab} (A_{ab}, n_{ab}, X^±_a )} satisfies non-degeneracy and hence is a bivector geometry in the sense of [12], and the result follows from theorem 3 in [12]. The fact that μ is independent of which ordered 4-simplex in R^4 is used follows from the invariance of B^{geom}_{ab} (σ) under inversion and translation of σ. ■

Theorem 3. Suppose {A_{ab}, n_{ab}} is a set of non-degenerate reduced boundary data satisfying closure and {X^±_a } are such that orientation is satisfied.

(i) If {X^−_a } ≁ {X^+_a }, then {B^{phys}_{ab} (A_{ab}, n_{ab}, X^±_a )} is either in Plebanski sector (II+) or (II-), according to whether the sign μ in theorem 2 is 1 or −1, respectively.

(ii) If {X^−_a } ∼ {X^+_a }, then {B^{phys}_{ab} (A_{ab}, n_{ab}, X^±_a )} is in the degenerate Plebanski sector.

Proof.

Proof of (i):

This is immediate from theorems 1 and 2. Proof of (ii):

As {X^−_a } ∼ {X^+_a }, there exists signs ϵ_a and an SU(2) element Y such that X^+_a = ϵ_aY X^−_a , so that (2.17) becomes B^{phys}_{ab} (A_{ab}, n_{ab}, X^±_a ) = 1 2 A_{ab}(−X^−_a n_{ab}, (Y X^−_a )n_{ab}) where the sign ϵ_a could be dropped from the action in the self-dual component because it is the adjoint action. Let H := (I, Y ), let N^I = (1, 0, 0, 0), and let N := H · N . Then

(^⋆B^{phys}_{ab} )_{IJ} N^J = (^⋆B^{phys}_{ab} )_{IJ} (H · N )^J = (^⋆B^{phys}_{ab} )_{KL}H^K_M H^L_J (H^{−1})^M_I N^J = (H^{−1} ▷^⋆B^{phys}_{ab} )_{M0}(H^{−1})^M_I = 0 where (2.2) has been used in the last line. Let σ be any ordered 4-simplex in M, and let B^{IJ}_{μν} be the associated unique constant 2-form determined by B^{phys}_{ab} . Then we have 0 = (∫ Δ_{ab} (^⋆B)^{IJ} ) N_J = ∫ Δ_{ab} ( (^⋆B)^{IJ} N_J )

for all a ≠ b. Because (^⋆B)^{IJ} N_J is constant, it follows that (^⋆B)^{IJ} N_J ≡ 0, from which one can show η^{μνρσ} ϵ_{IJKL}B^{IJ}_{μν} B^{KL}_{ρσ} = η^{μνρσ} ϵ_{IJKL}(^⋆B)^{IJ}_{μν} (^⋆B)^{KL}_{ρσ} = 0 so that {B^{phys}_{ab} } is in the degenerate Plebanski sector. ■

3 Interpretation of the asymptotics of EPRL

3.1 Review of EPRL

Below, we give a brief review of the quantization leading to the EPRL vertex. We do this both in order to clearly establish the meaning of the variables involved in its definition, as well as to briefly remind the reader of the role of linear simplicity.

3.1.1 Notation for SU(2) and Spin(4) structures.

Given g ∈ SU(2) and x ∈ su(2), let ρ_j (g), ρ_j (x) denote their representation on the spin j carrying space V_j . When it is clear from the context, the j subscript will be dropped. Let L̂^i := iρ(τ^i) denote the generators in the spin j representation, so that [L̂^i, L̂^j ] = iϵ^{ij}_kL̂^k.

Let ϵ : V_j ×V_j → C denote the standard skew-symmetric bilinear epsilon inner product on V_j [1,12], satisfying ϵ(ρ(g)ψ, ρ(g)ϕ) = ϵ(ψ, ϕ) (and defined using the alternating spinor ϵ_{AB} when V_j is realized as the symmetrized tensor product of 2k fundamental representations), and let ⟨·, ·⟩ denote the hermitian inner product on V_j , the spin for these inner products being inferred from the arguments. These inner products are related by the antilinear structure map J : V_j → V_j : ⟨ψ, ϕ⟩ = ϵ(Jψ, ϕ). J satisfies Jρ_j (g) = ρ_j (g)J, which implies L̂^iJ = −JL̂^i.

Let V_j−_{,j}+ = V_j− ⊗V_j+ denote the carrying space for the spin (j^−, j^+) representation of Spin(4) ≡ SU(2) × SU(2), and ρ_j−_{,j}+ (X^−, X^+) := ρ_j− (X^−) ⊗ ρ_j+ (X^+) the representation of (X^−, X^+) ∈ Spin(4) thereon. Again, when it is clear from the context, the j^−, j^+ subscript will be dropped. Let Ĵ^i_− := iρ(τ^i) ⊗ I_j+ and Ĵ^i_+ := iI_j− ⊗ ρ(τ^i) denote the anti-self-dual and self-dual generators respectively, and let L̂^i := Ĵ^i_− + Ĵ^i_+ denote the generators of spatial rotations on V_j−_{,j}+ . Define the bilinear form ϵ : V_j+_{,j}− × V_j+_{,j}− → C by

ϵ(ψ^+ ⊗ ψ^−, ϕ^+ ⊗ ϕ^−) := ϵ(ψ^+, ϕ^+)ϵ(ψ^−, ϕ^−).

Finally, let ι^{j− ,j+}_k denote the intertwining map from V_k to V_j− ⊗ V_j+ , unique upto scaling, with scaling fixed by the requirement that it be isometric in the Hilbert space inner products.

3.1.2 Canonical data and phase space

In the general boundary formulation of quantum mechanics [1], to the boundary of any 4-dimensional region one associates a phase space, which is then quantized to obtain the boundary Hilbert space of the theory formulated in that region [1]. In the present case, the region is the 4-simplex S. The boundary data is trivially constructed from the data introduced in section 2.1.3 — one has the algebra elements B_{ab} and the related J_{ab} in the frame of each tetrahedron a, and for each pair of tetrahedra a, b one constructs a parallel transport map G_{ab} from the frame b the frame a. These are related to the variables G_a introduced in section 2.1.3 by G_{ab} = (G_a)^{−1}G_b.

These boundary data are assembled into a classical phase space which may be identified with the cotangent bundle over any choice of five independent parallel transport maps G_{ab} = (X^+_{ab}, X^−_{ab}), Γ = T^∗(Spin(4)^5) = T^∗((SU(2) × SU(2))^5). Without loss of generality, we choose these to be G_{ab} = (X^+_{ab}, X^−_{ab}) with a < b. For a < b, J_{ab} = (J^−_{ab}, J^+_{ab}) and J_{ba} = (J^−_{ba}, J^+_{ba}) respectively generate right and left translations on G_{ab}. For any a ≠ b, we furthermore have the generators of internal spatial rotations, L^i_{ab} := ( J^−_{ab} )_i + ( J^+_{ab} )_i . Note that when linear simplicity is satisfied (2.14), in terms of the reduced boundary data we have L^i_{ab} = 1 κγ A_{ab}n^i_{ab}. (3.1)

3.1.3 Kinematical quantization and the vertex.

The boundary Hilbert space of states H^{Spin(4)}_{∂S} is the L^2 space over the five G_{ab} = (X^−_{ab}, X^+_{ab}) ∈ Spin(4) with a < b. The momenta operators (Ĵ^±_{ab})^i and (Ĵ^±_{ba})^i act respectively by i times the right and left invariant vector fields, associated to τ^i ∈ su(2), on the elements X^±_{ab}. A projected spin-network state (see [20,21]) in H^{Spin(4)}_{∂S} is labeled by a choice of four spins j^±_{ab}, k_{ab}, k_{ba} and two states ψ_{ab} ∈ V_{kab} , ψ_{ba} ∈ V_{kba} per triangle: Ψ_{{j}±_{ab ,kab,ψab }}(X^−_{ab}, X^+_{ab}) := ∏ a<b ϵ(ι^{j−ab ,j+ab} k_{ab} ψab, ρ(X − ab, X^+_{ab})ι^{j−ab ,j+ab}_{kab} ψ_{ba}). (3.2)

This is an eigenstate of (Ĵ^±_{ab})^2 = (Ĵ^±_{ba})^2, L̂^2_{ab} and L̂^2_{ba} with eigenvalues j^±_{ab}(j^±_{ab} + 1), k_{ab}(k_{ab} + 1) and k_{ba}(k_{ba} + 1), respectively, where L̂^2_{ab} = ∑ i(L̂^i_{ab})^2. The projected spin network states form an (overcomplete) basis of H^{Spin(4)}_{∂S} .

To impose the linear simplicity constraint in quantum theory, one takes the sum of the squares of the constraints (2.14) for each ab to form a master constraint [22–24]:

M̂_{ab} := ^ 3∑ i=1 ( C^i_{ab} )_2

. (3.3)

The ordering is determined by the stringent condition that solutions exist. The projected spinnetworks (3.2) are eigenstates of the resulting operator M̂_{ab} with eigenvalue M_{ab} given by M_{ab} = λ [( 1 − 1 γ^2 ) k^2_{ab} + 2 γ ( 1 γ − 1 ) (j^+_{ab})^2 + 2 γ ( 1 γ + 1 ) (j^−_{ab})^2 ]

where λ is an unimportant positive constant. From the constraints M̂_{ab}Ψ = 0, one derives k_{ab} = 2j^−_{ab} |1 − γ| = 2j^+_{ab} |1 + γ| = k_{ba} (3.4) for all a ≠ b. The projected spin networks with labels satisfying quantum simplicity (3.4) are thus parameterized by a choice of one spin k_{ab} and two states ψ_{ab}, ψ_{ba} ∈ V_{kab} per triangle — exactly the parameters specifying a (generalized) SU(2) spin-network state of LQG: Ψ_{{kab ,ψab}}(X_{ab}) := ∏ a<b ϵ(ψ_{ab}, ρ(X_{ab})ψ_{ba}) ∈ H^{LQG}_{∂S} ≡ L^2(SU(2)^5) (3.5)

The condition that j^±_{ab} =^1_2 |1 ± γ|k_{ab} be half-integer imposes a restriction on the spins k_{ab}; let K_γ be the set of allowable values of k_{ab}, and let H^γ_{∂S} be the span of the SU(2) spin-networks (3.5) with {k_{ab}} ⊂ K_γ . One has an isomorphism ι : H^γ_{∂S} → H^{Spin(4)}_{∂S} between H^γ_{∂S} and the solution space to the master constraints in H^{Spin(4)}_{∂S} , ι : Ψ_{{kab,ψab}} → Ψ_{{s}±_{ab,kab ,ψab}}, where here, and throughout the rest of the paper, we set s^± :=^1_2 |1 ± γ|k.^2

The EPRL vertex for a given LQG boundary state Ψ^{LQG}_{∂S} ∈ H^γ_{∂S} ⊂ H^{LQG}_{∂S} is then

A_v(Ψ^{LQG}_{∂S} ) = ∫ Spin(4)^5 ∏ a dX^−_a dX^+_a (ιΨ^{LQG}_{∂S} )(X^−_{ab}, X^+_{ab}). (3.6)

3.2 Boundary coherent states and integral expressions

Definition 11 (Coherent state). Given a unit 3-vector n and a spin j, let |Γ(n)⟩_j ∈ V_j denote the unit norm state determined by the equation n · L̂|Γ(n)⟩_j = j|Γ(n)⟩_j , with phase ambiguity fixed arbitrarily for each n and j. For each θ, define |n, θ⟩_j := e^{iθ}|Γ(n)⟩_j . These are the coherent states. The θ argument represents a phase ambiguity that will usually be suppressed.

Definition 12 (Quantum boundary data). We call an assignment of one spin k_{ab} ∈ K_γ and two unit 3-vectors n^i_{ab}, n^i_{ba} per triangle (ab) in S a set of quantum boundary data.

Definition 13 (Boundary state corresponding to a set of quantum boundary data). Given a set of quantum boundary data and a choice of phase θ, one defines a corresponding state in the SU(2) boundary Hilbert space of the simplex, Ψ_{{kab,nab },θ} := Ψ_{{kab,ψab}} with |ψ_{ab}⟩ := |n_{ab}, θ_{ab}⟩_{kab} (3.7) where the θ_{ab} are any phases summing to θ modulo 2π. The phase θ will usually be omitted from the notation.

In order to derive the asymptotics of the vertex, [12] first cast the vertex in appropriate integral form, separately for the cases γ < 1 and γ > 1: A_v (Ψ_{{kab,nab }}) = ∫ (∏ a dX^−_a dX^+_a ) exp(S_{γ<1}) for γ < 1 and A_v (Ψ_{{kab ,nab}}) = ∫ (∏ a dX^+_a dX^−_a ) ( ∏ ab (−1)^{s−ab} (2s^+_{ab} + 1)dm_{ab} ) exp(S_{γ>1}) for γ > 1

2The solution space to the master constraints also satisfies the Gupta-Bleuler criterion [25, 26] for the quantization Ĉi_{ab} of the original linear simplicity constraints Ci_{ab} (2.14): for all Ψ, Ψ′ ∈ H^γ_{∂S} ⟨ιΨ, Ĉi_{ab}ιΨ′⟩ = 0 [27].

where dm_{ab} is the measure on the metric 2-sphere normalized to unit volume and where S_{γ<1} and S_{γ>1} are “actions” [12]. These actions are generally complex. As in [12], we are interested only in critical points whose contributions are not exponentially suppressed, and for this reason define “critical point” to mean points where the action is stationary and its real part is maximal and non-negative. The critical point equations for γ < 1 are

X^±_a n_{ab} = −X^±_b n_{ba} (3.8) ∑ c≠a k_{ac}n_{ac} = 0 (3.9)

for all a, b. The critical point equations for γ < 1 are again (3.8) and (3.9) plus equations determining m_{ab} in terms of n_{ab} Thus, the non-trivial critical point equations are always (3.8) and (3.9), allowing both cases to be treated in a unified way.

3.3 Interpretation of the asymptotics and critical points

Before interpreting the critical points in terms of Plebanski sectors, we make clear the meaning of the data {k_{ab}, n_{ab}, X^±_a } in terms of classical discrete geometry. The data {k_{ab}, n_{ab}} label the coherent boundary state Ψ_{{kab,nab }} ∈ H^{LQG}_{∂S} , which, in the definition of the vertex, is mapped by ι into an Spin(4) boundary state in H^{Spin(4)}_{∂S} . By construction, ιΨ_{{kab ,nab}} satisfies linear simplicity (M̂_{ab}ιΨ = 0). Combined with ⟨ιΨ_{{kab ,nab}}|L̂^i_{ab}|ιΨ_{{kab ,nab}}⟩ = kn^i_{ab} and equation (3.1), this leads to the conclusion that ιΨ_{{kab ,nab }} is a quantum state approximating a Spin(4) classical boundary state satisfying linear simplicity with reduced boundary data A_{ab} = A(k_{ab}) := κγk_{ab} and n_{ab}.^3 Lastly, as [12] do, we identify the group variables X^±_a in the definition of the vertex (3.6) with the discrete connection introduced in section 2.1. This identification is consistent with the relation between the covariant and canonical transport variables presented in section 3.1.

We say that {k_{ab}, n_{ab}} is non-degenerate or satisfies closure iff {A(k_{ab}), n_{ab}} is non-degenerate or satisfied closure, respectively.

Definition 14 (Regge-like boundary data). Let a non-degenerate quantum boundary data set {k_{ab}, n_{ab}} satisfying closure be given. Then for each tetrahedron a, there exists a geometrical tetrahedron in R^3 , unique upto translations, such that each of the four quantities {A(k_{ab})}_{b≠a} is equal to the area of one of the triangular faces, and each of the four vectors {n^i_{ab}}_{b≠a} is equal to the outward pointing normal of the corresponding triangular face. If these five geometrical tetrahedra can be glued together consistently to form a 4-simplex, we say that the boundary data is Regge-like.

If the data {k_{ab}, n_{ab}} is Regge-like, in particular this means that, for each pair of tetrahedra a, b, the triangle ab in a is congruent to the triangle ba in b. It follows that, for each pair of tetrahedra, there exists a unique SU(2) element g_{ab} such that (1.) the adjoint action of g_{ab} on R^3 maps the triangle ab into the triangle ba, and (2.) g_{ab}n_{ba} = −n_{ab}, where g_{ab} acts via the adjoint action. It follows that g_{ab} = g^{−1}_{ba} .

3By looking instead at the operator L̂^2, one alternatively concludes A_{ab} = Ã(k_{ab}) := κγ √ k_{ab}(k_{ab} + 1). These two possibilities for relating A_{ab} and k_{ab} are equivalent in the semiclassical limit, which is what concerns us here.

Definition 15 (Regge state). If a quantum boundary data set {k_{ab}, n_{ab}} is Regge-like, then the phase ambiguity in the state (3.7) can be uniquely resolved [12] by requiring that the phase of the coherent states be chosen such that g_{ab}|n_{ba}⟩_{kab} = J|n_{ab}⟩_{kab} The resulting state Ψ_{{kab,nab}} is called the Regge state corresponding to {k_{ab}, n_{ab}}, and we denote it by Ψ^{Regge}_{{kab ,nab}}. We are now ready to quote the EPRL asymptotics from [12]. The statement of the asymptotics uses the fact that the boundary geometry of a 4-simplex is sufficient to determine the geometry of the 4-simplex itself [12, 28] and hence, in particular, the dihedral angles Θ_{ab} between adjacent tetrahedra — if N_a and N_b denote the outward pointing normals to the ath and bth tetrahedra, respectively, Θ_{ab} is defined to be the unique angle in [0, π] such that N_a · N_b = cos Θ_{ab}. For the following, we also need the notion of a vector geometry: A set of boundary data {k_{ab}, n_{ab}} is called a vector geometry if it satisfies closure and there exists {h_a} ⊂ SO(3) such that (h_a · n_{ab})^i = −(h_b · n_{ba})^i for all a ≠ b. The notion of asymptotic here is the same as that in [12].

Theorem 4 (EPRL asymptotics). Let non-degenerate quantum boundary data B = {k_{ab}, n_{ab}} satisfying closure be given.

1. If B is Regge-like, then in the limit λ → ∞, A_v (Ψ^{Regge}_{{λkab ,nab}}) ∼ ( 2π λ )_{12} [ N^γ_{+−} exp ( i ∑ a<b A(λk_{ab})Θ_{ab} ) + N^γ_{+−} exp ( −i ∑ a<b A(λk_{ab})Θ_{ab} )

+N^γ_{++} exp ( i γ ∑ a<b A(λk_{ab})Θ_{ab} ) + N^γ_{−−} exp ( − i γ ∑ a<b A(λk_{ab})Θ_{ab} )] (3.10)

where N^γ_{+−}, N^γ_{++}, N^γ_{−−} are the Hessian factors given in [12].

2. If B is not Regge-like, but forms a vector geometry, then in the limit λ → ∞, A_v(Ψ^{Regge}_{{λkab ,nab }}) ∼ ( 2π λ )_{12} N (3.11)

where N is as defined in [12].

3. If B is not a vector geometry, then A_v(Ψ_{{λkab ,nab},θ}) decays exponentially with large λ for any θ. Classification of the critical points according to Plebanski sector.

We now come to the interpretation, in terms of Plebanski sectors, of the critical points giving rise to the different terms in theorem 4:

• At the critical points giving rise to the first two terms of (3.10), from [12], the data {A(k_{ab}), n_{ab}, X^±_a } satisfy {X^+_a } ≁ {X^−_a }, and at the first term, μ = +1, while at the second term μ = −1. Therefore, by theorem 3, the first two terms of (3.10) correspond to bivectors in Plebanski sectors (II+) and (II-), respectively.

• At the critical points giving rise to the rest of the non-exponentially suppressed terms in theorem 4, from [12], the data {A(k_{ab}), n_{ab}, X^±_a } satisfy {X^+_a } ∼ {X^−_a }. Therefore, by theorem 3, the rest of the non-exponentially suppressed terms in the asymptotics — namely, terms 3 and 4 of (3.10), and (3.11) — correspond to the degenerate Plebanski sector.

The above statements constitute the principal conclusions of the present work.

4 Conclusions

In the foregoing work, we have clarified what it means for the discrete classical data involved in the semiclassical interpretation of spin-foams to be in different Plebanski sectors. We then proved that the simplicity constraint used in both EPRL and FK — the linear simplicity constraint — restricts to Plebanski sectors (II+), (II-) and the degenerate sector, mixing these three sectors. Finally, after reviewing the asymptotics of the EPRL vertex, we have identified the Plebanksi sector of the data associated to each term in the asymptotics. This allowed us to see that the presence of terms other than the desired e^{iSRegge} term is directly due to the mixing of these three Plebanksi sectors by linear simplicity. Although these conclusions have been drawn for the Euclidean signature, we expect similar arguments to hold in the Lorentzian case.

In the literature until now, when an interpretation of the different terms is given, it is a different one. In the paper [13], the viewpoint is mentioned that the presence of terms in the asymptotics with actions differing only by a sign are to be interpreted as a sum over orientations of the 4-simplex. This is based on an interpretation, first given in [12] itself, that the μ parameter in the reconstruction theorem (theorem 2) is to be interpreted as measuring the orientation of the 4-simplex. Although an interesting proposal, we believe this is not the natural interpretation: For, what is relevant in distinguishing these critical points is the value of the discrete Plebanski field B^{IJ}_{μν} (S) in the 4-simplex frame (or equivalently, in any one of the tetrahedron frames). That is, based on the presentation in [12] and here, the distinction between critical points with actions of equal and opposite value lie in the dynamical variables themselves, and not in the orientation of the 4-simplex as a manifold. Rather, we have argued that the interpretation of such critical points is that of elements of two distinct Plebanski sectors that are being mixed in the EPRL model.

For the purpose of semiclassical calculations with the spin-foam model, it is important that all terms in the asymptotics other than e^{iSRegge} be eliminated. The only proposal so far in the literature for this is to eliminate the extra terms by selecting the boundary state to be peaked on the group variables as well as the conjugate canonical bivectors [29–31]. It is clear why this works: As mentioned, the different critical points in the terms of the asymptotics differ in the values of the discrete Plebanski field in a chosen frame. For the purpose of talking about boundary states it is most convenient to use a tetrahedron frame so that the discrete field depends only on the canonical data G_{ab} and J^{IJ}_{ab} . No matter which tetrahedron frame is used, the discrete field will depend on both the the group elements G_{ab} and the conjugate canonical bivectors J^{IJ}_{ab} , so that by choosing a boundary state peaked on both J^{IJ}_{ab} and G_{ab}, one is able to select a single discrete Plebanski field, and hence a single Plebanski sector, and thus in particular to select the single term e^{iSRegge} in the asymptotics, if desired. Although this works for a single simplex, because the strategy is based on specifying a boundary state, it is not immediately clear if this solution will work for simplicial complexes with interior tetrahedra.

The conclusions of the present work suggest another possible solution: If one could modify the vertex in such a way as to restrict to only Plebanski sector (II+) — something which is necessary anyway in order to unambiguously describe general relativity in the usual sense — then the asymptotics of the vertex should be simply e^{iSRegge} , as desired. Such an avenue might be interesting to persue.

Acknowledgements

The author thanks Christopher Beetle, Frank Hellmann, and Alejandro Perez for discussions.

References

[1] C. Rovelli, Quantum Gravity. Cambridge: Cambridge UP, 2004.

[2] A. Perez, “Spin foam models for quantum gravity,” Class. Quant. Grav., vol. 20, p. R43, 2003. [3] C. Rovelli, “Zakopane lectures on loop gravity,” arXiv:1102.3660, 2011. [4] A. Ashtekar and J. Lewandowski, “Background independent quantum gravity: A status report,” Class. Quant. Grav., vol. 21, 2004.

[5] T. Thiemann, Modern Canonical Quantum General Relativity. Cambridge: Cambridge UP, 2007. [6] J. Barrett and L. Crane, “Relativistic spin networks and quantum gravity,” J. Math. Phys., vol. 39, pp. 3296–3302, 1998.

[7] R. De Pietri and L. Freidel, “so(4) Plebanski action and relativistic spin foam model,” Class.

Quant. Grav., vol. 16, pp. 2187–2196, 1999.

[8] J. Plebanski, “On the separation of einsteinian substructures,” J. Math. Phys., vol. 18, pp. 2511– 2520, 1977.

[9] E. Buffenoir, M. Henneaux, K. Noui, and P. Roche, “Hamiltonian analysis of Plebanski theory,” Class. Quant. Grav., vol. 21, pp. 5203–5220, 2004.

[10] J. Engle, E. Livine, R. Pereira, and C. Rovelli, “LQG vertex with finite Immirzi parameter,” Nucl. Phys. B, vol. 799, pp. 136–149, 2008.

[11] L. Freidel and K. Krasnov, “A new spin foam model for 4d gravity,” Class. Quant. Grav., vol. 25, p. 125018, 2008.

[12] J. Barrett, R. Dowdall, W. Fairbairn, H. Gomes, and F. Hellmann, “Asymptotic analysis of the EPRL four-simplex amplitude,” J. Math. Phys., vol. 50, p. 112504, 2009.

[13] E. Magliaro and C. Perini, “Regge gravity from spinfoams,” arXiv:1105.0216, 2011. [14] W. Kamiński, M. Kisielowski, and J. Lewandowski, “Spin-foams for all loop quantum gravity,” Class. Quant. Grav., vol. 27, p. 095006, 2010.

[15] Y. Ding, M. Han, and C. Rovelli, “Generalized spinfoams,” arXiv:1011.2149, 2010. [16] J. Engle, R. Pereira, and C. Rovelli, “The loop-quantum-gravity vertex-amplitude,” Phys. Rev.

Lett., vol. 99, p. 161301, 2007.

[17] B. Dittrich and S. Speziale, “Area-angle variables for general relativity,” New J. Phys., vol. 10, p. 083006, 2008.

[18] B. Dittrich and J. P. Ryan, “Phase space descriptions for simplicial 4d geometries,” Class. Quant.

Grav., vol. 28, p. 065006, 2011.

[19] J. Engle, R. Pereira, and C. Rovelli, “Flipped spinfoam vertex and loop gravity,” Nucl. Phys. B, vol. 798, pp. 251–290, 2008.

[20] E. Livine, “Projected spin networks for lorentz connection: Linking spin foams and loop gravity,” Class. Quant. Grav., vol. 19, pp. 5525–5542, 2002.

[21] S. Alexandrov, “Spin foam model from canonical quantization,” Phys. Rev. D, vol. 77, p. 024009, 2008.

[22] T. Thiemann, “The phoenix project: Master constraint programme for loop quantum gravity,” Class. Quant. Grav., vol. 23, pp. 2211–2248, 2006.

[23] B. Dittrich and T. Thiemann, “Testing the master constraint programme for loop quantum gravity i. general framework,” Class. Quant. Grav., vol. 23, pp. 1025–1066, 2006.

[24] B. Dittrich and T. Thiemann, “Testing the master constraint programme for loop quantum gravity. II: Finite dimensional systems,” Class. Quant. Grav., vol. 23, pp. 1067–1088, 2006.

[25] S. Gupta, “Theory of longitudinal photons in quantum electrodynamics,” Proc. Phys. Soc. A, vol. 63, pp. 681–691, 1950.

[26] K. Bleuler, “A new method of treatment of the longitudinal and scalar photons (in german),” Helv. Phys. Acta, vol. 23, pp. 567–586, 1950.

[27] Y. Ding and C. Rovelli, “The volume operator in covariant quantum gravity,” Class. Quant.

Grav., vol. 27, p. 165003, 2010.

[28] A. Connelly, “Rigidity,” in Handbook of Convex Geometry (P. Gruber and J. Wills, eds.), North- Holland, 1993.

[29] E. Bianchi, E. Magliaro, and C. Perini, “Spinfoams in the holomorphic representation,” Phys.

Rev. D, vol. 82, p. 124031, 2010.

[30] E. Alesci, E. Bianchi, and C. Rovelli, “LQG propagator: III. The new vertex,” Class. Quant.

Grav., vol. 26, p. 215001, 2009.

[31] C. Rovelli, “Graviton propagator from background-independent quantum gravity,” Phys. Rev.

Lett., vol. 97, p. 151301, 2006.