arXiv:1108.0832v2 [gr-qc] 4 Aug 2011

On the structure of a background independent quantum theory: Hamilton function, transition amplitudes, classical limit and continuous limit

Carlo Rovelli Centre de Physique Théorique, Case 907, Luminy, F-13288 Marseille, EU (Dated: August 5, 2011)

The Hamilton function is a powerful tool for studying the classical limit of quantum systems, which remains meaningful in background-independent systems. In quantum gravity, it clarifies the physical interpretation of the transitions amplitudes and their truncations.

I. SYSTEMS EVOLVING IN TIME

Consider a dynamical system with configuration variable q ∈ C, and lagrangian L(q, q̇). Given an initial configuration q at time t and a final configuration q^′ at time t^′, let q_{q,t,q}′_{,t}′ : R → C be a solution of the equations of motion such q_{q,t,q}′_{,t}′ (t) = q and q_{q,t,q}′_{,t}′ (t^′) = q^′. Assume for the moment this exists and is unique. The Hamilton function is the function on (C × R)^2 defined by S(q, t, q^′, t^′) = ∫_t′ t dt L(q_{q,t,q}′_{,t}′ , q̇_{q,t,q}′_{,t}′ ), (1) namely the value of the action on the solution of the equation of motion determined by given initial and final data. This function, introduced by Hamilton in 1834 [1] codes the solution of the dynamics of the system, has remarkable properties and is a powerful tool that remains meaningful in background-independent physics.

Let H be the quantum hamiltonian operator of the system and |q⟩ the eigenstates of its q observables. The transition amplitude W (q, t, q^′, t^′) = ⟨q^′|e^{− iℏ H(t′ −t)}|q⟩. (2) codes all the quantum dynamics. In a path integral formulation, it can be written as W (q, t, q^′, t^′) = ∫_{q(t}′_{)=q}′ q(t)=q D[q] e^{iℏ ∫ t′t dtL(q,q̇)}. (3) In the limit in which ℏ can be considered small, this can be evaluated by a saddle point approximation, and gives W (q, t, q^′, t^′) ∼ e^{iℏ S(q,t,q′ ,t′)}. (4) That is, the classical limit of the quantum theory can be obtained by reading out the Hamilton function from the quantum transition amplitude: lim_{ℏ→0}(−iℏ) log W (q, t, q^′, t^′) = S(q, t, q^′, t^′). (5) The functional integral in (3) can be defined either by perturbation theory around a gaussian integral, or as a limit of multiple integrals. Let us focus on the second definition, useful in non-perturbative theories such as lattice QCD and quantum gravity, which are not defined by a gaussian point. Let L(q_n, q_{n−1}, t_n, t_{n−1}) be a discretization of the lagrangian. The multiple integral W_N (q, t, q^′, t^′) = ∫ dq_n μ(q_n) e^{iℏ ∑Nn=1 aL(qn,qn−1,tn,tn−1)} (6) where μ(q_n) is a suitable measure factor, t_n =n(t^′−t)/N ≡ n a, and the boundary data are q_0 = q and q_N = q^′, has two distinct limits. The continuous limit lim N→∞ W_N (q, t, q^′, t^′) = W (q, t, q^′, t^′) (7) gives the transition amplitude. While the classical limit

lim_{ℏ→0}(−iℏ) log W_N (q, t, q^′, t^′) = S_N (q, t, q^′, t^′). (8)

gives the Hamilton function of the classical discretized system, namely the value of the action ∑_N n=1 aL(q_n, q_{n−1}, t_n, t_{n−1}) on the sequence q_n that extremizes this action at given boundary data. The discretization is good if the classical theory is recovered as the continuous limit of the discretized theory, that is, if lim N→∞ S_N (q, t, q^′, t^′) = S(q, t, q^′, t^′). (9) Summarizing:

Continuous limit −−−−−−−−−−−−−−−−→

Quantum theory Transition amplitude W (q, t, q^′ , t^′) ℏ→0 −−−→^{Classical theory}

Hamilton function S(q, t, q^′ , t^′ )

N→∞ −−−−→

N→∞ −−−−→

Discretized quantum theory W_N (q, t, q^′ , t^′) ℏ→0 −−−→^{Discretized}

classical theory S_N (q, t, q^′ , t^′) Classical limit −−−−−−−−−−−−−−−−−−−−−−−→ TABLE I. Continuous and classical limits

The interest of this structure is that it remains meaningful in diffeomorphism invariant systems and offers an excellent conceptual tool for dealing with background independent physics. To see this, let’s first consider its generalization to finite dimensional parametrized systems.

II. PARAMETRIZED SYSTEMS

I start by revising a few well-known facts about background independence. The system considered above can be equivalently reformulated as follows. Introduce a new evolution parameter τ and promote the physical time t to a new dynamical variable t(τ). By changing variables q(t) → q(τ) = q(t(τ)) in the action, we obtain a new action which depends on n + 1 variables x = (q, t) ∈ C × R ≡ C_{ex} evolving in τ I[q]= ∫ dt L(q, q̇) → ∫ dτ ṫ L(q, q̇/ṫ) = ∫ dτL(x, ẋ) ≡ I[x] (10) where on the l.h.s of the arrow the dot indicates a derivative with respect to t, while on the r.h.s of the arrow (and from now on) it indicates a derivative with respect to τ.

For instance, a single particle lagrangian L = mq̇^2/2 − V (q) gives L = mq̇^2/(2ṫ) − ṫV (q). This “parametrized” system describes the same physics as the original one, but in a different logic. The physical time variable t is now treated on the same footing as the other dynamical variables^1 and the system has a local gauge invariance under reparametrizations of τ. It is easy to see that the canonical Hamiltonian of the action I[x] vanishes and the dynamics is entirely given by the first class constraint C(q, t, p, p_t) = p_t + H(q, p) ∼ 0. (11) where p and p_t are the momenta conjugate to q and t and H(q, p) is the Hamiltonian of the original system.

As was recognized in the early days of the canonical analysis of general relativity [5], this is precisely the structure of general relativity (GR). The general relativistic coordinates x^μ play the same role as τ above and reparametrization invariance is the invariance under general coordinate transformations. Above, the “parametrized” form of the dynamics has been derived from an original “un-parametrized” form, while GR is directly written in the parametrized form, with a local gauge-invariance. “De-parametrizing” GR is possible in principle, but spoils many of its formal properties, making the formalism far more cumbersome and intractable. In GR we better live with reparametrization invariance and, in fact, take advantage of it.

What is the Hamilton function of the parametrized system? From the definition S(x, τ, x^′, τ^′) = ∫_τ ′ τ dτ L(x_{x,x}′ , ẋ_{x,x}′ ). (12) where x_{x,x}′ (τ) is a solution of the equations of motion such that x_{x,x}′ (τ) = x and x_{x,x}′ (τ^′) = x^′. But a moment of reflection will convince the reader of two facts which are at first surprising: first, S(x, τ, x^′, τ^′) = S(x, x^′), (13)

1 That is, dynamics is not anymore interpreted as the description of the evolution in t of the n configuration variables q, but rather as a description of the possible relations between the n + 1 variables x = (q, t) (see Section 3.2.4 in [2] and [3, 4]).

namely the Hamilton function of a parametrized system is independent from τ and τ^′.^2 Second, because of the gauge there are many solutions of the classical equations with the same boundary data, but S(x, x^′) is independent from the one chosen, that is, is gauge invariant. Both facts are immediate consequence of the invariance of the action under reparametrizations of τ. Furthermore, since the new action is just the old one in new variables, S(x, x^′) is precisely nothing else than (1).

That is, remarkably, the Hamilton function of the parametrized system is the same object as the Hamilton function of the original system. In fact, notice that the original Hamilton function was already a function of (two copies of) the extended configuration space C_{ex} = C × R. The Hamilton function was already born as if it knew it had to work in a parametrized language!

But this prescience goes, in facts, much farther. The essential property of the Hamilton function (1) is that its derivative gives the momentum^3 ∂S(q, t, q^′, t^′) ∂q = p(q, t, q^′, t^′) (15) But, a bit magically, it also happens to be true that ∂S(q, t, q^′, t^′) ∂t = −E(q, t, q^′, t^′) (16) where E is the energy at time t on the given trajectory, and the energy is precisely −p_t, as it is clear from (11). Therefore the Hamilton function of the unparametrized system already treats q and t on the same footing.

Let me now come to the discretization of the path integral. What happens if we discretize the path integral of the reparametrization invariant theory? This can be achieved by a short-cut as follows. Instead of fixing the discretization of the time steps by t_n = na in (6), let’s integrate over the positions of the steps

W_N (x, x^′) = ∫ dq_ndt_n μ(q_n, t_n) e^{iℏ ∑Nn=1(tn−tn−1)L(qn,qn−1,tn,tn−1)}, (17) Notice that the “lattice spacing” a is replaced by the variable quantity (t_n − t_{n−1}). With an appropriate choice of integration range and measure μ(q_n, t_n), this discretization provides a viable alternative to (6) [6].

We can therefore recover the structure illustrated in Table I. The discretized quantum transition amplitude

2 S is a solution of the Hamilton-Jacobi equation ∂S/∂τ = H(x, ∂S/∂x) . (14) But the canonical Hamiltonian H(x, p_x) vanishes because of the gauge invariance and therefore ∂S/∂τ = 0.

3 This is why the Hamilton function contains the solution of the equations of motion. Inverting p = p(q, t, q^′, t^′) we have the final position as a function of the initial position and momenta, and of the lapsed time: q^′(t^′) = q^′(q, p, t, t^′), namely the solution of the equations of motion.

(17) yields the full quantum transition amplitude in the N → ∞ limit and the Hamilton function of a discretization of the classical parametrized theory in the ℏ → 0 limit. A concrete example is illustrated in detail in [6].

III. THREE IMPORTANT POINTS

Before applying these ideas to quantum gravity, three observations are required.

(i) I have assumed in the first paragraph of this article that there is one and only one solution of the equations of motion for any given boundary data. This is obviously not true in general. Boundary data can bound several solutions, or no solutions at all. A simple case is when the data can bound gauge equivalent solutions, which have the same action. This has no effect on the definition of the Hamilton function, which is gauge invariant. Consider then the cases in which there are gauge-inequivalent solutions, or no solution at all.

A moment of reflection will convince the reader that the existence of these cases does not modify the structure of Table I. The fundamental object is the quantum transition amplitude. The Hamilton function is a derived quantity that emerges from the classical limit of the transition amplitude. If there is more than a single classical trajectory between certain boundary data, then the saddle point approximation of the functional integral will give a sum over different critical points of the action. If there is no classical solution at all, then the integral will be suppressed in the classical limit. Therefore we simply interpret the Hamilton function as a function on C^2_{ex} which on some regions can be multivalued, or non defined.

(ii) Care is required with boundary terms in the action. A total derivative added to the classical action does not modify the equations of motion but changes the Hamilton function. The form of the action needed to define the Hamilton function depends only on the variables and their first derivatives. In gravity, the usual action ∫ √ gR vanishes on all pure gravity solutions, but the Hamilton function of GR does not vanish identically. We have to use a proper action that depends only on the metric and its first derivatives, or, equivalently, include the proper boundary term, as we do below.

(iii) In a finite dimensional system as the one considered above, the boundary data are defined on the boundary of a finite portion of a physical trajectory. The generalization of this procedure useful in field theory and in quantum gravity is to consider a finite portion of a physical trajectory as well. For this, consider a finite region B of spacetime and its boundary Σ = ∂B. For a field theory on a metric space, the analog of the boundary data (q, q^′) is given by the fields value on Σ, while the analog of the data (t, t^′), that determine the location of the boundary in the background time t, is given by the coordinate position Σ : σ → x^μ(σ) of the boundary 3d surface Σ in the background metric spacetime.

In a general covariant theory, on the other hand, the general relativistic coordinates x^μ drop out of the Hamilton function, like τ and τ^′ drop from S(x, τ, x^′, τ^′). The relevant boundary data are then solely the fields on Σ. In particular, in pure gravity, the boundary data can be taken to be just the canonical variable on Σ. In the ADM formalism the boundary data is given solely by the 3-metric q of Σ. Notice that in this case the geometrical shape of the boundary surface Σ is not determined by its coordinates, but rather by the gravitational field on it, which determines its metric [7].

IV. GENERAL RELATIVITY

Let me now apply the ideas illustrated above to quantum gravity. I start with the Hamilton function of classical GR. Following the discussion in the previous section, consider a finite 4d region B surrounded by a 3d surface Σ.^4 For simplicity, I begin with metric variables – later on I will use other variables to describe the gravitational field. We can fix pure gravity boundary data on Σ by giving the three metric q of Σ. Let g_q be a 4d metric on B which satisfies the Einstein’s equations and induces the 3-metric q on Σ. The possibility that such g_q might be non-existent or not-unique does not concern us here, as discussed in point (i) of previous section. Consider the action of GR, including the boundary term I[g] = 1 2 ∫ B d^4x √ gR[g] + ∫ Σ d^3x √ qk, (18) where k = k^{ab}q_{ab} is the trace of the extrinsic curvature k^{ab} on the boundary and q is the induced 3 metric. If g is a solution of the equations of motion, the first term vanishes. Thus, the Hamilton function of q is the action of g_q , that is

S[q] = I[g_q] = ∫ Σ d^3x √ q k^{ab}[q](x)q_{ab}(x). (19) The non-trivial part of this expression is the dependence of the extrinsic curvature k^{ab}[q](x) on the 3-metric. This dependence is nonlocal: in general the extrinsic curvature in a point x depends on the value of the metric on the entire surface Σ.^5

4 In the applications we are particularly interested in the cases where B is a ball or a segment of a cylinder, and therefore Σ has the topology of S_3, or S_3 × S_3, which are respectively relevant to discuss scattering and cosmology.

5 For a simple example of this dependence consider the Euclidean theory, and say that the metric q is that of a metric 3-sphere with radius a. Such a sphere can be imbedded in many curved 4d manifolds, and the extrinsic curvature of the imbedding is not determined by q. But if the 4d Riemannian manifold is a solution of the Euclidean Einstein equations, then this freedom is drastically reduced. A solution of the Einstein equation is flat space. A metric 3-sphere can be imbedded in a flat 4d space as the surface of the ball with radius a and this fixes the extrinsic curvature to be k^{ab} = a^{−1}q^{ab}, so that H[q(a)] = 6π^2a^2.

Now, consider a discretization of GR. As a warm-up, consider the best-known discretization, which is Regge calculus. Fix a triangulation Δ of B and consider Regge geometries on B. A Regge geometry is a geometry which is everywhere flat except on the triangles t of Δ, where the curvature is distributional and fully determined by the deficit angle θ_t at the triangle, determined by the sum of the dihedral angles of the flat 4-simplices meeting at t. This geometry is uniquely determined by giving the lengths l_i of the segments i of Δ, which determine the deficit angles θ_t = θ_t(l_i) and the areas A_t = A_t(l_i) of these triangles. The Regge action is a local function of these lengths and reads

I_Δ[l_i] = ∑ t∈Δ θ_t(l_i)A_t(l_i). (20)

The triangulation of B indices a boundary triangulation ∂Δ on the boundary surface Σ. The boundary 3-metric is fully determined by the lengths of the boundary links i_b, which I denote as q = {l_{ib} }. The Hamilton function of the Regge theory is the discrete analog of (19):

S_Δ[q] = ∑ t∈∂Δ θ_t[l_{ib} ]A_t(l_{ib} ). (21)

where the sum is here over the triangles in the boundary and θ_t is the discrete extrinsic curvature at the boundary triangles, namely the angle between the 4-normals of the two boundary tetrahedra separated by the triangle t. While the area of a boundary triangle depends only on the length of its three sides, the extrinsic curvature θ_t[l_{ib} ] is a non-trivial function of all the boundary lengths, determined by solving the bulk Regge equations of motion. (I have used the square-brackets notation to emphasize this non-local character of the dependence.)

Regge theory approximate GR in the following sense. First, say that a sequence of Regge geometries g_n converges to a Riemannian geometry g if there is map f from one to the other such that for any two points x and y, |d_g (f(x), f(y)) − d_{gn} (x, y)| < ϵ, where d_g (x, y) is the distance between x and y in the geometry g. Then, consider a sequence Δ_n of refinements of a triangulations and a Regge geometry q_n be on the boundary of Δ_n, such that q_n converge to q. A discretization is good if

lim_{n→∞} S_{Δn} [q_n] = S[q] (22)

and I shall assume for the following that the Regge discretization is good.

Let us now come to the quantum theory. Formally, this can be defined by the truncated transition amplitude

W_Δ[q] = ∫ dl_i μ(l_i) e^{iℏ IΔ[li]} (23)

where the integral is on the bulk lengths only. This integral is difficult to define and control for a number of reasons. Among these is the fact that we have little control on the measure and on the triangular inequalities that the lengths l_i must satisfy in order to define a metric, and the fact that the integral is likely to diverge for long or short l_i’s. Let me ignore these difficulties for the moment, in order to illustrate the general structure of the theory. In the next Section, I will give a different version of W_Δ[q], where these difficulties are addressed.

Like the multiple integral (6), the truncated transition amplitude (23) have two interesting limits. By definition, the ℏ → 0 limit gives the Regge Hamilton function.

lim_{ℏ→0}(−iℏ) log W_Δ[q] = S_Δ[q]. (24)

If we restore physical units, we must add the Newton constant 1/8πG in front of the action and (24) reads

lim_{lP →0}(−i8πl^2_P ) log W_Δ[q_i] = S_Δ[q_{∂Δ}]. (25)

where l_P = √ ℏG is the Planck length. Then, taking (22) into account, and in the light of table I, it is reasonable to define the quantum gravity transition amplitudes

W [q] = lim_{n→∞} W_{Δn} [q_n] (26)

if lim_{n→∞} q_n = q. (The choice of a particular sequence Δ_n can be avoided by defining a stricter limit, for Δ → ∞ in the sense of nets [8].) The limit itself, however, is not of great significance from the perspective of a physicist, since the quantum theory is already defined by its family of approximations (23).

It is reasonable to expect these approximation to be good in the regime where the corresponding classical approximations are good, namely where (22) converges fast. This is the regime where the bulk deficit angles are small, namely the regime around flat space.^6

But should we expect the limit (26) to actually converge, and converge fast? A rigorous answer to this equation is missing, but there are circumstantial arguments that indicate that this could be the case in some regimes. The Regge approximation becomes exact on flat space. That is, the Regge action and the continuous Einstein- Hilbert action are equal for a flat geometry. It follows that if the geometry is flat, the Regge discretization is “topological” in the sense that it is invariant under a refinement of the triangulation. This very peculiar property was called Ditt-invariance in [6] from Bianca Dittrich, who has emphasized it in her work with Benjamin Bahr [9–11]. When the boundary data are near flatness, in the sense mentioned, a refinement of the triangulation becomes therefore irrelevant. More precisely, let q_n be a sequence of boundary Regge metrics converging to a 3- geometry q such that g_q is close to a flat geometry. Then one may expect that in this regime W_{Δn} [q_n] converges fast, and therefore a small n is sufficient to give a good approximation to the physical amplitudes.

6 The expansion in n should not be confused with the standard perturbative expansion used in QFT. The later is an expansion in the amplitude of the field, keeping all its modes. The former is an expansion in the number of modes.

V. SPINFOAMS

In covariant loop quantum gravity one defines truncated transition amplitudes which are functions of boundary data [12, 13]. These are defined by the EPRL- FK-KKL dynamics [14–16]. Explicitly, they are given by W_C (h_l) = ∫ SU(2) dh_{vf} ∏ f δ(h_f ) ∏ v A(h_{vf} ) (27)

where the vertex amplitude is given by A(h_{ab}) = ∑ j_{ab} ∫ SL(2C) dg_a ∏ ab tr_{jab} [h_{ab}Y^†_γ g_ag^{−1}_b Y_γ ]. (28)

I refer to [13] for the notation. These equations define loop quantum gravity. They can be seen as a version of (23) that addresses the difficulties associated to (23). In particular, (27) is ultraviolet finite and admits a deformed version [17–19] where the amplitude is indeed finite. The measure (from which convergence depends [20]) is fixed by gauge covariance [21] and the triangular inequalities are implemented by the tensor structure of the SU(2) representations. The theory can be coupled to fermions and Yang-Mills fields [22].

In (27), C is a two-complex. The transition amplitude depends on L SU(2) elements h_l associated to the L links l of the graph that bounds C and is therefore an element W of the boundary Hilbert space H_{∂C} [13]. Semiclassical states ψ in H_{∂C} can be associated to discretized 3d geometries q_ψ formed by glued polyhedra [23, 24]. In particular, these geometries can be Regge geometries.

In a remarkable series of works [25–28], evidence has piled up that (27) converges to the Regge Hamilton function S_Δ[q] in an appropriate classical limit, if the twocomplex C is the two-skeleton of the dual of Δ. We can therefore compose a table similar to the one in Section I.

Continuous limit −−−−−−−−−−−−−−−−→

Quantum gravity Transition amplitudes W (h_l ) j→∞ −−−→^{General relativity}

Hamilton function S[q]

C→∞ −−−−→

Δ→∞ −−−−→

LQG amplitudes on a two-complex

W_C (h_l) j→∞ −−−→^{Regge theory}

S_Δ(q)

Classical limit −−−−−−−−−−−−−−−−−−−−−−−→ TABLE II. Continuous and classical limits in quantum gravity.

Thus, the LQG transition amplitudes on a twocomplex define a family of approximations to the full theory, and the classical limit of each of these (for C the two-skeleton of Δ^∗) is given by Regge gravity on Δ. An analog table could be written for lattice QCD.

There are some peculiar features of quantum gravity, still, that distinguish it for the case in Table I, as well as from QCD.

The first is that the three-metric q cannot be fully diagonalized. A maximal set of commuting operators in H_{∂C} is formed by areas and volumes of the polyhedra, but these quantities do not suffice to determine the geometry of the glued polyhedra. The full set of data that determine this geometry is formed by operators that do not commute. Therefore classical 3 metrics can only be associated to semiclassical states in H_{∂C} . To have semiclassical states –where fluctuations are small with respect to expectation values– we need large quantum numbers. In particular, we need large spins, and therefore large distances compared to the Planck scale. Physically, this simply means that at small scale the geometry of space cannot be Riemannian: it is a quantized geometry, and there is a Heisenberg uncertainty preventing the full 3- geometry to be sharp. In other words, the ℏ → 0 limit of the theory is also necessarily a large distance limit. At short scale, quantum gravity does not have a proper continuous limit taking it to classical GR. This was of course expected on physical grounds.^7

A second essential difference between quantum gravity and other theories defined via a discretization such as QCD is the absence of a coupling constant to be tuned to a critical value in order to define the continuous theory. This has been illustrated in detail in [6] and I refer the reader to that paper for a full discussion.

Individual amplitudes (27-28) can be obtained as Feynman amplitudes of a proper QFT, using the group-field-theory formalism [31]. By separating the terms with vanishing spins and reinterpreting them as defined on subtwo complexes, it may be possible to re-express the limit as a series [8]. This observation, and the analogy with the standard Feynman expansion reinforces the interpretation of the expansion in n as a perturbative expansion.

Finally, the formal argument presented at the end of the last section suggesting fast convergence in n has received some circumstantial support in the context of the amplitude (27): the amplitudes computed for boundary data sufficiently close to flat space converge rapidly to the correct classical limit already at very low n; see [30, 32]. The efficacy of the formalism has been proven by the way the old Barrett-Crane model has been ruled out [33–35].

7 There is a formal way to take the classical limit without sending the dimensions of the individual polyhedra to infinity. Since the eigenvalues of the geometrical quantities are proportional to (powers of) the Immirzi parameter γ, one can formally take γ to zero in order to explore the classical limit at fixed boundary triangulation and at fixed boundary size. The γ → 0 limit has been studied in [28–30].

VI. CONCLUSION

Quantum gravity is often confusing. Field operator insertions in the path integral, which are the main tool for analyzing conventional QFT, are uninteresting in quantum gravity, due to diff-invariance. The discretization used to define boundary amplitudes is often confused with the quantum discreteness of space. The general structure of a background-independent quantum theory is different from that of a convention QFT. What are good observables in quantum gravity, and how do we describe evolution? See for example [4, 36–49] and [50] for an overview.

I have given a tentative overall picture of the structure of the theory, the observables, and the form of the continuous and classical limits. The truncated boundary transition amplitudes (27-28) are the tool for extracting physics from the theory. From these quantities one can derive standard observables, for instance for analyzing cosmological evolution [51], or particle scattering [52], where the old idea that the gravitons live on the nonperturbative quantum states (e.g. [53]) is realized concretely by having the quantum excitations on the nodes of the boundary state.

These quantities admit two distinct limits. In the classical limit where quantum effects are disregarded, they converge to the Hamilton function of a truncation of GR. In the continuum limit, we expect them to converge to the transition amplitudes of the full theory. If the present indications are confirmed, there should be a regime in q where the convergence is rapid and therefore the truncation can work as an effective expansion. The expansion parameter is g_q ’s deviation from flatness.

The truncation introduced by C (or Δ) should not be confused with the physical quantum discreteness of the geometry. The quantum discreteness of the geometry is the fact that the geometrical size of the cells of the complex takes discrete values. It disappears in the semiclassical limit, where the theory is studied at distances large with respect to the Planck scale, while it persists in the continuum limit, with an arbitrary large two-complex. In other words, no refinement of the cellular complex can make the size of the cells go smoothly to zero, because geometry is physically discrete at the Planck scale. This is the most characteristic aspect of quantum gravity.

Finally, not much is known about the effect of the radiative corrections on this structure (for partial results, see [31, 54–56]). These are finite in the deformed version of (27) [17, 18] but this does not make them irrelevant. The main open problem in quantum gravity, I think, is to study their effect on the convergence of the continuous limit.

[1] W. Hamilton, “On the application to dynamics of a general mathematical method previously applied to optics,” British Association Report (1834) 513–518.

[2] C. Rovelli, Quantum Gravity. Cambridge University Press, Cambridge, U.K., 2004.

[3] C. Rovelli, “’Forget time’,”

Found.Phys. 41 (2011) 1475–1490, arXiv:0903.3832. [4] C. Rovelli, “Partial observables,”

Phys. Rev. D65 (2002) 124013, arXiv:gr-qc/0110035. [5] S. Deser, R. Arnowitt, and C. Misner, “Heisenberg Representation in Classical General Relativity,” Nuovo Cim. 19 (1961) 668.

[6] C. Rovelli, “Discretizing parametrized systems: the magic of Ditt-invariance,” arXiv:1107.2310.

[7] L. Modesto and C. Rovelli, “Particle scattering in loop quantum gravity,” Phys. Rev. Lett. 95 (2005) 191301,

arXiv:gr-qc/0502036.

[8] C. Rovelli and M. Smerlak, “Spinfoams: summing = refining,” arXiv:1010.5437.

[9] B. Dittrich, “Diffeomorphism symmetry in quantum gravity models,” arXiv:0810.3594.

[10] B. Bahr, B. Dittrich, and S. Steinhaus, “Perfect discretization of reparametrization invariant path integrals,” Phys. Rev. D83 (2011) 105026,

arXiv:1101.4775.

[11] B. Bahr and B. Dittrich, “Improved and Perfect Actions in Discrete Gravity,” Phys. Rev. D80 (2009) 124030,

arXiv:0907.4323.

[12] C. Rovelli, “A new look at loop quantum gravity,”

arXiv:1004.1780.

[13] C. Rovelli, “Zakopane lectures on loop gravity,”

arXiv:1102.3660.

[14] J. Engle, E. Livine, R. Pereira, and C. Rovelli, “LQG vertex with finite Immirzi parameter,” Nucl. Phys. B799 (2008) 136–149, arXiv:0711.0146.

[15] L. Freidel and K. Krasnov, “A New Spin Foam Model for 4d Gravity,” Class. Quant. Grav. 25 (2008) 125018,

arXiv:0708.1595.

[16] W. Kaminski, M. Kisielowski, and J. Lewandowski, “Spin-Foams for All Loop Quantum Gravity,” Class. Quant. Grav. 27 (2010) 095006,

arXiv:0909.0939.

[17] M. Han, “4-dimensional Spin-foam Model with Quantum Lorentz Group,” arXiv:1012.4216.

[18] W. J. Fairbairn and C. Meusburger, “Quantum deformation of two four-dimensional spin foam models,”

arXiv:1012.4784.

[19] M. Han, “Cosmological Constant in LQG Vertex Amplitude,” arXiv:1105.2212.

[20] L. Crane, A. Perez, and C. Rovelli, “Perturbative finiteness in spin-foam quantum gravity,” Phys. Rev. Lett. 87 (2001) 181301.

[21] E. Bianchi, D. Regoli, and C. Rovelli, “Face amplitude of spinfoam quantum gravity,” Class. Quant. Grav. 27 (2010) 185009,

arXiv:1005.0764.

[22] E. Bianchi, M. Han, E. Magliaro, C. Perini, and W. Wieland, “Spinfoam fermions,” arXiv:1012.4719.

[23] L. Freidel and S. Speziale, “Twisted geometries: A geometric parametrisation of SU(2) phase space,” arXiv:1001.2748.

[24] E. Bianchi, P. Donà, and S. Speziale, “Polyhedra in loop quantum gravity,” arXiv:1009.3402.

[25] J. W. Barrett, R. J. Dowdall, W. J. Fairbairn, F. Hellmann, and R. Pereira, “Lorentzian spin foam amplitudes: graphical calculus and asymptotics,”

arXiv:0907.2440.

[26] J. W. Barrett, R. J. Dowdall, W. J. Fairbairn, H. Gomes, and F. Hellmann, “Asymptotic analysis of the EPRL four-simplex amplitude,” J. Math. Phys. 50 (2009) 112504, arXiv:0902.1170.

[27] F. Conrady and L. Freidel, “Path integral

representation of spin foam models of 4d gravity,” Class. Quant. Grav. 25 (2008) 245010,

arXiv:0806.4640.

[28] E. Magliaro and C. Perini, “Regge gravity from spinfoams,” arXiv:1105.0216.

[29] E. Magliaro and C. Perini, “Curvature in spinfoams,”

arXiv:1103.4602.

[30] E. Bianchi and Y. Ding, “Lorentzian spinfoam two-point correlation function.” To appear, 2011.

[31] J. B. Geloun, R. Gurau, and V. Rivasseau, “EPRL/FK Group Field Theory,” arXiv:1008.0354.

[32] F. Vidotto, “Spinfoam Cosmology: quantum cosmology from the full theory,” arXiv:1011.4705 [gr-qc].

[33] E. Alesci, E. Bianchi, and C. Rovelli, “LQG propagator:

III. The new vertex,” Class. Quant. Grav. 26 (2009) 215001,

arXiv:0812.5018.

[34] E. Alesci and C. Rovelli, “The complete LQG propagator: II. Asymptotic behavior of the vertex,” Phys. Rev. D77 (2008) 044024, arXiv:0711.1284.

[35] E. Alesci and C. Rovelli, “The complete LQG propagator: I. Difficulties with the Barrett-Crane vertex,” Phys. Rev. D76 (2007) 104012,

arXiv:0708.0883.

[36] S. B. Giddings, D. Marolf, and J. B. Hartle, “Observables in effective gravity,” Phys.Rev. D74 (2006) 064018,

arXiv:hep-th/0512200 [hep-th].

[37] N. Tsamis and R. Woodard, “Physical Green’s functions in quantum gravity,” Annals Phys. 215 (1992) 96–155.

[38] J. B. Hartle, “Space-time quantum mechanics and the quantum mechanics of space-time,”

arXiv:gr-qc/9304006.

[39] E. Witten, “Quantum gravity in de Sitter space,”

arXiv:hep-th/0106109.

[40] C. E. Dolby, “The Conditional probability

interpretation of the Hamiltonian constraint,” arXiv:gr-qc/0406034.

[41] T. Banks, W. Fischler, and S. Paban, “Recurrent nightmares? Measurement theory in de Sitter space,” JHEP 0212 (2002) 062, arXiv:hep-th/0210160.

[42] C. Rovelli, “What is observable in classical and quantum gravity?,” Class. Quant. Grav. 8 (1991) 297–316.

[43] H. W. Hamber, “Invariant correlations in simplicial gravity,” Phys. Rev. D50 (1994) 3932–3941,

arXiv:hep-th/9311024.

[44] A. Ashtekar, R. Tate, and C. Uggla, “Minisuperspaces:

Observables and quantization,” Int.J.Mod.Phys. D2 (1993) 15–50,

arXiv:gr-qc/9302027 [gr-qc].

[45] D. N. Page and W. K. Wootters, “Evolution without evolution: Dynamics described by stationary observables,” Phys.Rev. D27 (1983) 2885.

[46] A. Strominger, “The dS / CFT correspondence,” JHEP 0110 (2001) 034, arXiv:hep-th/0106113.

[47] D. Marolf, “Almost ideal clocks in quantum cosmology:

A Brief derivation of time,” Class.Quant.Grav. 12 (1995) 2469–2486,

arXiv:gr-qc/9412016.

[48] R. M. Wald, “A Proposal for solving the ’problem of time’ in canonical quantum gravity,” Phys.Rev. D48 (1993) 2377–2381,

arXiv:gr-qc/9305024.

[49] K. Kuchar, “Time and interpretations of quantum gravity,” Int.J.Mod.Phys.Proc.Suppl. D20 (2011) 3–86.

[50] E. Anderson, “The Problem of Time in Quantum Gravity,” arXiv:1009.2157.

[51] E. Bianchi, C. Rovelli, and F. Vidotto, “Towards Spinfoam Cosmology,” Phys. Rev. D82 (2010) 084035,

arXiv:1003.3483.

[52] E. Bianchi, L. Modesto, C. Rovelli, and S. Speziale, “Graviton propagator in loop quantum gravity,” Class. Quant. Grav. 23 (2006) 6989–7028,

arXiv:gr-qc/0604044.

[53] J. Iwasaki and C. Rovelli, “Gravitons as embroidery on the weave,” Int. J. Mod. Phys. D1 (1993) 533–557.

[54] C. Perini, C. Rovelli, and S. Speziale, “Self-energy and vertex radiative corrections in LQG,” Phys. Lett. B682 (2009) 78–84, arXiv:0810.1714.

[55] T. Krajewski, J. Magnen, V. Rivasseau, A. Tanasa, and P. Vitale, “Quantum corrections in the Group Field Theory formulation of the EPRL/FK models,”

arXiv:1007.3150.

[56] V. Bonzom and M. Smerlak, “Bubble divergences:

sorting out topology from cell structure,”

arXiv:1103.3961.