arXiv:1808.09216v1 [gr-qc] 28 Aug 2018
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In order to study 3d loop quantum gravity coupled to matter, we consider a simplified model
of abelian quantum gravity, the so-called U(1)® model. Abelian gravity coupled to a scalar field
shares a lot of commonalities with parameterized field theories. We use this to develop an exact
quantization of the model. This is used to discuss solutions to various problems that plague even
the 4d theory, namely the definition of an inverse metric and the role of the choice of representation
for the holonomy-flux algebra.
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I. INTRODUCTION

In order to tackle the problem of quantum gravity, instead of studying the full theory of general relativity, it is
possible to study simpler models. One such model is pure 3d gravity, which describes a simplified universe with only
2 spatial dimensions and 1 dimension of time and without matter. Since classical 3d gravity is a topological theory
(it does not have local degrees of freedom), its quantum theory is much more tractable as was originally noticed by
Witten Ij] Since then, the model has been studied in various other manners, including using Loop Quantum Gravity
techniques ﬂ, E] Several directions can be considered from there. One could use the techniques developed to consider
a four-dimensional theory and therefore follow the LQG developments. Or it is possible to try and couple 3d gravity
to matter, in order to get a more complete model.
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This last direction is however rather difficult since the main property of 3d gravity, namely its topological nature,
is generically lost when coupling to matter. In the context of Loop Quantum Gravity, no complete model of 3d
gravity coupled to matter, even a simple scalar field, is known 4] *. This is partially due to difficulties in quantizing
scalar fields in LQG |7-10], partially due to difficulties in constructing Dirac observables [11] but also simply to the
difficulties in writing the Hamiltonian constraints involving an inverse metric [12, [13].

It does not mean that no reasonable conjecture is known. A surprising number of elements, at least from an
LQG perspective [14-16], converge towards the idea that spacetime in 3d quantum gravity is best described by a
non-commutative manifold when coupled to matter. In this regard, non-commutative field theory (see for instance
[17]) would be the right effective field theory to describe quantum gravity phenomena, at least in three dimensions.
This new non-commutative structure is particularly interesting because it seems to be specific to quantum gravity
phenomena and as such, it does provide potential insights for studying the full 4d theory. Our goal in this paper is
therefore to work towards the goal of developing a rigorous, non-perturbative theory of 3d quantum gravity coupled
to matter (most probably just a scalar field) in the context of LQG. If such a theory can be developed, we will finally
be able to test the conjectures regarding the non-commutative structure of spacetime, at least in 3d.

In this paper and as a first step in this project, we will study the quatum theory of matter coupled to 3d linear
gravity. The linear term here refers to the fact that we will consider a simplification on the gravity side, by considering
an abelian gauge group (rather than the usual local Lorentz invariance). This model is inspired by Smolin’s remark
on the G — 0 limit of gravity (where G is Newton’s constant) |18]. This model, called the U(1)3 model, corresponds
to the usual linearized gravity theory but expressed in a diffeomorphism invariant manner. This simplification might
seem quite drastic, especially in 3d for which linearized gravity is quite trivial. Still, it does serve two purposes.
First, pure 3d gravity, which has been studied so far, can be considered a simplification on the matter side. Here,
we are trying to keep matter but rather simplify the gravity side in order to get new insights. Second, as we will
see, and perhaps unsurprisingly, this linear theory is exactly solvable and exactly quantizable (at least with a few
assumptions on the topology). The way it is solved however is interesting. Indeed, by writing every expressions in a
diffeomorphism invariant manner, we will get formulas that are starting points for the full theory, either by deforming
them accordingly, or as initial point for a perturbative study. On top of these expected benefits, we will also get
interesting results and insights on how quantum matter and quantum spacetime interacts. In particular, our work
reveals more precisely the role of the BF representation |19, 20] of the holonomy-flux algebra with respect to the
solutions of the theory but also the role of unconventional representations (inspired from [21H23]) in the construction
of the field operators.

The main result of this paper is that, in this simplified setting of a scalar field coupled to 3d linear gravity, two
sectors entirely decouple. One of the sector correspond to the matter sector. Its structure is exactly equivalent to
the free scalar field though expressed in a diffeomorphism invariant way. The second sector roughly corresponds to
gravity and is governed by equations similar to BF theory. This separation is possible because we can write the
equivalent of creation and annihilation operators of the free field theory, with the additional property of commuting
with all the constraints. The first sector correspond to the states explored by the ladder operators while the second
sector correspond to the part on which the constraints act. This separation allows the definition of an explicit exact
(though trivial) quantum theory. It is noteworthy however that the scalar field operators (the field operator and its
canonically conjugated momentum) cannot be expressed in the natural representations of the algebra we found, even
though the ladder operators can. The problem is linked to the definition of the inverse of the determinant of the
triad, a problem widely encountered in LQG [12,113]. It is possible to solve this problem in this simplified context by
appealing to representations that are peaked on classical solutions of the Gaufs constraints. This result might indicate
a possible route for solving similar problems in non-linear or 4d theories.

The paper is organized as follows. The first section gives a bird eye view on the ideas of the paper, staying quite
general but still giving more technical details than this introduction. The second section is devoted to the classical
study of the theory, in particular the decoupling of the two sectors classically. The third section is concerned with
the quantization of the theory. Two approaches are provided: the naive approach that correspond to the previous
study and a second approach that allows the development of all the fundamental operators. Finally, the last section
discusses various implications of the results with regard to future work.

I There is however substantial work trying to use matter as a clock [3, l]. In that case, the scalar field is used to fix the gauge and the
resulting theory is formulated as a diffeomorphism invariant theory. This actually evades the problem of Dirac observable we mention
a bit later.



II. OVERVIEW

The model we intend to study in the end is 3d quantum gravity coupled to matter. More specifically here, we want
to couple a scalar field to gravity in a quantum theory. For this, we can start from the standard action:
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Here, S is the spacetime manifold. e is the triad. It is an R3-valued 1-form that can be interpreted as an su(1,1)-
valued one using the Levi-Civita symbol. A is the spin connection. It is naturally an su(1, 1)-valued one form. F[A4] is
then its curvature. ¢ is the scalar field. «, A and m are coupling constants. « contains the gravity coupling constant
G and is, up to numerical factors é A is the cosmological constant and m is the mass of the field. Finally, % is the
Hodge dual associated to the metric constructed out of the triad. We will choose the signature (— + + +), which
goes with the sign in front of the mass term. There is a slight subtlety here. Normally, if g is the metric and w is a

p-form, then:
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€"? is not a tensor here and is simply the Levi-Civita symbol (it is a tensor multiplied by a density). Namely, ¢’12 = 1
and all the other terms can be deduced by full anti-symmetry. But we have used the first order expression for the
action which uses det e and not the square-root of the determinant of the metric, which are equal only up to a sign.
Here, we will rather use the following expression, which also solves the sign problem:
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As we discussed, one can hope that this theory is exactly quantizable (or at least in some special cases like m = 0).

It is however rather difficult because of a few road-blocks:

e The gauge group is non-abelian. This leads to various difficulties when constructing well-defined version of
operators.

e The classical theory is not always solvable. For instance, a simple homogeneous scalar field coupled to 3d
quantum gravity does not have an exact solution linking the volume of the universe to the value of the field.
Though this is not an argument against the existence of a quantum version of the model exists, it is a noteworthy
difficulty.

e Even in the classical case of point particles coupled to 3d gravity, the exact solution is rather difficult to
implement and involves a lot of book-keeping. [33]

The main idea of this paper is then to study a simpler model. We will study a scalar field coupled to linear gravity.
This model is taken from Lee Smolin work |18]. It can be understood as a limit G — 0 (that is & — o0) of usual
gravity with the additional constraint that % (or aA) is constant. This leads to the following (detailed) action:
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In this writing, €77k is the standard Levi-Civita symbol. €*”? is not a tensor though, and follows the same convention
as the one we used for defining the Hodge star. Also, we have used the standard notation of €/ to write the inverse
of the triad.

In practice, we see that this amounts to removing the non-abelian term from the curvature of A. Everything else is
left untouched. This theory is particularly interesting because, while still diffeomorphism invariant, with some natural
constraints, it is equivalent to the free scalar field. Indeed, assuming that S ~ R3, that the various fields behave
properly at infinity (vanish quickly at infinity with their derivatives or converge at infinity for the triad), and that
the triad is invertible everywhere (which we have more or less assumed when writing its inverse), then we can solve
the equations of motion. They are:

e de! = 0 for all I. This means that, since S is simply connected, there is a collection of fields ¥/ such that
el =dvl,



e The usual equation of motion for the scalar field on a curved background: xd(xd¢) — m?¢ = 0.

e For A, we get:
a 17 1 oT o
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This equation always has a solution as long as the right term has a vanishing divergence, which is just the
conservation of energy.

We see then, that A is completely fixed by the rest of the fields, that the equation on ¢ are correct as soon as we can
show that the space is flat. This is actually not always true. Indeed, all we have is: e/ = d¥' and e is invertible. This
translates to €7y dW! A dW’ A dUK £ 0 which means that the transformation from S to R? encoded by W is locally
invertible. This sadly does not imply global invertibility. It should be noted however that this is part of the space of
solutions. And when it is globally invertible, then is true that space is flat and we get the standard free field theory.

So we still get something interesting: the free scalar field is an entire sector of our theory. At this stage, it is
quite unclear if this sector can be quantized independently from the others, but it is surely a fair assumption. We
have a theory, therefore, that is diffeomorphism invariant and still contains the free scalar field. We should notice
here similarities with parametrized field theory (PFT) |24-26]. And indeed, working with PFT really corresponds
to directly working with ¥/. Compared to PFT, in addition to using directly the triad, we will also develop new
directions for quantizing such a theory.

As the goal at this point is to write the corresponding quantum theory, we should be able to find quantities more or
less equivalent to the creation and annihilation operators in standard quantum field theory. Indeed, if the free scalar
field is an entire sector of the theory, this sector should be in correspondence with the usual solutions. We expect in
particular corresponding ladder operators acting in this sector, though these quantities should probably be amended
to accommodate the new symmetries.

What do we expect? A nice way to look at this is to consider an even simpler theory. Let’s study a simple harmonic
oscillator, that we can describe by the following action:

S— / <%mi2 - %m«?) dr. (6)

Let’s write this in a Hamiltonian manner. The momentum is:

p = mi. (7)
This leads to the following Hamiltonian:
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If we define w = ,/%, we can now write:
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Now let’s define the complex quantity:
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And we finally have:
H = waga. (11)

It is now well-known that a and @ becomes creation and annihilation operators in the quantum theory.
Let’s now turn to a diffeomorphism invariant version of this problem, starting with:

1 @2 1 .



where now ¢ is a variable depending on the parameter s and all derivatives are taken with respect to s. A reparametriza-
tion will leave the action invariant which is therefore promoted to a diffeomorphism invariant one. We now have two
momenta p, and p;. And a complete Hamiltonian analysis will reveal that they must now satisfy a (first class)
constraint which is:

pt+—m+—207 (13)

which is quite unsurprisingly the Sherddinger equation (in its classical form). The interesting question though is can
we adapt the a quantity so that it commutes with this constraint?

Yes we can. The commutator of the current a and our constraint is nearly zero already. In fact, the commutator
with p; is zero but there is a constant (which is just the quanta of energy) for the second part. We must therefore
add a term that does not commute with p;. There are various ways to do that. The most interesting to us, is to just
consider the time dependent expression for a. Indeed, a follows the following equation of motion:

da
dt
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Taken without modification, and by interpreting the ¢ as the conjugate to p:, this quantity directly commutes with
the constraint. This observation is what motivates our construction for the full system.

Our goal will be to reexpress the usual creation and annihilation operators in standard quantum field theory, so
that the quantities linked to position and time can be reinterpreted in function of our new variables (the triad and
the connection). If such a quantity can be constructed, it is by definition equal to the creation and annihilation
operators when the gauge is fixed. But if it also commutes with the constraints, as our small study suggests, then
it is a gauge-unfixed version of these operators and are really the natural operators in the diffeomorphism invariant
world.

What we need to do then, is to get the Hamiltonian version of our problem. Then we will need to extract all the
interesting operators as we just illustrated. This is what we do in the next section.

= —iwa. (14)

As a consequence:

III. CLASSICAL MODEL
A. Hamiltonian analysis

Ok, we now have the action we want to study. Let’s start the Hamiltonian analysis proper. There are various
mathematical difficulties we will just ignore for now. Namely, there are questions surrounding the behaviour of the
fields at infinity or the various possible topologies for S the spacetime manifold. We will concentrate on the simplest
possibility. All the other possibilities will just create a richer theory for which we will have neglected various sectors.

We will assume that S is homeomorphic to R3. We will also assume that all the matter fields vanish at infinity.
Granted all this, we choose some decomposition of § as R x ¥ with corresponding coordinates (t,c). t will be our
time variable and o will be the coordinates on the spatial slice ¥. We do assume that ¥ is homeomorphic (and even
diffeomorphic) to R? but not necessarily a flat slice though. We also make the strong assumption that ¥ is spacelike
with respect to the metric and nowhere degenerate. This last assumption is reasonable though as, in a hamiltonian
analysis, we are interested in parametrizing the space of solutions which should correspond to the variables on a
Cauchy slice of spacetime.

This allows the following writing:

Ste.Ao] = [ Lat, (16)
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From there, we proceed as usual: define the momenta, reverse the expressions that can be, keep the rest as primary
constraints. The details of the computation can be found in appendix [Al Once all this is done, we can write the
Legendre transform of the Lagrangian which is the Hamiltonian.

After some computations (detailed in the appendix), we finally get:
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with the following primary constraints:

X0 = 0,
BY, =0,
X =0, (19)
B(IZJ = 2046]JK6ab€{)<.

Here, summations on small latin indices cover only spatial coordinates. Capital latin indices do cover the 3 dimensions.
X is the natural conjugate with respect to e, B the conjugate with respect to A and II the conjugate of ¢. We have
also used the following notations in the Hamiltonian:

® Ny is the induced metric on > and can be written as hyp, = efleb‘] n’7. Due to our assumptions, it is spacelike.
ha? is the corresponding inverse metric.

e 1y is the natural normal to X. It is a vector valued density and reads: ny = —E] ]KeabeJeb .

From there, we can pursue the constraint analysis. After some lengthy, but straightforward, computations (see
appendix [A]), we get the following system of constraints:

0 = X9,

0 = B},

0 = X7,

0 = B}’J—2o¢eUKeabe£(, (20)
_ _ ab pJK _ 1 cd m? 2 2 yn? Keed EIKLed

0 = —aerjke Fab [A] Ang + 2n1h 0cp0qd + ) nro +2dethH Ith 110, ¢,

0= 20&6[JK€abab€£.

It can then be separated into first and second class constraints. We get two sets of second class constraints which are
the equivalent of the simplicity constraints in 3d [27]:

0 = X¢
’ 21
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And we get a system of first class constraints:
0= X9,
0 = BY,,
0 = &8, (22)
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where the tilded quantitites are constructed out of B rather than e.
This allows the computation of the Dirac brackets:
{eo(x), X5(y)}p = —0j0(z —y),
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all other (non-fundamental) brackets being zero (including brackets dealing with X¢). With these brackets, it is
rather obvious that the second class constraints commute with all the other constraints. Interestingly, they can be
solved, and the system can finally be rewritten as:

n JK ch 6
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with the following brackets:
{ {AéJ(x)7e£((y)} = meabelJK(S(x - y)7 (25)
{¢(2),1(y)} = —d0(z —y).

The B variables have been removed thanks to the second class constraints and the time component variables have
been removed as they decouple from the rest and can be trivially solved. We now have the Hamiltonian formulation
of our problem.

How is this theory supposed to be linked to the free field theory? It is quite obvious that the constraint on the triad
really carries the information that space is flat. There are a few subtleties linked to the problem of global invertibility
we mentionned earlier but appart from this, it should be interpreted as the fact that the integral of e is a vector
that embed of surface 3 into R3. The second constraint is familiar in its form (it is really the Einstein equation) but
only set the value of the spin connection A. Apart from topological obstructions (which we avoided by choosing the
simplest case), this equation always has a solution. So, where is the dynamics of the field encoded?

The point we have to remember is that the dynamics do not impose anything on a given Cauchy surface. As a
consequence, ¢ and I are completely free. The only constraint will come from the evolution in time which should be
encoded here as an action of the diffeomorphism constraints (they can be constructed out of the Einstein equation by
projecting using e and n). Therefore, the dynamics is not encoded in a constraint per se but rather in their action.
The constraint must be contained in the brackets with the curvature constraints. Because the equivalence has been
established using the equations of motion earlier, we won’t dwell into the equivalence here, which would require a
careful analysis of possible gauge fixation. Rather, we will admit that this Hamiltonian theory should at least contain
the free field theory and try from there to construct interesting quantities. In particular, we will study in the next
section if it is possible to construct the equivalent of the creation and annihilation operators.

B. Creation and annihilation operators

So we are looking for operators that should reduce in the correct gauge fixing to the standard creation and anni-
hilation operator for the scalar field. In the diffeomorphism invariant context though, we expect them to commute
with the constraints but still preserve a nice algebra among them, as was suggested on our simple harmonic oscillator
study.

The difficulty resides in that the space manifold ¥ is not necessarily flat. The expression must therefore be adapted.
We can go about two methods of construction. A first method would be to take advantage of the fact that 3, though
not flat, is supposed to be a Cauchy surface. This means that the field in the entire spacetime can be reconstructed
from II and ¢ on the surface. The creation and annihilation operators could then be deduced as coefficient of the
Fourier transform. This method would actually work (and it will be explored in section [IL(] to prove a couple of
interesting properties) but is more complicated than necessary for now. A second idea is just to make a simple ansatz
and check that the resulting operators have the correct algebra, among themselves but also with the constraints.

Let’s go back to the standard free field theory for a moment. We have the following action:

S =— / % (0" 0,00, ¢ + m?¢®) d®xdt. (26)

This action leads to the following Hamiltonian:

H= %/ (H2 (V)2 + m2¢2) a2z, (27)

where, once again IT is conjugate to ¢. Normally, we define:
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where wp = V/ k2 + m2. This allows the simple expression:

H= / wiagapd’k. (29)
And of course, we have the well-known algebra:

{akva_k/} = la(k_k/)a
{H,ar} = —iwgax, (30)
{H, @} = iw,ay.

Can we have a similar algebra with the coupling to linear gravity? The problem comes from the Hamiltonian which
no longer exists but is replaced by a collection of constraints. The curvature constraints (which contain the Einstein
equation projected on X) are however local. We can show the problem with this in the non-gravitational case, by

looking at the commutator not with the Hamiltonian H but rather with H(z) = % (H2 + (6(;5)2 + m2¢2) which is
the integrand. We get:

(H(z),ar} = (—% . im2¢+wkH) exp (_112-3?). (31)
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The resulting expression is not integrated over space, depends on the derivatives of ¢ and cannot simply be expressed
in terms of the creation and annihilation operators. How can we solve these problems?

What must happen is similar to what we have seen in the case of the harmonic oscillator: the curvature of A in the
curvature constraint will not commute with the operators and will exactly compensate. This is possible if some part
of the creation-annihilation operators uses the triad. The natural way to do this, is to use the integral of the triad as
a position operator.

So, let’s start from this kind of expressions:

ay = /(f(k,a,e,A)gb—l—g(k,a,e,A)H) d?o. (32)

This is just the most generic linear expression. Can we go further? Well somewhat yes. We want two additionnal
properties:

1. The expression should be covariant with respect to local gauge transforms.
2. The expression should be covariant (or even invariant) with respect to diffeomorphism transforms.

Concerning the first point, we do expect some covariance. Basically, k should be expressed in some local reference
frame and when it is changed, k should change meaning some covariance for ax. In the linear gravity scenario though,
the reference frames cannot change by gauge transform (an interpretation of this is that only infinitesimal changes
have been kept). We therefore expect full invariance. This leads to the simple condition that aj should commute
with the Gau® constraint (de = 0). As e is invariant under Gauf transforms, then this means that aj can depend on
A only through its curvature.

Something similar can be said for diffeomorphism invariance. In principle, in the full theory, we only expect some
kind of covariance. One problem for instance is that the integral of (parallel transported) e depends on the path and
so the annihilation operator could be linked to some integration path choice. In that case, diffeomorphism transform
might lead to some transformation of the operators. We are in the linear gravity case though. And in that case, it is
way easier to solve. The integral of e does not depend on the choice of path (thanks to the Gaufs constraint). So we
can make similarly the reasonnable assumption that ag should be invariant under diffeomorphism transforms.

This leads to the following expression:

ap = / (f(k, a,e, F[A])¢ + g(k,o,e, F[A])H) d?c. (33)

with the additional constraint that a; commutes with the curvature constraints. We can make one additional as-
sumption: that ay does not depend on A at all. This seems reasonable enough since we don’t really see how this
would enter the equation anyway and the standard creation operator doesn’t have any dependence on curvature (at
least for scalars).

So, we have the following working hypothesis. The annihilation operator has the following form:

ap = /(hl(k, o,e)¢ + ha(k, o, e)II) d%o. (34)



And:
{D],ak}D =0. (35)

A nice addition is to use our guess about the depency in the triad for the position operators.. We offer the following
ansatz:

4= / (A(k,e,0)k" n1¢ +iB(k, e, 0)IT) e /7 €420, (36)
V2r

This expression is directly inspired from the standard expression for the annihilation operator. Let’s explain a few
bits:

e The factor k'n; is a density. This way A is a scalar. It might not be the right density to put (for instance

v niny would work too) but this doesn’t matter since it can be corrected with the right expression for A (which
would then be the ratio between two densities). It is a natural® density to consider though since it very much
looks like the energy component of k.

e The integral term [ 7 € is a bit weird to say the least. First, € is simply the triad taken to be a vector-valued
one-form. Now the integral only has an end point of coordinates o. But the fact that there is no start point
is actually important: we cannot take a specific point as reference. Indeed, the exponential of the triad creates
curvature at one point and destroys it at the other. Here, we need an operator that only create curvatures at a
specific point.

This operator really corresponds to the ¥ we encountered earlier such that d¥/ = e’. Because of this relation
ship with the triad, there is still a sense in which the difference of 2 W is an integral of the triad. By extension,
we use this notation with only one end-point to the integral.

There is a way to make this more rigorous for a non-compact spatial slice. Because, all the information is
contained in a Dirac bracket, we can consider the action of the integral as the start points goes to infinity.
Though the integral is not well-defined, its Dirac bracket still exists and correspond exactly to what we need.

It turns out that the correct values are:
{ A(k,e,o) = 1, (37)

This leads to the following, and in fact quite familiar, expression:

1
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A lengthy - but not difficult - computation shows that indeed (see appendix [B):

ax / (k'nso +iIT) e FJ7 €20, (38)

{Dr,ax}p = 0. (39)

More interestingly, the algebra of these operators can be computed explicitly. It requires some technology we will
develop in the next section.

C. Fourier transform and full algebra

A point must be underlined here: in usual free field theory, the creation and annihilation operators have a nice
interpretation as Fourier coefficients of the 3d field solution of the equation of motion. A similar property holds true
here, granted a few assumptions.

Our spacetime is R3 (this was one of our simplifying assumptions). We also assumed that ¥ (the space manifold)
is homeomorphic to R2. We will go a bit further here and assume that the embedding of ¥ into R?® given by the

2 There are other possibilities that reflect this though: for instance k'n;(Q)v/nIn; where Q is some fixed reference point on the manifold.
But once more, this can be done by adjusting A, thought this might be taken as some explicit dependancy on o. So let’s not forget this
possibility later on.
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integrals of the triads [ €is a Cauchy surface for the free field theory. This assumption is reasonable: when we choose
a slice X of spacetime, our goal is not to break diffeomorphism invariance but to parameterize the space of solutions
for the problem. It is natural therefore to choose a Cauchy surface to do so. It is even natural to think that if we
don’t choose a Cauchy surface, the Hamiltonian analysis will not be well-defined. We will leave this question open
however and just assume a correct choice of X.

What we mean by this assumption is the following. Let ¢ : R? — R be a field that satisfies the standard free scalar
field equation:

— 020+ Ap—m2¢p =0. (40)

Let’s now interpret ¥ as a submanifold of R? with embedding given by U = J € We assume that knowing ¢ and its
derivative along the normal on this embedding is sufficient (and also necessary) to know ¢ on the whole R3. This
means that we can now extend naturally some fields on ¥ to the whole R? spacetime.

On the X slice, we have two fields we are interested in ¢ and II. IT can naturally be connected to a derivative of ¢
in the time-direction (see appendix [A]):

Il = —(dete)g"" 0,6 = —i1 - V. (41)

Here, 77 is the normal density on ¥ induced by the triad and 6(;5 is the gradient of ¢ (as a spacetime field) expressed
in the coordinates we used for the embedding. This means that ¢ and II on ¥ can naturally be extended to a field
on the whole spacetime R3. Now, we can use the Fourier transform as usual on R? and get coefficients that will turn
out to be the a; we defined earlier (up to some Dirac deltas factor). But of course, the formula will be more general
and apply to any couple of fields we might define on X.

Now, let’s turn back to our expression for ay:

ax = ﬁ / (k'nso +i11) e FJ7 €20, (42)

Our claim is that, this is (up to a factor we will make explicit shortly) the Fourier coefficients for the extension of ¢
in R? according to the previous rules. There is a rather simple way to check this thanks to linearity. We just have to
consider the case of:

o) = A%,
{H(U) = B5\(/§700) (43)

We have put the determinant for ¢, because ¢ is a scalar and we want A not to depend on the choice of coordinates.
IT however is a density, and so to have B coordinate independent, the determinant factor should be avoided. In that
case:

1 kI’rL[(Uo) . —ik-[90 &
- A+iB|e kS0¢ 44
ak V27 < det h(op) e (4

Let’s now consider a field ®(x,t) solution of the equation of motion in R®. We can write it in a general form as follows:
() = / 5(k? + m2)breFFd3k. (45)

The by, are therefore the Fourier coefficients (up to a Dirac delta factor) of ®. Let’s now consider the plane P going
through fog € and tangent to ¥ (or more precisely tangent to its embedding) at this point. This plane is spacelike and
as such can be used as a Cauchy surface for the field ®.

There is always a Lorentz transformation sending (1,0,0) to the normalized normal of the plane P, granted the
chosen orientation is the same (there is an infinite amount of such transformation but anyone will do, we can for
instance take a boost). Let’s note such a Lorentz transformation L. We can now write a parametrisation of the points
of P as follows:

N,
Zp(X) =L (0,X) + / g (46)

Here we chose the following notation: to a vector Z can be associated a 2d spatial vector Z and a time component z;.
By extension, any 2d vector will be written w as we used for the coordinates on the plane denoted X. Also, i is used
to indicate the action of the Lorentz group onto 3d vectors. We can now write initial conditions on the plane P for ®:

®(7p(X)) = 45(X),
X

VX €RY, {_L>(1,o,o§.6q>(fp()2)) — B§(X).

(47)
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These initial conditions correspond to the values of equation 3l Indeed, thanks to the Minkowski structure of
spacetime, nothing can propagate faster than light. With the conditions of equation 3] this translates to ®(z) = 0
for any point outside of the lightcone of the point at gg. Now, the transformations laws under diffeomorphism are
completely local which guarantees that ® is a Dirac delta on any Cauchy surface passing through oy. The fact that
® is a scalar even gives the coefficient of transformation which is 1. We must however be careful, as the Dirac delta
is a density, which is why the determinant is eaten up. A similar result holds for the derivative: it is zero nearly
everywhere and locally can be expressed with respect to the gradient on ¥ and II. Because, we chose a surface tangent
to 3, the gradient does not appear and we can conclude.

We can now use the standard derivation of by in terms of A and B. Let k be a 3d vector with k2 +m2 =0 and
ki > 0. Then, we get:

/ o(zp(X))e FIPOPRX = 4e 7O, (48)
We can also compute:
/ B(@p(X))e-FIr g2 %
//5 2 ¢ m?) bk/elk @ (X) B3l o~k Tp (X) g2 ¥
= //5 bk/e(L*»(lE))-(L*l»fp(X))dsk/de

//5 Ll>k 24m )bL|>k/e(k 71>E).(L—1|>f7a()~())d3k/d2)~(

= //5 bLbk’e(k —(L~ Dk))»)}ei(lg’folbl_c‘)-(L’lbfp(ﬁ))d3k1d2)z
_ 2ﬂ_ /5 bLDk’é(];/ _ (L—1~1>E))ei(k"/_L*wE).(L—1>f77(0))d3k/
6(/c'—\/15’ +m2)+6<k;+\/1572+m2) )
- 7 (k! =1 7 —1 = (§
_ (27‘1’)2/ 2|k/| bLbk'é(k/ _ (Lfl Dk))el(k —L l>k)-(L l>w77(0))d3k/' (49)
t

This last line splits into two terms. For the first line, the main observation is that:
5 <kg Vi +m2> S(k' — (L™ o k) =0(K — L™ p k) (50)

as there is a unique vector of square norm —m? with given spatial support and with positive time component. The
second term is more involved. We get:

—

5 (k; +/ (k)2 + m2) §(k' — (L™ > k) = 6(k — L~ k), (51)
where Z is the vector deduced from Z by inverting its time component, namely (—x¢, ). This leads to:

/ &(zp(X))e FF (X2 X

= (27r)2/2;{,'5(157—L—l>E)bm,ei<’5’—L*1>E>'(L*1>iv<0>)d3k'
t

1 - = T o1 N (7 =1 =
+ (2#)2/ 6(k/ —L_lbk)bLDklel(k —L 1l>lc)»(L lbmp(O))dSk/

2m —2i(L"ok) (L™ 'o@p (0))
= —— (bp+be t i t 2
2(Lo k), ( kT Oxe ) (52)

Similarly, we can compute:

/—L|> (1,0,0) - Vo(@p(X))e FFPX 2K = Be-F#r(0), (53)
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and also:

- /L > (1,0,0) - Vb (2p(X))e F 7P EI42 X = —2in?(by, — bre (L 2H), (L7 02(@),) (54)

We can conclude:

b = gk (L7 b k)A+iB)e P O) (55)
by = 50 (L7'> k) A — iB) e 77 (0),
Now:
(Lo k) = (L5 #)-(1,0,0,)
= k- (L*1>(1,0,0,3)
_ k'ni(o0) (56)
V/det h(og)’
where we used n divided by its norm as an expression for the normal to P. Thus:
_ 1 ( _k'ni(e0) ; —ik-Zp(0)
e =z | Jaanen A TiB )€ ’ (57)
b — L[ _knoo) 4B\ o-ikEp(0)
k 2m? det h(oo) :
We can finally rewrite this in the more traditional manner:
by = 1 k'nr(o0) A+iB e—ifé»fp(O)
22 v/det h(oog) ’ (58)
_ 1 [ k'mi(o0) 4 ik-3p (0)
bk = 52 NZETEn h(UO)A ZB) e p0)
And then:
k
b, — S8ulke) (59)

a,
Vor "

and this is true for any %k such that k2 + m? = 0.

All this means that, up to a numerical factor, the sign of k; and a Dirac delta, the aj coefficients really are the
Fourier coefficients of the field we get by specifying the initial conditions of ® and I on ¥ embedded into R3. This is
especially useful to compute the brackets between the aj coefficients. Let’s compute the following bracket:

{5(k* + m*)ag, 6(k* + m*)ap }
= 0(k* + m*)s(K? + mH){ag, ap'}

= 0 o 4 ) [ [ R (2)6(0) + T1G0), KT ()o() + () b S Ry
= §(k* +m?)s(k? + m2)2% // (=k'nr(z)6(z —y) + K'"ny(y)s(z — y)) o iR T eIk €d%xd?y

! —i(R+R)- [ &
= 0k +m?)s(k"? + m%m /(k' — k) e iR g2, (60)
Though this last form is pretty compact, it is better to expend it back a bit as follows:

{6(k* + m?)ax, 0(K? + m*)ap } =

§(k"? +m?) [5(1{:2 + mz)ﬁ S/ ((— \/iiﬂe*ilg'fx Nklng + i(ﬁk’lnje*“g'fx 5)) ok [ éd%r} (61)

From what we just saw, the term in large square brackets is (up to a numerical factor and a sign) the Fourier coefficient
of a field with initial values on ¥ given by:
— i ik TE
{ ¢ 2m L (62)

b
I = 1 k/lnle—lk/-fté'
I
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But we know such a field: it is simply the field ®(z) = —ﬁe_ik/'ﬂ” on the whole R? spacetime. And its Fourier
transform is proportional to a Dirac delta §(k + k’). From that, we conclude (with the factors correctly computed):

{8(k* +m?)ar, §(K'? + m?)ar } = —isgn(k)d (k" +m?)5(k + k). (63)

This is exactly the kind of algebra we wanted for creation-annihilation operators. It is correctly adapted to the
diffeomorphism invariant case as no frame of reference can be preferred. Let’s note here that the sign is the reverse
from the usual since we have:

ar = —a_g (64)

with the extra sign coming from the fact that we put the sgn(k;) factor out of ay.

IV. QUANTIZATION
A. First approach

We can now turn to the quantization of the system. In principle, we should start with some natural construction of
the algebra of observables, starting with canonical variables. This is however notoriously difficult for matter coupled to
gravity |8-10]. As a first approach, let’s avoid the usual difficulties by choosing another set of fundamental variables.

The first point to note is that we have the creation and annihilation operators which are quite natural. They are for
instance used in the construction of the Fock space and it does make sense to keep them as fundamental. The second
point to note is that the creation and annihiliation operators, by construction, commute with the triad operators and
with the curvature constraints. They commute with the triad because they do not depend on the connection, and we
devoted a large part of this paper (see appendix [B]) to prove it commutes with the curvature constraints. Conversely,
the triad operators and the curvature constraints are particularly interesting as fundamental variables since they are
conjugate to each other. Finally, we have proven previously that the aj can be interpreted as Fourier coefficients
(section [IIC), which means we can reconstruct (at least classically) the field phi and its momentum II. This also
means that, classically, if we now the triad and the curvature constraints, we can reconstruct the curvature of the
connection everywhere. This is enough to reconstruct the spin connection up to a gauge. Therefore, the following
collection:

e ay, for all k € R? such that k% + m? = 0 (which contains both creation and annihilation operators based on the
sign of k%),

e Dy(x) for all I and «,
e and el(x) for all I, a and z

gives a complete description of the gauge invariant phase-space. This collection divides into two sectors that commute
with each other and that, remarkably, we know how to quantize separately. The creation-annihilation algebra leads
to the well-known Fock quantization (with a few caveats). And the algebra of the curvature and triad operators can
lead to a quantization around a state similar to the BF vacuum [19, [20] as we will shortly show.

There is one important point to underline here: all this works only when restricting to the gauge-invariant subspace
of the phase space. It is not always possible to solve for this subspace explicitly, and it is not possible for the non-
abelian case. In the abelian case however, not only is it possible, it greatly simplifies a number of expressions. Indeed,
the algebra between the Dj is only simple if the Gauft constraints is checked. The same thing holds for the brackets
between D; and aj which in all generality is linear in the Gaufs constraints. In general then, we would have to
deal with partial gauge-fixing, the choice of path and other niceties. And such a treatment will be necessary for the
non-abelian case. However, as a first approach, and when considering our simple linear theory, it is possible to avoid
such consideration. And this is what will do in all the constructions from now on.

Let’s start with the Fock quantization. We have shown that the creation-annihilation operators respect an algebra
similar to the standard one. There is a caveat though, as this algebra is labeled by vectors in R3 (rather than R?)
but with the additional constraint of being on the mass shell. This corresponds to functions living on the two-sheet
hyperboloid, with the condition that reflection with respect to the origin gives rise to a complex conjugation.

If we want to map this algebra onto the usual one, we have to project these functions over the hyperboloid onto
the plane R2. This can be done quite easily (though not in a covariant way) by considering only one sheet of
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the hyperboloid (the other one can be recovered by conjugation) and forgetting about the time component of the
momentum k. For instance, let’s restrict to the k; > 0 sheet. We can define:

The ¢ operators now check an algebra that is even more familiar:

{c_fgvi} =0,
{eoewt =

0,
{cr. @} = 2iVE2 +m25(k — k).

We notice here an energy factor. This is due to the unusual convention used for the a as we did not divide by the
square root of the energy. Though this was natural to preserve a covariant expression, this means that the square of
a operators (that is Ny, = alak) does not count particles but rather directly counts energy quantas. From there, the
usual Fock quantization is known. It is useful however, for the sake of completeness, to develop it in a language closer

to our originally found algebra, that is with:

{5(k* + m*)ar, §(K* + m*)aw } = —isgn(k;)d(k"* +m?)5(k + K'). (67)

(66)

This will lead to a more covariant expression more suited to the quantum gravity problem.
We must start with the one particle Hilbert space H. First let H be the two-sheet hyperboloid embedded in R?
defined by:

t2 —a? —y? =m? (68)

where (¢,7,y) are the coordinates in R3. Now, H will be the space of functions from H into C equipped with the
following scalar product:

ww:/ﬂﬁ+ﬁwwwwm. (69)

This is the momentum representation for our one-particle. Because, we are interested in real valued fields, we will
add the following constraint:

Vk € R3, Vo € H, ¢(k) = —d(—k). (70)

Note the minus sign corresponding to the fact that agy = —a_j. With this definition H is trivially a pre-Hilbertian
space. By choosing a plane in R? to parametrize H, we get however that:

w@:/—fi—@wwmﬂ. (71)
2V k2 + m?2

This shows that H is isomorphic to L?(R?) with the caveat that the wave-functions must be divided v2E in the
mapping. This factor is actually quite important as it appeared in our algebra for the aj; and this will allow a simpler
representation of the creation-annihilation operators.

Now, we define the following sequence of Hilbert spaces:

1. Ho = C, the 0-particle Hilbert space, also called the vacuum Hilbert space,
2. H; = H, the 1-particle Hilbert space as previously explained.

3. H, = Sym(H®"), for n > 2, the symmetric part of the tensor product of n copies of H and represents the
n-particle Hilbert space for bosonic particles..

The Fock space Hg is defined by:
neN
Now, we can define the creation and annihilation operators a;. There are two cases. First, let’s consider k such
that k% + m? = 0 and k; < 0. We define ay, by its restriction ay , on H,. For n > 1, we define by, ,:
. 'H®n N H@(n—l)
bin : 1 w—n RN (73)
[01) ® Jv2) @ -+ @ vn) = =3y vi(k)[01) @ |v2) ® - @ |vi) @ -+ @ |un)
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As standard, |v;) means that |v;) is omitted from the list. dg,,, is the restriction of l;km to H,. For n =0, we have:

a0 : { Hg : (7)'10 (74)

which corresponds to the fact that the vacuum is annihilated by all annihilation operators.
Similarly, we can define ay, for k such as k? + m? = 0 and k; > 0. This will act in the (algebraic) dual spaces. Let’s

define by,

- (Yo = (H7)B0HD .
b (ot @ {oal @+ ® (o] = e S ] ® (2] @+ © {ul ® (4] @+ ® (], (75)

with:
Viv) € H, (ulv) = v(k). (76)

Q,n is the restriction of lA)k’n to H,,. This concludes the matter sector.

For the gravity sector, we have two sets of observables. We have the curvature constraints which, as long as we
don’t restrict to the constraint surface, are legitimate observables. We will write Dy(z) from now on and remember
that they are densities. And we have the triad el(x). They are not exactly conjugate. The conjugate arise when we

integrate them along a line (possibily starting from infinity as mentioned in section [IIB)). Then [ Pl ol i conjugate
to Dy(x) and commutes with the a operators. When we integrate, we loose some information. But it is remarkable
that we don’t loose gauge-invariant information: thanks to gauge-invariance, the integral of e only depends on the
end-point of the integral. That means we completely characterize the subspace defined by de! = 0. This is this
subspace that we will quantize.

The curvature constraints Dy(x) are densities while, the integral of the triad acts as a scalar function. This setup is
similar to Loop Quantum Gravity where conjugate quantities are carried by dual geometrical constructs. It is in fact
exactly equivalent to the usual Loop Quantum Gravity setup except that here, because we have used gauge-invariant
quantities, the support is on surfaces and points rather than lines. As a first approach however, we will not quantize
in the standard fashion - that is using the Ashtekar-Lewandowski representation or its equivalent - but will rather
consider the equivalent of the BF representation [19, 20]. Indeed, we have two choices: either we start from a vacuum
state where e = 0 everywhere or we start with a vacuum state that has Dy(z) = 0 everywhere. The second case is akin
to the BF vacuum and is very relevant to our problem: this vacuum state is precisely the solution to the constraints.
So let’s quickly sum up the construction in the abelian case.

Let’s define the Hilbert space Hg. Let R be the space of functions over ¥ valued in R? that are zero everywhere
except for a finite number of points. Now H¢ is the space of square integrable functions over R equipped with the
following scalar product:

(U1 [W2) = Y Wy (f)Ta(f). (77)

Ffer

The sum is well-defined (though possibly infinite) thanks to the square integrable condition. Note that this space
can be constructed by a projective limit (as it is standard in Loop Quantum Gravity). In that case, we would have
functions depending on R? labels for a finite number of points. Two functions with support on a different set of
points would be equivalent (regarding cylindrical consistency) if they do not depend on the labels of the points that
are no shared and if the dependency is the same for shared points. This is however not needed here thanks to the
combination of two properties. First, because we look at the gauge-invariant subspace, the support is points rather
than graph, things are greatly simplified. And because the gauge group is abelian, much simpler expressions can be
given still. Nonetheless, the construction is similar in spirit: we have a normalized vacuum state which is:

\I]O(f):{l if f=0,

0 otherwise. (78)
Here 0 is understood to be the function that is constant over ¥ and equal to the vector 0. Then, excitations can be
constructed with the action of the exponential of the integrated triad (which we will construct shortly). The Hilbert
space is then the completion of the linear span of these excitations. This means that we have an Hilbertian basis given
by the indicator functions once more. A member Wy of the basis is given for each function f of R and is defined by:

v ={ 3§ 974 (79)
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The operator corresponding to Dy(z) must be regularized. As Dj(z) is a density, it is natural to consider the
following integrated quantities: [ N(z)D;(z)d?c where N is some test function. We will therefore define the operator

D 1[N]. Tt is defined by its action on the basis in the following manner:
Dy[NJW; = <Z N(P)f(P)1> V. (80)

This action is not always well-defined but it is on a dense subset of the space (namely the span of states Uy with
functions f that have finitely many non-zero points). We see here that the basis we constructed diagonalizes the

D 1[N] operator. Similarly, we can defined the exponentiated operator for the triad. We do not need to regularize this
time (except through the integral). Let k be in R? and P on . We define E(k, P) by its action of the basis:

E(k, P)¥y =5, (81)
where:
; f(Q) if Q#P,
f(Q>_{f(P)+E if Q=P. (82)

As such E(k, P) is the quantization of exp (—1E~ fP 6).

Note that the non-exponentiated version of the operator does not exist. In practice, this means we have used the
Bohr compactification of R? for the values of the integrals. This can be seen by the fact that the dual (present in
eigenvalues of the curvature constraints) is R equipped with a discrete topology. This trick is handy to circumvent the
problem of using non-compact groups. Sadly, the Bohr compactification is only injective for maximally almost periodic
groups which the gauge group of the non-abelian theory (SU(1, 1)) is not. This is what prevents the standard Ashtekar-
Lewandowski construction for non-compact gauge group. It should be noted however that such an obstruction is not
present for the BF vacuum [20]. It might very well be then, that the current construction generalizes to the non-abelian
case.

Finally, the kinematical Hilbert space is simply Hg ® Hg with the operators naturally extended. The solution to
the constraints is simply: (C¥o) ® Hg =~ He where Wq is the vacuum for He. It is trivial to see that this space is
isomorphic to the standard Hilbert space for a free field theory. Though this construction is interesting to get a feel
of how the theory works in the quantum realm, it is not satisfying on at least two accounts:

1. First, it relies too much on a change of variable. Normally, to get a direct link with the classical theory, one would
start with canonical variables and represent them, and then try to express constraints and similar operators.
Here, not only have we not done that, it is not even possible to express the original operators. For instance, it is
incredibly difficult (if not outright impossible) to extract the curvature operator out of the constraints. Indeed,
to do that, we require both the fields operators (which we don’t have) and the inverse of the metric (which
does not even exist as an operator). Similarly, the natural expression for the momentum operator for the field
depends on the normal operator, which does not exist because of the Bohr compactification we used.

2. Second, it relies heavily on the abelian structure of the theory. All this approach was only possible because we
can decouple completely two sectors that we might want to call the gravitational and the matter sector (though
the curvature cosntraint has a bit of matter in it). This is not something we can hope for in a non-abelian
theory. So the method is way too specific to our case.

It does not mean it is not useful though: this acts as a guideline. We now know what the theory looks like and what
to expect from different constructions.

The ideal construction however would start from the curvature operator, the triad and the field operators and then
get the constraints. At least, it should be possible to reconstruct all these operators. This is however not possible in
our case. Indeed, the curvature operator (or the holonomy operator) appears only in the curvature operator for now.
As a consequence, we will first need the scalar field operator and the momentum operator to be able to retrieve it.
However, from the work done in section [ILC] we can use the Fourier transform in R? to get expressions of ¢ and II
in terms of the creation and annihilation operators. We get:

f 5(k2 + m2)sg\1}g:rt)akeilz-f” Q3

¢lo) = '
(o) = [o(k?+m?)(k- )2 el “ak.

(83)
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The expression of II is particularly problematic as it relies on the existence of an operator for the normal n, which
does not exists in our representation.

One might want to try and use the more standard Ashtekar-Lewandowski representation H 4r. In that case, it is
possible to construct a normal operator n in a way similar to the area operator in LQG [28]. However, in that case,
we face another problem: given a state of the form |0) ® |¢p) € Har ® Hy where |0) is the AL vacuum and |¢) is

some state in Hq, we have fI|O> ® |¢) = 0 irrespective of the state |¢). This might be possible to cure, by forgetting
about classical expressions and rather concentrating on reproducing the algebra at the quantum level. This would
be however surprising since the expression for II is quite regular involving only exponentials and polynomials in the
triad that commute among themselves and should not require regularization.

We want to suggest another direction in this paper, that we will start exploring in the next section. Though, we
do not have a complete proof for a successful construction, the arguments we just laid out fail in this context. This
solution, though it seems unnatural at first, has - in hindsight - geometrical justification. The idea is to use the work
done by Koslowski and Sahlmann [21H23] and to develop a representation peaked on a classical non-degenerate spatial
metric. Though perfect diffeomorphism invariance (for the vacuum) is lost, there is still a notion of diffeomorphism
covariance available and the geometrical interpretation we will offer justifies the choice of a particular background, at
least for abelian gravity. We develop this approach in the following section.

B. Ashtekar-Lewandowski representation peaked on a classical vacuum

The difficulty we face is linked to the non-existence of non-exponentiated versions of the triad operators on the
Hilbert space. This is quite standard in Loop Quantum Gravity: the standard constructions only allow for one
operator out of a conjugated pair to be defined, the other one is only defined through its exponentials. In the usual
Ashtekar-Lewandowski representation |16, 28, [29] for instance, the holonomy operators are well-defined but only the
exponentiated versions are defined. In the BF representation defined by Dittrich et al. [19, 20], the triad is only
defined through its exponentials, but some version of the logarithm of the holonomies are defined?. In our case, we
have developed the equivalent of the BF representation, since the conjugate to the triad is defined. Moving to the
standard Ashtekar-Lewandowski representation will not help however. Indeed, our problem is not only linked with
the possibility of writing a simple triad operator but also the possibility of inverting it, at least to some extent as
we want to be able to write the inverse determinant of the spatial metric. And the usual Ashtekar-Lewandowski
representation does not allow for that (at least not in any known ways*) since the vacuum is degenerate everywhere
and all the excited states are degenerate almost everywhere. If we want to write the inverse determinant, we will
therefore need a new representation of the holonomy-flux algebra (or of its equivalent in our case - since we considered
only the gauge-invariant sector).

It is noteworthy that some other representations have been discussed already in Loop Quantum Gravity, most
notably [21H23]. This representation is very similar to the Ashtekar-Lewandowski representation, except the vacuum
is not peaked on degenerate geometry but rather on a given classical metric. Of course, diffeomorphism invariance of
the vacuum is lost, which explains how the LOST theorem [30] is evaded, and is replaced by a notion of diffeomorphism
covariance. This representation is however very interesting to us because the metric is everywhere non-degenerate for
the vacuum. Even for most of the excited states, the metric is non-degenerate and when it is not, it is only degenerate
on a finite number of points. As long as we can reproduce the classical algebras correctly, this leads to very natural
expressions for the inverse determinant of the metric. However, we have now traded another issue which is the choice
of the background metric, which seems a bit counter-productive with regard to the standard Loop Quantum Gravity
approach.

Before tackling this problem however, let’s sum up Koslowski’s and Sahlmann’s approach in [21-23] and adapt
it to our case. The construction uses the dual structure to the one we have done in section [V Al In the previous
construction, the operators acting on surfaces (the constraints) were diagonal, and excitations were created by acting
on points. Here, it is the reverse: the point operators are diagonal and the surface operators create the excitations.
This means we need some projective techniques to deal with it correctly.

We can define a Hilbert space Ha for a given triangulation A of . This Hilbert space is the completion of the
span of the basis given by R3 labels of the triangles that are non-zero for a only finite number of triangles. We can
make this precise in the following manner: let Fa be the space of functions for the triangles of A into R3 such that

3 There are in fact technical difficulties in this case because of the non-abelian nature of the gauge group. However, the limit for loops
going to zero is usually well-defined (though group-valued) and play the same role.
4 Though Thiemann developed some ideas in this regard [12], there are severe questions on whether his approach is successful [13].
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the values are non-zero for a finite number of triangles. This is the space of labels on the triangulation. The elements
of Ha are functions from Fa into C that are square integrable for:

Wlg) = > W(f) (84)

fEFA

The full (continuous) Hilbert space is defined as:

His = (LAJ%A> /~. (85)

Here the union is a disjoint union over all possible triangulations of ¥. We must now define the equivalence relation ~.

For this, we need the notion of a refinement of a triangulation. A triangulation A’ is a refinement of A if for any
triangle in A is the union of triangles in A’. We can then map any function of Fa into Fas. For f € Fa, we define
fl e Far as:

f'(t) = f(T), with t C T. (86)

Similarly, we can write extend a state 1) € Ha into 10’ € Ha+ as follows:

W(f) _ { Y(g) if g = fu (87)

0 otherwise.

We can finally get to our equivalence relation necessary to define Hyg. Two states ¢ € (A and ¢’ € H s are equivalent
if and only if there exists a refinement A” of both A and A’ such that the extension of 1 and 1)’ in Ha~ are identical.
Note that if this is true, it is true for any refinement of both triangulations. Note also that there is always a refinement
of both triangulations but there is no guarantee that the extension of 1 and ¢’ will match.

Up to this point, the definition actually follows the techniques of the BF vacuum in order to adapt the construction
to quantities carried by surfaces and points (rather than lines). But what will distinguish Hxgs from both the BF
representation and the standard AL representation is the construction of the operators.

First, let’s start with the simplest operator: the integrated curvature constraint. Let A be a triangulation of X
and ¢ a function from the triangles into R? non-zero only a finite number of triangles. If A’ is a refinement of A, we
define:

o { Ha o B (39)
with:
V() =v(f +0) (39)

The final sum is done by extending ¢ to A’. This is standard action, completely equivalent, so far, to the one in the
AL-representation. This action can be extended on coarser representation. It is compatible with the quotient and
therefore carries to whole space Hxs.

Second, we can consider the triad operator. This is done in two steps. As a first step, let A be a triangulation.
Let’s denote|t)s) the state in H defined by:

bilg) = { Liff =g, (90)

0 otherwise,

with f € Fa. These states form a (Hilbertian) basis of Ha. We can now define:

Olgllvr) =Y dlo) - F(0)lwy), (91)

[

with ¢ is a function from ¥ into R? with finitely many non-zero values. Thus Y. . ¢(0) - f(0) is understood as
a sum over these finitely many values and f(c) is the label for the triangle of A that o belongs to®. We recognize

5 In practice, this means that this sums is not well-defined if the point ¢ fulls on an edge or a vertex of the triangulation. This is not
important for us as we can just reduce the domain of the operator.
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here the definition of the triad operator in the standard AL-representation. But now, as a second step, let’s define a
background field € : ¥ — R3. And consider the following operator:

;[g]:/¢.é+5[g], (92)

This operator trivially has the same algebra but is peaked on a classical configuration for the triad. This is the main
difference of the KS representation (compared to the usual AL one).

Now, all this construction relies on a choice of background metric and even, to be more precise, a choice of
background triad. This choice seems arbitrary at first, but in our case there is a very natural way to select a class of
metrics. Indeed, we have to remember that we are considering the gauge-invariant subspace which translates to the
condition:

de! = 0. (93)

This condition entails that, if we restrict once more to a simply connected manifold, the triad derives from a potential
Ul This functions acts as an embedding of ¥ into R? (if the metric is invertible). But it also means that the
integrated triad is zero on any closed loops. And this is valid also on the vacuum state. This means that the
background triad must satisfy all these conditions and in particular correspond to an embedding into R3. Up to
topological questions, that we have discarded as we are considering the simplest case, this means that the metric is
fixed up to diffeomorphism. This entails in turn that the construction will indeed depend on the metric but once the
diffeomorphism constraints will be enforced, diffeomorphism invariance will be restored in a way which is independent
from the choice of the initial metric (as long as it is invertible). So, from now on, let’s just choose a background
embedding into R? and use the triad that derives from it.

Let’s turn back to the full representation, including the matter sector. Our goal was to able to write expressions
like:

27

Oo) = [ (K + m?) =l a1 “k, (94)
H(o’) = f 5(k2 + m2)(]z . ﬁ) Sg\‘}%’:rt)akeig»f" ek,

This suggested that the gravity sector needed a new representation. The Fock space used for matter is however
completely equipped for such expressions. We will therefore rather keep it. This leads to the full Hilbert space:

Hran = Hrs @ He. (95)

Before moving to the next section, let’s make a final remark: though this representation gives natural inverse operators,
in a sense, this does not matter. What matters is the algebra of the operators. In the end, we must find two natural
pairs of collections of operators, corresponding to the field and momentum operator on the one hand and to the triad
and curvature operator on the other. Moreover, these operator should lead to expressions for the constraints that
match the previously found algebra. If the naive inversion fails, this will mean that this technique fails. This is what
in the end should guide such construction. And these tests are still to be done with the method we just suggested.

V. DISCUSSION & FUTURE WORK

Granted the previous idea can be made to work, the natural question is whether this can be extended outside of
the abelian theory. Indeed, the representation we chose depended on a background which, for the abelian case, can
be chosen naturally. This however depended on the resolution of the Gauft constraints. In the non-abelian case,
such a procedure might not be that well-defined. A few points are encouraging though: this representation gives a
natural understanding of how matter propagates on an (abelian) quantum spacetime. Indeed, as we mentioned early
on in this paper, the theory we developed is, at least in some sector, equivalent to a free scalar field theory. With
such a theory, spacetime is completely classical. Our theory however is completely quantum mechanical, including
spacetime. On the constraint surface, the triad in particular is completely ill-defined (in a quantum mechanical sense)
and only the curvature has a precise value. We might wonder how a field might propagate freely here. The answer,
according to the construction we have just done, is simple: spacetime really is flat. The degeneracy of the triad does
not come from a true quantum degeneracy but rather is caused by the superposition of all the states coming from the
action of the diffeomorphism constraints. The final state therefore is a superposition of classical flat space but seen
from all possible coordinate systems. This is of course possible only because there are no local degrees of freedom in
3d gravity. Though, it might be possible to extend these techniques to non-abelian 3d gravity, the implications are
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not quite as clear for the 4d case. An interesting idea, that has been explored almost accidentally in the context of
cosmology (see for instance [31]) as a first approach, is that only local degrees of freedom (that is gravitational waves)
are quantum in that sense.

Let’s get back to the 3d problem. Even in that case, once we want to get to the full non-abelian theory, a few
roadblocks appear. One of the major problem is path-dependency. Indeed, we defined the following operator as a
creation operator:

1
v

There we used the integral [ 7 & which did not depend on the path chosen as long as the Gauf constraints were
satisfied. A natural extension to the non-abelian case would be:

1
V2m

where g is the holonomy of the connection along the integration path and acts as parallel transport. Though this
expression is gauge-invariant, it depends on the path chosen for the integration, even when the Gaufi constraints
are checked. This makes the correct generalization quite unclear. Two points should be underlined here however.
First, similar problem have been dealt with in the construction of the BF representation and have been solved by
a systematic choice of paths for gauge-fixing [32]. This is moreover close to book-keeping techniques needed for
the classical solution of the problem [33] which seems to support such an approach. Second, this problem can be
partially recovered in the abelian case, if one wants to define the theory more generally without imposing first the
Gaufs constraints. This might be needed anyway to be able to check the brackets of all the quantum operators we are
interested in from the end of section [[VBl This will therefore be an interesting intermediate step to consider.

/ (k'n1o + i) e *17 ¢@%, (96)

a

b, / (k'ngo + M) e FJ7 g2, (97)

The abelian case also relied on the commutativity between the operators a; and the constraints Dj. It would be
surprising, to say the least, that such a setup could be possible in the non-abelian case, for the operators b, and the
corresponding constraints Dj. Several scenarios can be envisioned, the most probable to our eyes though is that,
though the by will not commute with the constraints, it should still be possible to make them into the algebra of
creation and annihilation operator for some non-commutative field theory. In that case, they would allow us to write
a basis of states on which it is reasonable to to a perturbative study. Ideally of course, some exact cases could be
found, like a m — 0 limit, one-particle states or maybe some cosmological setup. In any case, the non-commutativity
is not a problem as long as we can interpret it to be almost commutative in some limit. This, however, will only be
possible if we can develop the full set of operators ¢, I, e and A independently from the techniques we have employed
in the commutative case. This means that one of the most important point moving forward is concluding the program
opened by section [V Bl

Let’s mention one last point before wrapping up: the idea of studying the abelian theory as a starting point, possibly
for perturbative expansion is not new and was originally introduced by Smolin [18]. In our case however, we wanted
it in particular to be able to study the geometry of the quantum spacetime. According to Connes'work (for instance
[34]), this is better encoded in the Dirac operator governing the propagation of fermions rather than just the metric.
A similar approach would then start with fermions coupled to abelian gravity. This is however rather ill-defined at
the moment. Indeed, the gauge group does share the same topology as SU(1, 1), making the distinctions between
bosons and fermions less clear. Moreover, it is not completely straightforward how the abelian connection should be
coupled to the fermions. This is therefore an interesting point to explore further in future work.

VI. CONCLUSION

In this paper, we considered a simplified model for 3d quantum gravity coupled to a scalar field. The model was
taken from Smolin work [18], corresponds to a specific G — 0 limit of standard 3d gravity, and can be formulated as
standard BF theory (coupled to a scalar field in our case) but with an abelian gauge group. In four dimensions, this
corresponds to a linearization of gravity but still expressed in a diffeomorphism invariant way. In three dimensions,
the theory is still topological, but the dynamics is simplified. We showed in this paper in particular that a full sector of
the theory is completely equivalent to a free scalar field, the gravity field only being there to allow for a diffeomorphism
covariant formulation. This sector is actually fairly similar to what was already developed with parametrized field
theories [24-26], although in higher dimensions and with a different language.

We showed furthermore that this equivalence with a free scalar field theory leads to the formulation of a creation-
annihilation algebra of operators, even in a diffeomorphism invariant setting. This algebra can in principle be extended
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to other sectors of the theory as long as the metric is everywhere invertible. Though the natural formulation is a bit
different due to diffeomorphism invariance, the algebra is completely equivalent to the standard one for the free scalar
field. The interesting point is that all these operators commute with the constraints for the abelian theory. This
means they allow the construction of a set of solutions of the constraints, and mirror the fact that the classical abelian
gravity theory (coupled to a scalar field) is equivalent, at least in some sector, to the classical free scalar field theory.
This also means that these expressions are a good starting point for studying the non-abelian theory, for instance
to try and quantize the theory perturbatively. This also allows the construction of a full quantization of the linear
theory based on these operators as new variables. The quantum theory splits into two sectors. One is the sector that
encodes the various excitation of the scalar field, and can be mapped one to one to the free scalar field theory. The
second can be understood as the gravity sectors that more or less decouples in this abelian theory. It can be mapped
onto the BF theory and be solved exactly.

The drawback of such an approach is that some natural operators do not exist or are extremely difficult to construct.
In particular, the momentum operator for the scalar field, and the holonomy operator for the gravity field, require
the definition of (non-exponentiated) triad operators and an inverse-metric operator. This implies in particular, that
even the canonical variables of the theory cannot be expressed simply or may be downright impossible to write. This
is not really a specific problem of our approach: we used the equivalent of the BF representation in our construction
which has similar difficulties for constructing triad operators or inverse-triad operators. However, in our case, these
difficulties become a problem when trying to write a correlation operator for the scalar field for instance, which is
a quantity we will eventually want to be able to compute. Using the older and somewhat more standard Ashtekar-
Lewandowski representation only partially solves the problem. If it is indeed possible to define a non-exponentiated
triad operator, the fact that the metric is degenerate almost everywhere for almost all states create huge problems
with our approach which precisely requires the opposite. Moreover, natural expressions for the momentum operator
of the scalar field are pathological, even though they only require exponential and polynomial terms in the triads,
which should not need any regularization for the quantum case.

We offered a possible way out. Though the construction needs to be studied more thoroughly, the drawbacks of
the previous two approaches disappear. The idea is to construct a representation peaked on a given classical state
for the spatial metric. This idea was explored by Koslowski and Sahlmann [21H23] as an equivalent to condensed
state around a classical configuration. Though strict diffeomorphism invariance of the vacuum was lost, a sens of
diffeomorphism covariance can still be retained. However, if this breaking was natural in their case, it seems more
dubious when studying the theory from a more fundamental standpoint. We showed however that a specific vacuum
can be selected using the Gaufs constraints in the linear case and corresponds to a flat space. Because the vacuum
is nowhere degenerate, all the problems with the previously mentioned representations are lifted. Interestingly, the
construction also allows a very nice interpretation of how the spacetime on which a free scalar field propagates is
recovered in a setup where the triad is supposed to be completely degenerate in a quantum sense. In fact (in the
abelian case), the classical spacetime is there all along and the degeneracy only comes from the superposition of all
the diffeomorphism equivalent way of describing the system.

Finally, we left several questions open for further inquiry. Most notably, as we just said, the new representation we
offered should be studied further. Indeed, even though the straightforward problems have been lifted, the study of
the construction of the full operator set is still to be done. We left it ou however because a full and complete study
would include a more complete treatment of the Gaufs constraints which we just assume to be satisfied. Lifting this
condition requires dealing with gauge fixing, choice of path when integrating, etc. These points must be considered
at some point as they are needed for the non-abelian theory but were left out of this first investigation. Similarly,
we have left out all questions regarding the various possible sectors of the theory, the role of topology, the possible
restrictions when considering compact spaces, etc. Though this is certainly worth investigating on its own merit, our
goal was to get a first grap on how to develop a non-abelian theory. In this regard, though all this is very important,
it will most probably be quite different when changing the Lorentz gauge group.
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Appendix A: Details of the Hamiltonian analysis
1. Primary constraints and Hamiltonian

We have the following action as a starting point:

@ A
Sle, A, 9] = /S [gelJKe“”peﬁ(a,,AgK — AT + gE[JKE'queieieff

2
— %EUKE“”peieief (eﬁ/[egmMN) Oy 907 — %EUKE“”peieiefqﬁﬂ . (A1)
Let’s start the hamiltonian analysis by choosing a integration manifold. We will simply choose S = R3 to avoid some
problems on compact manifolds and with non-trivial topology. We will though also neglect boundary terms, assuming
nice behaviour at infinity.

Let choose some decomposition of S as R x ¥ with corresponding coordinates (¢,0). ¢ will be our time variable and
o will be the coordinates on the spatial slice . We only assume that ¥ is diffeomorphic to R? but not that it is a
flat slice.

This allows the following writing:

Sle, A, ] = / Ldt, (A2)
R
with:
L = g ,uvpel(a A,]K_a AJK)_’_A ,uupeIeJeK
= 5 CTIKE plOv Ay Ay, 661JK6 W€ €p
1 wop I J K (o 7, MN m? wop I J K 2] 42
- ke eese, (eMeNn )80@97(;5—561”(6 €,€,€, }d o. (A3)

We can now define the various momenta.
Let’s note B the momentum conjugated to A, X the momentum conjugated to e and IT the momentum conjugated
to ¢. The definitions are:

Bis0) = sty
Xi(o) = —6(60%{(0))’ (A4)
_ 1)
(o) = s@sen

Here, it is understood that Jy means derivative with respect to the time variable ¢.
This leads to our primary constraints. Let’s start with the easy ones:

Xt =0. (A5)

This comes from the fact that the action does not depend at all on the derviatives of e.
Let’s now turn to the variable B. We must distinguish two cases. First, B is easy to study as no time derivate of
Ap appears in the action. Therefore:

BY, =o0. (A6)
The story is a bit different for B* (a # 0). Here we rather get:
K

a Oa K ab
BIJ = 20(6K[J€'u eu = 2(16[][(6 ST (A?)

There is no constraint on IT as the relation we get is invertible in dy¢. More precisely, we get:

1
In= —EEUKE“”peieief (eSean™™N) 0-¢ = —(dete)g"70-¢. (A8)

This can be inverted into:

0o = I + (det €)g**0,9) . (A9)

~ (det e)g00 (



We have assumed here that the metric is invertible.
We can, at last, write the Hamiltonian which is defined as:

1
H= / <§B§380A{ﬂ + X/ doe}, + Hao¢> d’c — L
P
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(A10)

Thanks to the constraints, most of the first terms vanish. We will only get the II term, as well as the B® terms. At
the end of the day, we must also make sure that the final expression does not depend on dy¢. We must therefore take
some time to rewrite L so that any time component is made explicit and not bulked together with the spatial ones.

So let’s try to declutter L a bit:

@ A
- pvp I JK JK - Hvp J K
L /E[QEIJKE eH(BUAP 8PAU ) 66]JK6 eueu p

m2

I J_K EIJKEHVPG

u€v€p

—ergrePe (eSrenn™™) 0,00-¢ —

12

(6%
/ |:6(IJ—6[JK€ab
) 2

IA ab J

1
I b .J K 00
05 eryreelef —6046111(6“ el et g% 0000 b

ab_J K

1
6626111(6 e, e (e(])weNnMN) 00O P

) c¢ad¢

J K

11 ab
604€]]K€ e, e (eMeNn

,m?
TE[JKGab€g€£(¢2} d?o.

eles 6]

(8(114}7]}( — 8bAgK) + OtGIJKeabeiaoAgK + OAEIJKeabeéabAOJK

(A1)

Now assuming we can neglect the condition at the boundary (for example by asking all the fields to vanish at infinity),

we can rewrite this a bit:

1 1
L = / [—80A£J (2anKeabe£<) + —A({K (—20461”(6“}’81,69
b 2
A
+ e (ozeUKe“bF(;]bK[A] + 561”(6“1’6‘]617 ~ 1

1
- §€[JK€ab6J€£(

1
ab_J _K
— —€JJKE€ eaeb

(eSre5n™™N) Do
4
2

MN) ac¢6d¢
—€IJKE

TZ “begef¢2)}d2o

(eSredm

Let’s now define :

1
ny = —EUKe“beJeb .

2

This will allow the following more compact expression:

L
1

G(IJ (anKeabFl;]bK [A] =+ An] — §n190080¢80¢

nr (69\465\/77MN) o909

1

571 (k™) 00040

m2

7n1¢2)} d?o.

1
~eryreeler g% 00pdod

(A12)

(A13)

/{%8@ (20&6[JK€ eb)+ AJ ( 2&6],}K€abab6£)
b))

(A14)
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Let’s go back to the Hamiltonian. We have:
H = /)S [%(%AéJB?J + %aoAgJ (BS, — 2aer kel
+ X}L(?oei + 110y — %A({K (—20461”(6“}’81,69
- € (QGIJKﬁabF[l]bK [A] + An; — %nlgooaosbaoéf)

1
— ns (e%/[e‘j\,nMN) OO — 3 (eﬁ/[e‘]iVnMN) 0cp0q¢

— m72n1¢2)}d20. (A15)
In this expression, we must now write dp¢ in terms of II using:
O = ot (IT + (det e)goa6a¢) . (A16)
(det €)g90

Lets concentrate only on the relevant terms 7'

1
T = oo + Eeénjgooaogbao(b +ebng (e?we}jvnMN) 000

2
1 IT (TI + (det €)g**Du ) + leonlg ! (IT + (det €)g"*0u )

" (det e)g% (det €)g00
— ebnr (Qre5n™™) et e)g™ (IL + (det €)g**0,¢) Db
= —WHQ - ﬁ (e%e‘fvnMN) 110.¢
+ 021635 90006 — " (i) 6 DaDed
- e - i—giw o (6°0,0)". (A17)

Let’s put this in one single package:

1 1
H = / [iaoAéJB?J + anAéJ (B(IZJ - 2046]JK6ab K) + X”@oe - —AJK ( 2anKe“b8be£)
P

1 2
- e (QGIJKfabF[l]bK [A] + Any — §nfng3c¢3d¢ - mTTLIQbQ 2n00( %9,0)? )

1 gOc
- —_TI? — =_TI0, ]dQ : A18
2(det e) g0 g% o|d%o (AL8)
Note that:
Oc ,0d
c 99 c
g
where h¢® denotes the inverse of the induced metric on 3. In particular, it does not depend on e}. Similarly:
1 1 det e
= = — 5 A.20
(dete)g?  (dete) ‘dizy; det h (A20)

which is linear in ef. We can see therefore that every single one of the last terms is linear in e}. We can sum up this
in the following formula:

1 1
H = / [anAéJB(I)J + anAéJ (B}IJ — 205 7€ € ) X“()Oe — —A]K ( 2anKe“babeg)
i

2

1 m n
— G(IJ (OAE[JKeabFJK[A] + Any — —n]thacd)add) — 771[(}52 — mﬂ2
JK _cd

_ongnTe EIKLed 2
- Haca;)]d (A21)
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2. Constraint analysis

So let’s start the constraint analysis. First, we must list all the constraints. The first constraints are the primary
constraints. Explicitely, they read:

X9 =0,

BY, =0,

¥ — 0. (A22)
B?J = 2046]JK6ab€£(.

Their Poisson bracket with the Hamiltonian must be zero on shell so that the constraints are conserved. We will be
using the following sign convention:

{a.pt=-1 (A23)

where ¢ represents a fundamental variable (¢, e or A) and p the corresponding conjugated momentum (IT, X or B).
Let’s study this. First:

2 JK _cd

2 ny o , NNt e EIKLed
11 110, A24
2 et T det i ¢ (A24)

We will simply write this quantity D;. No Lagrange multiplier appears here, so necessarily, D; = 0, which is indeed
the curvature constraint. Similarly:

(X9 H} = —aerje®FIE[A] — Ang + nthdach@qu—i—

2

{B(I)J7 H} = 2anKe“b8be£. (A25)

Here, we can identify some version of the Gaufs constraint, which we will write Gy; = 0.
It is easy to see that no other constraint arise as the other commutators all involve Lagrange multipliers and can
be inverted. Therefore the system of equations is now:

0 = X9,

0 = B?J?

0 = X¢,

0 = B‘}J—2anKeabeg<, (A26)
— _ ab pJK _ 1 cd m? 2 2 7 Kecd €IKL8d

0 = —aerjie Fab [A] A?’L1+27’L[h 0040 + 5 nro” + 2dethH It h 110, ¢,

0 = 20[6](]}(6‘“78565

The first two constraints are obviously first class. The last four are not, but that does not mean we have found all
the first class constraints.
It can be checked that the following constraint is first class:

By, =0. (A27)
It obvisouly commutes with every constraint and it is a constraint as a linear combination of the Gaufs constraint
found so far and the simplicity constraint. Finally, it is quite obvious that:
JK _cd

1 ~ m2 ’ﬁ[ 'flf'l] € E[K[€

ab nJK ~ ~ cd ~ 2 2 d
(e7d e F Al + A — =nrh 3C¢8 (25 - — d) - —1II" — Hacd) =0 A28
IJK ab [ ] nr 2 I d 2 nr th th ( )

where the tilded quantitites are constructed out of B (rather than e), is a first class constraint.
Counting the number of degrees of freedom, we find that necessarily, the last constraints are second class. That is:

X7,

0
A29
{ 0 = BIIIJ — 2046[JK€ab6£(, ( )
are second class. This allows the computation of the Dirac brackets:
{e4(2), X3(W)}p = —d56(z —y),
{A§7 (=), B?{L(y)}D = (51 07 — 61,0%)d(x — y),
{AéJ (:E)v 65 (y)}D = }}eabEIJKé(:E - y)u (A’?’O)
{A (@), Bl ()} = —00(6%0] — 6161)8(x — y),
{o(2),1l(y)}p = —5(1? - )
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all other (non-fundamental) brackets being zero (including brackets dealing with X¢). With these brackets, it is
rather obvious that the second class constraints commute with all the other constraints. Interestingly, they can be
solved, and the system can finally be rewritten as:

n JKEcd€ EL
{ 8 = Oéaebl(;KfabinK [A] + Ang — inhe0.¢0a¢ — %2711@52 — g 2 — B KLY T, ¢, (A31)
= € b€ s
with the following brackets:
{ {AL (@), e ()} = sagermeare’ " 0(z — ), (A32)
{¢(2),1(y)} = —d0(z —y).

The B variables have been removed thanks to the second class constraints and the time component variables have
been removed as they decouple from the rest and can be trivially solved. We now have the Hamiltonian formulation
of our problem. This concludes this appendix.

Appendix B: Brackets between the ladder operators and the constraints

In this appendix, we consider the bracket (using the Dirac bracket found in the previous appendix [A]) between the
curvature constraints and the would-be creation and annihilation operators. Namely, we want to compute {Dy,ax}p
(for which we will now drop the D index from now on) where:

ab pJK 1 cd m> 2 n 2 nan?Kelerkrel
DI QETJKE Fab [A] + An] N §nlh 8c¢8d¢ - Tnl¢ - 2deIthH - det h < Hacd)a
ar = ﬁ J (E'nr¢ + sill) e ik 7 eq2g,

(B1)

where s is a sign to be determined. To deal with this problem properly, we will need to integrate D; with a test field.
We will therefore compute the following bracket:

{/NI(T)D[(T)dzT, ax} (B2)

where both terms now have regular dependency on the variables and N is the test field we just mentioned.

In this bracket, we can distinguish three kinds of terms, when expanding Dj;. First, the bracket involving the
cosmological constant term is trivial. Indeed, this terms only depends on the triad and as a; does not depend on A at
all, the bracket is zero. Second, we have the bracket involving the curvature of A. This part of D; does not depend on
the matter field. As a consequence, only the dependence on the triad in a; will be of importance. Third, and finally,
we will have the part of D; which involves the matter fields but does not involve the connection. And there only, the
dependence on the matter fields in aj will be important for computing the brackets. The hope is of course that these
last two terms compensate. It is quite intuitive that it is possible since this would correspond to aj creating energy
on the matter field and compensating by giving the correct curvature to satisfy the Einstein equation.

Let’s start by computing the following bracket:

A= {/NI(T)anKeaijbK[A](T)dQT, ag}. (B3)
We have:
A= / N ()5 et {07 (7) = 0,47 (7), ap ) r

= /NI(T)anKeab{(?aAgK(T),ak}d27’

- / / N'(r) gﬁjm“b (¢(0) 1047 (7), K- n(@)e™ 17 ) 4 sill(@){0a AL (7), eI 7)) dPoa?s

[ [ N0 ensne® (6ol 0 AL ) i) 4 (s (o)) + siTHE)HO,AL (7)Y ) o
(B1)
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Let’s compute the two intermediary brackets. First, we have:

{047 (1), nL(0)} = 0 [ATE (7). Sepnnee (o)el (o)}

or® 2
(r),ef (0)}

_ cd M
= €LMNE 6 ( )87'“

= e e’ 0) s (srqany (@ <o~ ) )

= mew(o) N K enpareel (o) 8‘; (6(r — o))

— S )€ han () G0 — 815 (0) 2 O~ )

= mhw(cﬂ(deth(cr))h%’(a)(zsm — 5705)er (o) 61 (6(r — o))

= 5o GE — e (o) 5 (5 — o)

= S 6155 — Sl (o) 5 (57— ) 55)

We used the equality between the two derivatives for § (up to a sign) on the last line to avoid the appearance of
derivatives of N7 in the full bracket.
Now, we also have (we include the initial € for simplifications):

e (0 AT (1), eI = et L {ATR (7), I

- —é/ﬁ(/aikpnmagau <>>>di ) RIS (r -

Y
= e (7 o - <<s>>>ds) e iF I

:1.P o
_ ik ;71315(7__0)6711@.] e (B6)

The last line should also contain an opposite contribution from the start point of the integral. To make this omission
rigorous, we have to consider that N! has compact support. In that case, once the start point is sufficiently far, its
contribution will always be zero. This however means that we have some restrictions on the distribution spaces we
might consider.



28

A

Let’s put all these computations together. We get:
« S [o 2 7 o =
et (H0uAL () ni0)}e I 4 (K (0)6(0) + sill(0) 00 AL (), eI 7}) dPod?s

f [ 8

« 1 -
= [ [N (cameolo)kt o185 - 86 )ed ()50 (307 — o)) RS

L i ik e ik f7e\ 1212
+ (k™np(o)p(o) + sill(o)) - §(r —o)ettJ >d od*T

= / —]\i/lﬁ(:;) (E]JKEab(b(O')kJeg((O') 8(3“ (6(t — o)) e kS 5) d*od?r

NI 7 ro o
+ \/_—2 ((kLnL¢ + SiH)ikP'I’]P]eilk.f e) d2
™
NI .7 oro o
~ \/_—2 (EIJKE ( a(b)k eb + EIJKeab¢]€J (1kp7’]pQ€ ) + (kLTLL¢ + SiH)ikP’I]P]) e_lk'f ed?o
™
NI . ik (e
N (—(EIJKEaka€5)3a¢ + (eryxe®®npok? kel e@ + nprkkny)ip — s(npka)H) e k[T Eq2,, (B7)

where everything with the ~ is only true on-shell and more precisely when the Gaufs constraints are verified.
Let’s now turn to the second half of the computation:

B=
2 nr(r ngy(r)n?Kecde el (r
{f N (7) (= s ()04 (7)0.6(7)0ud () — Bona(1)o(r)? + s T(r)? + MO st O11(7)9,6(r) ) dPr, a).
(B8)
Once more, let’s split this expression into simpler components. We will have:
B = ([ ¥ (~gte )hcdmacqb(f)am(r)) & a0}, (B9)

_’”Tm (7)) .0, (B10)

B2={/Nf (
B; = {/Nf ( 2dth ))dTCLk} (B11)
(n

{/NI JK cd L( )

€ETEIKLEG\T
Let’s compute each one of them separately, starting with B;:

B, doth() (T)ach(T)) d?r, ax}. (B12)

B = ([ N1 (=G ()0.0(n0s0(r) ) dPr )

- / N (P ()R (7). () {Bad(r), ax }d2r

= — [ N0 ()0:0() 5 0(0), an )P (B13)
This calls for the following computation:
{60 a} = {3(r), — / (K n1(0)6(0) + sill(0)) e~ F 4" “d2o)
= / {6(r). (o)} F I 7a0
= Je ST 842,
_ s ke (B14)
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Putting it back into By, we get:

. memmhcd(ﬂacqb(f)%w(r),ak}d%

0 is _iprre
NI hcd . _ —ik- [T € d2
/ (T)0:6(7) 53 ( Tan T
nrh°?0.pk" ane?efiE'fa €d%o

NI .7 ro =
= /\/iw(sankPh“ane?)8a¢e_‘k'f ¢d?%o,

where the last expression was written in a form similar to that of A.
Let’s now consider Bs:

By = { [ 1) (< (r)o(e)? ) o)
- [ N @minio o) a
- [Nt eo() (5o FIE )
= / \]/V_—2;(sm2n1)i¢e“;'f "ed.
Let’s turn to Bs:
By = {/Nf ( #}2) (7)2) &7, a1}

- / N () 21y (>) (D{TI(r), ax }d27.

We must now compute:

(1(r), ar} = {H(T),ﬁ (K'n1(0)d(0) + sill(0)) e F /7 2a%0)
= —— [Fui(o) ), o)) T
N % / knp(@)8(r — o)e /" fd%s
_ knp(n) _igpyee
VI

This gives:

&F
I

- / N(7) d:tféT()T)H(T){n(r),ak}d%

—/NI(T) dZtIELT(z-)H(T) (ijgf:)eiE'fT 5) d?

o [N (CEInnn ik ege,
\/571’ det h
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(B15)

(B16)

(B17)

(B18)

(B19)
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Finally, let’s turn to By:

JK _cd

nj\7™ €€ eL
B = ([N (— Ao .o ) dr.ou)

]K cd )

N /NI dezh(q;qed( » ({H(T),ak}86¢(7)+ﬂ(7)aTc (T),ak}) d’r
]K cd L M .

= ! “errreq(r) ((knu(T) iE~fT€) 9 <_ 5 iE~fT€>> 2

a /N deth( ) (< Jor © 0o () +11(7) 5 N d2r
JK ad JK _cd

= njn EIKLed M, nyn- e EIKLed P 0 i

\/—W([ det h k } a¢+[8 ot k nQec]H>e d*o (B20)

Before moving to the full expression, let’s try and simplify the terms in d,¢ on one side and II on the other. First,
for 0,0, we have:

Prav @ nunFeexrel M,
Cl = S’I]ka h nre, — det h k e (B21)
And for, II, we have:
—klnpng anJKeCdelKLeL
= —Gen T° deih K raed (B22)

Cs is slightly simpler, let’s start with it. Indeed, we now we’d like to find —snprk” so that it exactly compensates
the term in A. So let’s compute:

nprk” = 6{npsk”. (B23)

We will now try to find another way to write 7. For this, let’s consider the tetrad d defined by, for all spatial

IJ
directions a, dl = el and for the time direction, df = 7\’/% (where n? is the Minkowski square of ny). If the triad is

non-degenerate (which we assumed), d is invertible by construction and detd = —v/—n?2. Therefore, we can write:
5 = djdf
= dydj + d]d}
B nJ ngR eIMNECdeMed 4ol e“belMNdéwdév
Vo ) T ()
_ n'Fnpng | e bEIMNeJeMﬁNL
- 2 + 2
n n
B _nJRanI - PeppveleMnNing (B2
det h det h '
The last line uses det h = —n?. Therefore:

nprk” = npsoi k"

b M, NL
_ P nJRanI € eIMNegeb nYEng
= —npsk

det h det h
kLTLLTL[ eILKegnKJnJECdeCQ P
= - - nrahk
det h det h
kLlnpng EIKLeLn]Kn]eCdeQ p
= — ¢ k B25
deth deth PQ (B25)
And so, we get (for s = 1):
CQ = S’I]p]kp, (B26)

which is exactly what we wanted.



Let’s turn to Cy. Once more, we know what we would like. We would like to compensate the term —e;jxe
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akaelIf

coming from A. So, we would like C; to be equal to the opposite. Once more, let’s start from the desired expression:

ejJKeakaeg( = ejJKeabégkseg(

JR cd J M, NL
b (N NMRNS €T ESMNEEL T TN S K
= _EIJKEa ( + c d k €y

det h det h
J

d M, NL
ab €T ESMNELEG 1)

n anS
= e gy ke e deth “
nyn’Kelerrel wp €lesrnel elnNE K
- det h Ko = erce det h ©
_ _’anJK adelKLed anM _ EIJKeabE dESMNG‘]eé\/InNLeLPQEUGPG? kS
det h
M P Q
= n‘mJKeadelKLedeMnM—eIJKe » € (sQnup — nspiuqlel ey’ €lel’e; kS ek
det h
nyn’" e errrel M b €msqel €9 hige’
= n — € €
det h M LK det h
JK ad
ngn 61KL€d M Jpjc Q s
= — kY na + € € elhice¥ ke
det h M I1JK 77SQ
JK _ad L
ngn~ € TEIKLEy M J Ebc ab c Q S
= ny + € el ek hJ k
deth M TR e b2dth
JK cad L
ngn €EIKLE, M, €dc ad be Q@
= — k — ——nje€ h”¢e
det MM ey E PRI G
JK cad L
n €IKLE
= il TKLTd anM + n[anhbael?kP (B27)
det h
And so, we get (once more for s = 1):
Cl = EIJKeakaef (B28)

which is once again what we wanted.

The only thing that remains is the term in ¢. This time it is more natural to look at the term in A and try to get

the necessary term to compensate in B, namely to compensate sm?n;. We have:

D

EIJKéaanQkapeg(eaQ + np[kLkP’rLL
K §Q Q sK
5K’6Q’ — 5K’5Q’

J1.P _ab K' Q'
= GIJKT]PQk kT e®e €y GQ 5
LKQ
’ ’ € €ELO' K’
= errnpk’ kel e — K

2
= ergrnpok’ kK npe" ™9 £ nprk kP ny,

= (5%5? — 555?)77PQ]€J]€P71L + np[kLkPnL

= npsk’knr —nprk’kPny + nprkkng
= k2n1

= —m2n1

which is indeed —sm?n; for s = 1. Putting all this together, we do get:
A+ Bi+ By + B3+ By = 0.

Or to put it in the original question terms:

{/NI(T)D[(T)d2T, ag} ~0

+nprk"kPny

+nprk kPny

(B29)

(B30)

(B31)
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if s = 1. It is to be noted that this result holds on-shell, when the Gaufl constraint is checked. Otherwise, the bracket
is linear in the Gaufs constraints.
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