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The requirement that both the matter and the geometry of a spacetime canonically evolve together,
starting and ending on shared Cauchy surfaces and independently of the intermediate foliation, leaves one
with little choice for diffeomorphism-invariant gravitational dynamics that can equip the coefficients of a
given system of matter field equations with causally compatible canonical dynamics. Concretely, we show
how starting from any linear local matter field equations whose principal polynomial satisfies three
physicality conditions, one may calculate coefficient functions which then enter an otherwise immutable
set of countably many linear homogeneous partial differential equations. Any solution of these so-called
gravitational closure equations then provides a Lagrangian density for any type of tensorial geometry that
features ultralocally in the initially specified matter Lagrangian density. Thus the given system of matter
field equations is indeed closed by the so obtained gravitational equations. In contrast to previous work, we
build the theory on a suitable associated bundle encoding the canonical configuration degrees of freedom,
which allows one to include necessary constraints on the geometry in practically tractable fashion. By
virtue of the presented mechanism, one thus can practically calculate, rather than having to postulate, the
gravitational theory that is required by specific matter field dynamics. For the special case of standard

model matter one obtains general relativity.
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I. INTRODUCTION

There remains an uncomfortable arbitrariness in the
construction of modified gravity models, which even
plagues the proposals that heed the currently known
theoretical and observational constraints [1-3]. Since a
finite number of experiments will not be able to discrimi-
nate against an infinity of models, bona fide physical input
must likely be injected into the construction beforehand,
instead of being left to discriminate against theories only
afterwards.

In this article, we argue that such genuine physical input,
which promises to effect a reduction of the current infinite
ambiguity toward a finite one, is provided by first pre-
scribing the matter dynamics on a spacetime. The dynamics
of the underpinning spacetime geometry are then shown to
follow from the matter dynamics, essentially by a suffi-
ciently precise requirement of common canonical evolu-
tion. Note that the thus revealed dependence of the resulting
gravitational dynamics on previously specified matter
dynamics implies that there is no one-size-fits-all gravity
theory for a given geometry, which would apply
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independently of what we know or discover about matter.
This is because the matter dynamics crucially determine the
kinematical meaning of their geometric background, and it
is precisely this information that directly funnels into the
structure of the gravitational dynamics. Through this
mechanism, any new insight into the nature of matter
may yield new information about gravity. Not too bad a
perspective in the first place, in face of having detailed
knowledge of the fundamental dynamics for only 4.6% of
the matter and energy in the universe. And not a new
perspective either, considering that it was the dynamics of
matter, namely the classical electromagnetic field, that led
Einstein to the identification and kinematical interpretation
of Lorentzian geometries and finally the field equations for
their dynamics.

Precisely, we show the following. For any diffeomor-
phism invariant matter action whose integrand depends
locally on some tensorial matter field A and ultralocally on
a geometric background described by some tensor field G
of arbitrary valence,

Smatter[A; G)

- / E XL e (AR). A(x). ... ™ A(x): G(x)). (1)
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and which satisfies the three matter conditions detailed in
Sec. IIC, we show how to calculate four geometry-
dependent coefficients EA,, FA ¥, MB#, and p® that enter
the gravitational closure equations, which is the countable
set of linear homogeneous partial differential equations
displayed in the Appendix. Their solution then, in turn,
provides the closure

Sclosed [A 5 G] = Smatter [A 5 G)
[ 0 ey (6. 0G(3)..... G )
(2)

of the given matter field dynamics by inclusion of gravi-
tational dynamics whose canonical version satisfies the two
embedding properties laid out in Sec. IV B.

Indeed, only after addition of the thus calculated, rather
than stipulated gravitational Lagrangian density Lgeomeiry 1S
there a dynamically closed theory. For now varying the
complete action (2) with respect to the matter field A still
yields the matter field equations, while variation with
respect to the previously undetermined background G
provides additional equations of motion for the previously
unspecified geometry that are sourced by the given matter.
Thus a closed system of equations that determines all
unknowns, up to only gauge ambiguities, is obtained.

While a detailed discussion of the above-mentioned
matter conditions and embedding properties needs to be
deferred to the said sections, it is probably worthwhile to
briefly hint at their contents. First, all three matter conditions
are actually conditions on the so-called principal polynomial
of the corresponding field equations. Classically they
correspond, in turn, to the following: the existence of an
initial value formulation for the matter field equations; a
one-to-one relation between momenta and velocities of
massless particles; the requirement of an observer-indepen-
dent definition of positive particle energy. It is interesting to
note that if one insists on the matter field equations being
canonically quantizable, these three properties are directly
implied; see [4] for a concrete demonstration. Second, the
two embedding properties restrict the desired gravitational
dynamics as follows: geometric data are evolved between
any two nonintersecting initial data surfaces in a way that
does not depend on the choice of intermediate leaves; the
thus generated canonical data are embedded into the
spacetime in a consistent way; the resulting theory is
invariant under spacetime diffeomorphisms.

The conceptual and technical developments presented in
this article significantly extend and improve the results
obtained in [5] in several ways, and spread over the four
technical sections of this paper.

First, in Sec. II, we show how to derive the principal
polynomial of matter field equations even in the presence of
gauge symmetries, as is often required in physics. We then

list the three matter conditions imposed on the principal
polynomial, which need to hold in order for the matter
dynamics to effect a complete kinematical interpretation of
the geometry that underlies it. Finally, we show in that
section how a choice of de-densitization of a primarily
obtained principal polynomial density gives rise to a notion
of point mass and observer frames. The crucial relevance of
this first batch of results lies in the fact that all relevant
information in the matter action, as far as the construction
of gravitational dynamics for the underlying geometry is
concerned, trickles down to the next sections exclusively in
the form of the triple (M, G, P) consisting of the spacetime
manifold M, the tensorial geometry G employed in the
matter action, and the principal polynomial P of the matter
field equations that satisfies the three matter conditions.

Second, in Sec. 111, we remove a theoretically inexistent,
but practically almost prohibitive problem with the appli-
cation of the results of [5] to kinematical spacetime
geometries for which the separation of lapse and shift
from true dynamical degrees of freedom imposes nonlinear
algebraic conditions on the initial data surface geometry.
For exactly as in classical mechanics, where the condition
that a particle move on a nonlinear submanifold of
Euclidean space is most effectively dealt with by the
introduction of generalized coordinates, we also employ
generalized tensor field components (corresponding to
points in a suitable associated bundle over the spacetime
frame bundle), in order to directly deal only with the true
degrees of freedom of the theory. The relevant technology,
once set up, makes things quite simple.

Third, in Sec. IV, we now convert the entire constraint
algebra for the gravitational dynamics into a countable set
of linear homogeneous partial differential equations, for
whose solution powerful methods are available [6]. Unlike
the construction in [5], this reveals one single and immu-
table set of equations for the gravitational Lagrangian. Only
the coefficient functions appearing in these partial differ-
ential equations vary with the choice of matter dynamics
and can now be constructed swiftly according to simple
rules. Finally, we show in that section how to completely
bypass the Hamiltonian formalism employed in the pre-
vious two sections in favor of a Lagrangian spacetime
formulation. In particular, we provide a gravitational action
functional that depends on the spacetime geometry only,
rather than geometric phase space variables. Addition of
this spacetime action to the initially provided matter action
and subsequent variation with respect to the tensor field G
then yields the complete gravitational field equations
coupled to matter.

How truly simple it is to set up the gravitational closure
equations for a variety of matter models on different
tensorial geometries is then illustrated by three prototypical
examples in Sec. V. In particular, we set up the gravitational
closure equations for an instance of standard model matter
on a metric manifold, for two scalar fields on a bimetric
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background and for a refinement of Maxwell theory on a
background that does not exclude birefringence a priori.
We will, however, not solve the equations for any of these
examples here.

We conclude, in Sec. VI, by spelling out the impact of
our results for both fundamental and phenomenological
questions and by pointing out several results we were able
to obtain by building on the present article, including
explicit perturbative and symmetry-reduced solutions of the
gravitational closure equations for phenomenologically
interesting or theoretically instructive matter models.

II. SPACETIME KINEMATICS

This section concisely reviews the constructive steps that
need to be performed in order to determine the kinematical
interpretation of a tensorial spacetime structure, as it is
imprinted by given matter field dynamics on it. The key
step in order to extract the kinematical interpretation of a
geometry G from specified matter dynamics on it is the
calculation of the principal polynomial density P of all
matter field equations, and we present an explicit method
that works also if there is a gauge symmetry. The
subsequent imposition of three classical physicality con-
ditions, which, however, can also be understood as neces-
sary conditions for a canonical quantization of the matter
field theory, then restricts the geometry sufficiently to
identify massless momenta, observer worldlines, and an
observer-independent classification of momenta into such
of positive and negative energy. The kinematical structure
is then completed by a choice of de-densitization of the
principal polynomial density, which allows for a definition
of point particle mass and finally of observer frames. The
kinematical interpretation of the tensorial spacetime geom-
etry, obtained straight from the stipulated matter dynamics,
will flow directly into the gravitational closure equations
derived in Secs. III and IV.

A. Several fields for matter and geometry

In the interest of avoiding inessential notational clutter,
we will present all results of Secs. II, III, and IV assuming
that there is only one single tensor field A describing the
matter and only one single tensor field G encoding the
underlying geometry, as in the Introduction. But all results
of these sections straightforwardly generalize to the practi-
cally relevant case of having several, though finitely many,
tensorial matter fields Ay, ..., Ay and finitely many tensor
fields Gy, ..., Gy, for the underlying geometry, amounting
to a matter action

Smatter[Alv-“’AN;GI»'”aGN) (3)

given by a Lagrangian density local in each matter field and
ultralocal in each tensor that describes the geometry. All

results derived in this article directly generalize to this case
of several matter and geometry fields.

There is, however, one point we wish to draw attention
to, in order for the reader to more easily understand this
generalization without us actually explicitly performing it:
Even in the presence of several matter fields, there is only
one principal polynomial P associated with all matter field
equations, so that the all-important triple (M, G, P)
extracted from the matter action in the single-fields case
generalizes to

(M. {G\.....Gy}. P). (4)
in the case of multiple matter fields and geometric fields.
More precisely, also in the general case, there will be just one
single principal tensor P in terms of all Gy, ..., Gy, rather
than, as one might have erroneously surmised, one such
principal tensor for each geometric tensor field. One sees this
by formally rewriting the system of matter equations that
results for several fields A, ..., Ay as one equation for a
multiplet (A;,...,Ay) and then calculating the principal
polynomial for this overall equation, resulting in one
principal polynomial. This paper returns to the issue of
several fields, for both matter and the geometry, only for the
theoretical example in Sec. V. With these remarks in mind,
we return, without loss of generality, tothecase M = N = 1.

B. Massless dispersion relation
of test matter field dynamics

We assume that local dynamics for tensorial matter fields
A on a smooth four-dimensional spacetime manifold has
been prescribed—motivated by theoretical or phenomeno-
logical reasoning—in terms of the action (1), which also
employs underived tensor fields G of arbitrary valence such
as to produce a scalar density £ of weight one.

For the purposes of this section, it is simplest to assume
that the ensuing matter field equation

5Smatter _ 0’ (5)
SA(x)

being a tensor density equation of weight one, is linear in
the matter field. This assumption corresponds to the
requirement we impose for test matter, namely that any
solution A of the field equations can be scaled down to €A
by an arbitrarily small factor ¢ > 0, so that the source tensor
density

6Smatter

5G(x)’ (6)
which will appear on the matter side of the final gravita-
tional field equations, scales down to correspondingly
small values. In other words, also the backreaction to
the spacetime geometry G can be made arbitrarily small, as
it behooves test matter.
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So we obtain test matter field equations (possibly after
making implicit information explicit by way of bringing the
equations into involutive form [7])

QU5 (G(x))(D;, - -~ 9;,AB) (x)

+ terms of lower derivative order in A =0, (7)

where A, B =1, ..., R are indices labeling a basis of some
R-dimensional GL(4)-representation under which the com-
ponents of the matter tensor field transform. Note that
despite the appearance of only partial derivatives in the
highest order term, the left-hand side is a tensor density of
weight one by construction, with the relevant correction
terms being provided by the lower order terms. It follows
that '} (G(x)) is a tensor density of weight one, while
the lower order coefficients, not displayed here, generically
are not.

Any such test matter dynamics provide a dispersion
relation for modes of practically infinite frequency, which
are physically indistinguishable from massless modes.
More precisely, considering a formal Wentzel-Kramers-
Brillouin expansion

AB(x) = Re{exp(iS(x)/A)[a"(x) + O(A)]}.  (8)

one obtains, to lowest order A~ in the approximation, the
equation

05" (G)k, -+ kya® =0, (9)

where the wave covector k,(x) := —(9,5)(x) is the gradient
of the eikonal function S. Higher orders in the expansion
contain essential information for modes of finite frequency,
but Eq. (8) precisely captures the behavior in the infinite
frequency limit.

The key question in this limit is for the conditions on k
under which there are nonvanishing amplitudes a”. The
answer depends on the dimension of any gauge orbits the
theory may feature. Indeed, if there is an s-dimensional
gauge symmetry, which in terms of the lowest order
Wentzel-Kramers-Brillouin amplitude a** reads

at = A + kg)(aA

(@) (10)

for s linearly independent coefficient fields )((“1“‘)‘ . )(Els/)l,

then there is a corresponding s-dimensional linear subspace
of solutions of (9) that are pure gauge. Using the shorthand
O 45(x, k) for the components of the x- and k-dependent
R x R matrix Qi}léi*‘(G(x))k,-l ki,
having at least one nonvanishing solution a* for (9) that
is not purely gauge then amounts to the requirement that the
adjunct matrix of order s, defined by

the condition of

[A, A By +B] _ 8“'(det Q)
Qad_] (X, k) aQA]Bl L. aQ_A“BS (x’ k)’ (11)
must vanish. For then the equations of motion have at least
s + 1 linearly independent solutions. But since s of these
are pure gauge, this leaves at least one physical solution,
which is precisely the condition we wished to impose on
the k. Indeed, the admissible wave covectors are those that
satisfy

QLJ‘%I“'AJ][BI"‘Bs] (x’ k) =0 (12)
for all (f) independent components of the bilinear map
defined by Q,4 on the space of s-forms over the R-
dimensional representation space in which the gauge field
takes its values. Each of these independent components is a
homogeneous polynomial of degree (R — s)F in the wave
covector k. At this point, the dispersion relation appears to
be given by the condition that a wave covector k be a
common root of all these polynomials. Fortunately, how-
ever, all of these polynomials share a common factor
polynomial density P(k), since due to a straightforward
generalization of an elegant argument by Itin [8], one has

Ay A By By 1ot . A a A,
di] ][ ! ](_x’ k) —= € 1 se 1 AX(;I)I Z(o'x) Z}(ﬂ;f;l
X A0 Ky Ka -k, P(K)
(13)

for any s > 0. From the known degree of the homogeneous
polynomials that present the components of Q,, we

recognize the common factor polynomial density P to be
homogeneous of order FR — (F + 2)s. Most importantly,
we see that condition (12), for the existence of solutions
that are not gauge equivalent to a vanishing solution, is
satisfied if and only if

P(x, k) =0, (14)

which thus emerges as the polynomial dispersion relation
for any linear matter theory with gauge orbits of dimen-
sion s > 0.

Obviously, we can expand the homogeneous polynomial
density as

P(x, k) = P %t (x)k, -k (15)

Agegp
in terms of the components P% % (x) of a totally
symmetric contravariant tensor field density. Since the
principal polynomial is defined, in the first place, only
up to a spacetime function factor, we are free to choose an
everywhere nonvanishing scalar density p of opposite
weight in order to obtain the principal tensor field P with
component functions

084036-4



GRAVITATIONAL CLOSURE OF MATTER FIELD EQUATIONS

PHYS. REV. D 97, 084036 (2018)

par-sar (x) = p(x) Pt (x). (16)
The choice of p, however, will only affect what is meant by
a massive point particle (see Sec. I D) and is to be defined
in terms of the tensor field G. Since we will finally obtain
dynamics for the geometry G, also p will be determined. In
any case, p has no influence on any field theoretic
consideration or massless point particles.

Over the next two subsections, we explain the three
matter conditions one must impose in order to start the
gravitational closure procedure and show how the kin-
ematical interpretation of the triplet (M, G, P) arises
from these.

C. Matter conditions

The principal tensor field of matter field equations, on
which the developments in this paper build, is required to
satisfy two hyperbolicity conditions and one energy con-
dition. While these are simply three classical conditions on
the classical matter field equations of motion—more
precisely on their principal tensor P and thus indirectly
also on the underlying geometry G—they are found to be
indeed necessary in a canonical quantization of the classical
dynamics; see [4] for a concrete demonstration. In the
penultimate paragraph of Sec. II D, we will briefly return to
this issue and comment on how classical and quantum
considerations together seem to point at precisely the three
matter conditions below.

1. First matter condition: Predictivity

The first technical condition is the hyperbolicity of the
principal polynomial P(x) at every point x € M, which is
directly enforced by the physical assumption that there be
an initial value formulation of the classical field equations
[6]. The polynomial P(x) is called hyperbolic if there exists
a covector h € T,M such that P(x)(h) #0 and the
equation P(x)(qg + Ah) =0 has only real solutions A for
any further covector ¢ € T;M. But as soon as one such
covector A exists, there is always an open and convex cone

Cy

(a) (b)

FIG. 1.

C.(P,h) that contains all hyperbolic covectors that lie
together with 4 in one connected set [9]. But if indeed
there is any such nonempty hyperbolicity cone, and thus
the polynomial P(x) is hyperbolic, then there is always an
even number of distinct hyperbolicity cones; see Figs. 1(a)
and 1(b).
It is easy to see that if the polynomial P(x) is reducible,
meaning that it can be written as a finite product
P(x) = Py(x)Py(x) - Py (x) (17)
of lower degree polynomials, then P(x) is hyperbolic if and
only if each of the lower degree polynomials is hyperbolic,
and that the various hyperbolicity cones of P(x) are
obtained by the intersections
C(P.h) = C(Py,h)n...Nn C(Py, h) (18)
of the various hyperbolicity cones of the lower degree
polynomials; compare Figs. 1(b) and 1(c) for examples.
Clearly, C(P,h) = @ unless h is a hyperbolic covector of
every factor polynomial. There is obviously no loss of
information incurred by removing repeated polynomial
factors if such happen to occur, but doing so is indeed
technically important [10] for the formulation of our second
condition on the polynomials P(x). In the following, we
will therefore assume that repeated factors have been
removed from P.

2. Second matter condition: Momentum-velocity duality

The second technical condition is the hyperbolicity of the
dual polynomial

P¥(x): T\M - R,

PH(x) s= PH(x)PA(x) - Ph(x), (19)

where the P{(x), ..., P (x) are polynomial maps 7,M — R
of minimal degree such that for all £ in the set

Hyperbolicity cones of various polynomials. (a) The two hyperbolicity cones of a hyperbolic second degree principal

polynomial, (b) hyperbolicity cones of a hyperbolic reducible fourth degree principal polynomial, and (c) a non-hyperbolic fourth
degree principal polynomial, obviously featuring no hyperbolicity cones.
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N?mooth(x) = {ke T§M|P,(x, k) =0 and aazl (x7k) 750}’

(20)

precisely the gradients OP;/0k € T .M [shown in Fig. 2(a)
as gradients to the null surfaces in cotangent space and in
Fig. 2(b) as elements of the tangent space] are the roots
of P¥,

P.
pt <x,%(x, k)) =0 forall k€ Ns™oh(x). (21)

While the polynomial P#(x) is thus only determined up to a
real factor function, its roots, and thus its hyperbolicity, are
unaffected by this ambiguity and thus well-defined. It is
shown in [10] that the existence of a dual P¥(x) hinges on
the hyperbolicity of P(x), which is, however, guaranteed by
the first matter condition above.

Technically, the now additionally required hyperbolicity
of P*(x) can thus be understood as a sufficient condition for
P(x) to be recoverable from P* as the double dual, such that
at each x € M we have the proportionality

P(x) ~ P*(x). (22)
The physical meaning of the dual polynomial becomes
apparent by noting that the characteristic curves x: R — M

of the initial matter field equations are, by definition,
stationary with respect to the Hamiltonian action

Smasstess X k. p] = / dAlka ()i (2) = p(A)P(x(2), k(2))].
(23)

which has been shown [10] to be equivalent to the
Lagrangian action

(@) (b)

FIG. 2. Gauss map sending P-null covectors to P#-null vectors.
(a) Null surface of a hyperbolic reducible principal polynomial P
in cotangent space; with typical gradient (co-co-)vectors, and
(b) null surface of the dual polynomial P# in tangent space;
containing, by definition, the gradient vectors to the P-null surface.

Smassessl. ] = / Q)P (x(2). 5(D)  (24)

for any hyperbolic P. Hyperbolicity of both P(x) and P*(x)
thus ensures the free passage back and forth between the
Hamiltonian to the Lagrangian formulation in case of
characteristic curves, which physically correspond to the
trajectories of massless particles. In other words, the said
bihyperbolicity ensures that, up to scale, there is a
momentum associated with each massless particle velocity,
and vice versa.

3. Third matter condition: Energy distinction

Having established the physical reasoning behind the
condition of hyperbolicity for both the cotangent-space
polynomials P(x) and the tangent-space polynomials
P*(x), we are now prepared to turn to the physical meaning
one must attach to the respective hyperbolicity cones. To
this end, we recall the insight quoted above, namely that the
momenta k of massless particles satisfy the dispersion
relation

P(x.k) = 0. (25)

In order to divide the set of all such massless momenta k, in
an observer-independent way, into momenta of either
positive or negative energy, we now wish to find the largest
possible set of local observers that can still agree on such a
division. More precisely, we wish to find the largest
possible open set O, in each tangent space 7 .M of the
spacetime manifold that contains all tangent vectors U to
observer worldlines such that for any particular nonvanish-
ing massless momentum &k,

ke Of or

either ke -0, (26)

where the closed dual cone
Of={qeTMUk)>0 foralUeO,} (27)

[see Fig. 3(a) for an illustration] implements the said
observer-dependent positive energy condition when inter-
sected with the set of all nonvanishing massless momenta.
Formally, we require that the cone N, of massless momenta
at every spacetime point x decomposes into disjoint pieces

N \{0} = NYUNZ, (28)

where N¥ := N, n (£0O7). So what is the largest cone O,
one can choose?

If the above conditions can be satisfied at all, it turns
out that any one of the hyperbolicity cones of P¥(x) [see
Fig. 3(b)] provides the required largest set one can choose
in order to satisfy the energy condition (28). This only
leaves us with a choice between the finitely many
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o,

(@ (b)

FIG. 3. Positive energy cone O as the dual of the observer
cone O,. (a) Cone covering all momenta of positive energy as
unanimously judged by all observers, and (b) cone containing all
tangent vectors to observer worldlines through one point.

hyperbolicity cones of P*(x) at each point x of the
spacetime manifold. A smooth choice throughout the
manifold is clearly provided by the choice of a smooth
vector field 7 that is everywhere hyperbolic with respect to
P*, such that we obtain a smooth distribution of

future-directed observer cones O, = C,(P*,T). (29)

Note that all three matter conditions above only employ
the roots of the principal polynomial P and its dual P* at
each spacetime point. Indeed, even the observer cones O,
are defined entirely in terms of the roots of the dual
polynomial, although all tangent vectors they contain are
nonroots. In the following subsection, we will now com-
plete the kinematics by, first, defining the kinematics of
massive particles within the above framework and, second,
by employing a thus emerging Legendre map in order to
define local observer frames.

D. Massive dispersion relation
and local observer frames

To the smooth choice of observer cones O, on each
tangent space, for a principal polynomial that satisfies all
three matter conditions imposed in the previous subsection,
corresponds a smooth choice of a hyperbolicity cone in
cotangent space, the so-called cone C, of positive energy
massive momenta [10] that satisfies

C,C Of. (30)

It is a general result [9] that hyperbolicity cones are open
convex cones, whose boundary is null with respect to the
defining polynomial while the interior has a constant sign.
Since so far we have only employed the roots of the
principal polynomial, we can freely scale it by a sign such
as to conventionally achieve

P(x,C,) >0 forall x e M. (31)

While the hyperbolicity condition on P generalizes the
Lorentzian signature condition for an inverse metric, and

the hyperbolicity condition on the dual P¥ that of a metric
itself, it is the above sign convention that generalizes the
mainly minus signature convention of Lorentzian geom-
etry. With this choice made, we now define the mass m > 0
of a momentum ¢ € C, by

P(x, q) = m*e; (32)

see Fig. 4 for the genesis of quadric and quartic mass shells.
Note that this definition of point particle rest mass is the
first definition that depends on the choice of the scalar
density p in (16), which converts the tensor field density P
into a tensor field P.

As in the massless case, this dispersion relation is easily
implemented as a constraint in the Hamiltonian action [10]

Smassive [x’ q, ,0]
- / d2]ga (i) — p() In P(x(2). m~'q(2))],  (33)

from which the momentum ¢ can be eliminated—by way of
an injective Legendre map

1 OlnpP
"~ degP Og

ty: C, = T.M, 2.:(q) (x.q) (34)

at each point x of the spacetime manifold M, for which
the inverse #;': 7,(C,) — C, is guaranteed to exist due
to the three matter conditions imposed in the previous
subsection—such that the Lagrangian action for the tra-
jectory x of a positive energy particle of mass m emerges
[10] as

Smassivelt] = / dm /P D)D) (35)

in terms of the decidedly nonpolynomial map

(@ (b)

FIG. 4. Examples of positive energy mass shells. (a) Quadric
mass shell of a second degree principal polynomial P, satisfying
the three matter conditions, and (b) quartic mass shell of a fourth
degree principal polynomial P, satisfying the three matter
conditions.
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P*(x): £,(Cy) >R, P*(x,v):=P(x, ¢ '(v))"". (36)
Note that the massive point particle action (35) is invariant
under strictly monotonously increasing reparametrizations
of the trajectory. This observation also affords us the final
piece of information required for the construction of local
observer frames, namely the observation that parametriza-
tions with

P*(x(2).3(2)) = 1 (37)

are distinguished because they correspond to massive
particle momenta

q(4) = mx(2) (38)

proportional to the particle velocity, with the proportion-
ality given by the particle rest mass. Employing such
parameters as the definition of proper time, we define an
observer worldline x by the requirements

X(4) € Oy and  P*(x(4),%(4)) = 1, (39)
and identify the purely spatial directions S(1) C T ;)M
seen by an observer at x(4) by

x)(X(4))(8(4)) = 0. (40)

Note that the above constructions show that the three
physicality conditions of Sec. IIC are sufficient for the
formulation of observer frames that are compatible with the
causality of the original matter field equations. Together
with their being necessary for the canonical quantizability
of the same matter field dynamics, this provides one
possible circumscription of their physical motivation.

In our below derivation of the gravitational closure
equations—which take a test matter action satisfying the
three matter conditions as input and yields the underlying
gravitational dynamics as output—the key information
contained in the matter dynamics trickles down to the
gravitational side exclusively through the Legendre maps
?., whence (34) presents the most important result of this
review section from a practical point of view.

III. CANONICAL GEOMETRY

In this section, we employ the kinematics implied by
given matter field dynamics in order to foliate the spacetime
manifold into initial data surfaces. Calculating the com-
mutation relations between normal and tangential defor-
mation operators acting on functionals of initial data
hypersurface embedding maps, we obtain the hypersurface
deformation algebra for any spacetime structure (M, G, P)
that satisfies the matter conditions in II C. We then devise
an associated bundle with the frame bundle of the manifold
that serves to parametrize a canonical geometry that mimics

all possible projections of the spacetime geometry to the
leaves of the foliation. In contrast to previous work, where
possibly nonlinear constraints on the canonical geometry
had been left as almost intractable subsidiary conditions in
the solution of the gravitational closure equations, our
associated bundle technique now allows us to capture these
constraints automatically. This is the conceptual and
technical basis for the construction of the canonical phase
space for the geometry, at the beginning of the next chapter
and throughout the remainder of this paper.

A. Spacetime foliation and induced geometry

Foliating the spacetime into leaves of initial data hyper-
surfaces and inducing a canonical geometry, a standard
technique in general relativity, straightforwardly extends to
manifolds (M, G, P) whose structure arises from canoni-
cally quantizable matter field actions. In order to fix the
notation and to devise a way to project spacetime geom-
etries G of arbitrary valence to initial data surfaces, we
quickly collect the relevant constructions.

Let X,: £ < M be a one-real-parameter family of maps
embedding a three-dimensional manifold X such that M is
foliated into hypersurfaces X,(X) with everywhere hyper-
bolic conormal €°(¢, 6) for ¢ € . Employing coordinates
y* on X, we define the one-parameter families of spacetime
vectors

0(1.0) 1= £y, ((1.0)) and e, (1.0) = X,.((8/0y"),)
(41)

for t € R and ¢ € Z; see Fig. 5. With the normalization
condition P(X,(c),€%(t,0)) = 1, these provide the so-
called orthogonal projection frame field along each
embedded hypersurface X,(X). The frames ey(z,0), ...,
es(t, ), together with their unique dual frames €°(¢, 6), ...,
€3(t, ), allow one to project spacetime tensors of arbitrary
valence to the manifold X.

In the context of this article, we will perform such

projections for the spacetime tangent vector field Xt

FIG. 5. Embedding of the immutable three-dimensional
manifold X by a family of embedding maps X, into a smooth
spacetime manifold M of appropriate topology, yielding the
leaves of a foliation of that spacetime into initial data hyper-
surfaces X,(X).
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constructed from the family of embedding maps, the
spacetime tensor field G, and the principal tensor P. We
will discuss these, in turn, below. The manifold X thus
becomes a kind of three-dimensional cinema screen on
which the evolution of the four-dimensional spacetime
geometry is shown as a movie in the foliation parameter 7.
Note that the entire construction is conceptually standard,
but that the Legendre maps ¢, generically are nonlinear for
the spacetime geometries (M, G, P) we consider.

Now more precisely, consider first the vector field X P
which is the tangent vector field to the congruence of
spacetime curves that correspond to points that do not move
on the manifold X as the foliation parameter increases. Its
projection to X (see Fig. 5) gives rise to two one-parameter
families of fields, namely the induced lapse and shift fields

n(r) =€ (0)(X,) and n*(r) = (1)(X,). (42)

Second, we perform the projection of the spacetime
geometry G to several one-parameter families of tensors on
%, which is an important intermediate step toward setting
up the gravitational closure equations for any (M, G, P).
Their components are practically obtained [11] by inserting
either the frame field e( (7, o) or e,(7, 6) into a slot of G that
requires a vector, and correspondingly either €°(¢,6) or
€“(t,0) into a slot that requires a covector. For instance,
considering a spacetime geometry given by a (1,2)-tensor
field G, one obtains eight tensors of various valences on the
manifold X, one of which is the (0,1)-tensor field

%0 (1. 0) = Gx(10)(€°(1. 0). €o(t.0). eq(t.0)).  (43)

which generically differs from the correspondingly defined
" 0(t, 6), which is why we do not suppress the O-indices in
the notation. It is economical to define one single hyper-
index that collects all index combinations for all resulting
tensors on X, in some chosen order, such as

A= (0 %050 %100 “pus %000 “opos g0 Cpipy)  (44)

for our example. Note that we abstain from employing
potential algebraic symmetries of the spacetime geometry
G, such as G, = G|}, which of course could be used to

remove redundant information from the list g*. These are
most efficiently dealt with later, when identifying the
canonical degrees of freedom of the geometry on the
manifold X.

Third, we project the principal tensor field P from
spacetime M to the manifold X, resulting in the degP+1
tensor fields

P (1.0
::PX<,’5)(€0’1(I,U),...,ea"(t,o‘),€0(t,6),...,60(1,0')> (45)

fori =0, ...,degP, where the total symmetry of P enables
the simpler index notation chosen here for the various
induced tensor fields p. Due to the definition of the dual
projection frame €, ..., €3, however, the first two fields of
this set are trivial,

p(t,6) =1 and p%(t,0) =0. (46)
Finally, note that for any fixed value of the foliation
parameter ¢, all fields p(¢) and g(¢) present not only tensor
fields on X but, at the same time, are functionals of the
embedding map X,. This will become technically relevant
in the following subsection.

B. General hypersurface deformation algebra

The kinematical information, encoded in the triple
(M, G, P) in general and the therefrom derived Legendre
maps ¢, in particular takes its most useful form in the so-
called deformation algebra of hypersurfaces.

In order to obtain the latter, consider the functional
differential operators

H,(n) :=/>:d3zn(z)e3(t,z) 5X?(Z) and
D, (i) = A dPzn(z)ed(t, Z)—(SX?(z)’ (47)

for arbitrary test functions n and 7 on the manifold X, which
act on functionals of the embedding maps X,: L& M
introduced in the previous subsection. Their geometric
meaning, namely as normal and tangential deformation
operators, is revealed by letting n := n and 7 := n for the
lapse and shift fields n and n induced by the foliation; see
[12]. The only kinematical information entering here is the
Legendre maps 7, namely implicitly through definition
(41) of the normal vector field e, along the hypersurface
X,(Z). It is useful to note that the operators H,(n) and
D, (7) are vector fields on the infinite-dimensional manifold
of embeddings Emb(X, M), for which one can therefore
calculate the Lie brackets between vector fields,

[H,(n),H,(m)] = =D, ((deg P — 1)p{” (mdyn — ndym)d,).

(48)
[D;(72), H,(m)] = —H,(Lzm), (49)
[D;(72), D, (m)] = =D,(Lin). (50)

Note that the right-hand side of (48) depends on the
component functions p* of the induced principal poly-
nomial (but not any p;'"* with n # 2) and thus on the
initially specified matter field dynamics and their geometric
background; this is indeed the only, but all-important, trace
left in the algebra by the Legendre maps.
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The failure of these Lie brackets to close with only
structure constants, rather than structure functions, has a
number of complicating implications. Chief among those is
that one cannot simply represent the above relations—at
least not without a number of additional requirements such
as those we will make in Sec. IV B—as a Lie algebra of
functionals of some geometric phase space variables.

C. Canonical geometry

We now revert the perspective taken in the two preceding
subsections, where the spacetime geometry was considered
as primarily given and the induced geometry on the leaves
of some foliation as a derived, thus secondary, quantity.
Indeed, the canonical point of view taken here now
considers the geometry on the leaves as primary and the
spacetime geometry as only reconstructed from there by
virtue of the foliation. This change of perspective comes at
the price that four generically nonlinear conditions, which
the induced geometry satisfied by construction, must now
be reinstated explicitly for the canonical geometry.

More precisely, the transition from the induced geometry
to the canonical one proceeds as follows. If the geometry
g*(t) is induced from a spacetime geometry G by virtue of
afoliation X,: X & M, together with an induced lapse n(¢)
and induced shift n*(¢), then we introduce

n(1) (51)

as new, independent one-parameter families of tensor fields
on X, which capture precisely the tensor structure of the
fields g (), the lapse n(z), and the shift n%(¢). Note that
the construction of the induced tensor fields g-(¢) auto-
matically equips them with properties that are not captured
by their mere tensor valence, while their valence is indeed
the only information left after the transition to g(¢). How
to reinstate the missing information will be remedied in the
next subsection. This will lead directly to the associated
bundle techniques mentioned above. We also need to
translate any quantities that were previously defined in
terms of the induced geometry g# into corresponding
quantities of the ¢*. The most relevant such transition
for the purposes of this paper is the one from the p* % (¢)
to the new one-parameter families of fields p®%(t) for
i =0,...,degP, which are defined as precisely the same
functions of g*(¢) as the p®~%(t) were of the g(z).

The most relevant property of the induced geometry g+,
which is not automatically captured by the canonical
geometry g*, is the frame conditions (46). While these
are satisfied for the induced fields p and p* by construction,
this information is lost when the functionals g are replaced
by the fields g that merely mimic their tensorial structure.
Thus the normalization and annihilation conditions must be
explicitly reinstated as

p(9)) =1 and p*(g)(r) = 0. (52)

These conditions impose four—generically nonlinear—
conditions on the canonical geometry g* and thus effec-
tively remove four of their degrees of freedom. These
nonlinear relations are captured, beginning with the next
subsection, by a suitable parametrization of the g*.

Similarly, any algebraic symmetry of the spacetime
geometry G is automatically passed on to the induced
tensor fields g, but must again be explicitly reinstated for
the canonical geometry gA by additional, now, however,
linear and homogeneous, conditions

(65 —"5)g° =0 (53)

for suitable projectors Il. These additional symmetry
conditions can be implemented without extra effort along-
side the generically nonlinear frame conditions by the
method developed in the following subsection. The pos-
sibility of such a combined treatment was the conceptual
reason for withholding the implementation of symmetry
conditions before. An independent technical reason for not
reflecting algebraic symmetries already at the level of the g
was to be able to calculate partial derivatives of functions
depending on the g, which requires one to be able to vary
each individual entry while keeping all others fixed.

D. Parametrization of the canonical geometry

The configuration variables of the gravitational dynam-
ics, which we are about to construct, parametrize, without
further constraints, canonical geometries g** that respect the
frame and symmetry conditions identified in the previous
subsection. But because of their generic overall nonlinear-
ity, these conditions cannot be implemented by simply
cutting away some tensor field components among the g**
while keeping others. In fact, the situation is pretty much
the same as for a particle in Euclidean space that is
conditioned to move on an embedded submanifold, such
as a circle. One cannot simply cut away one of the Cartesian
coordinates, as one could if the particle was constrained to a
linear subspace instead. The conceptually and technically
best solution in classical mechanics is to introduce gener-
alized coordinates. The same idea applies here. We require
exactly as many field configuration variables @', ..., " as
are needed to bijectively parametrize the tensor fields g~
such that the frame conditions (52) and symmetry con-
ditions (53) are met by construction. Technically, this is
achieved by choosing a suitable F-dimensional manifold ®
and smooth maps §*: ® — R such that any canonical
geometry g* generated by §(¢',...,p") satisfies the
conditions
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(65 —5)3P(p(1)) =0 and  p(§(e(t.0))) =1 and
p*(9(e(t,0))) =0 (54)

for any o € ¥ and any real ¢ in the range of the foliation
parameter. If one single map §* does not suffice to cover the
required range, the usual chart transition constructions can
be invoked. The number F of configuration variables is the
total number of all g4 minus the normalization condition
minus the three annihilation conditions and minus the
dimension of the eigenspace Eig,(IT) of the projector IL
For instance, when the triple (M, Gpegics Grbpic) 15
induced by a Lorentzian metric G, there are F =
16 —3 — 1 —6 = 6 configuration field variables, which,
due to all constraints being linear in this case, can coinci-
dentally be written as a not further constrained metric tensor
on the three-dimensional manifold X.

Conversely, we require the existence of inverse maps ¢*
that send any collection g (even if the frame and symmetry
conditions are not met) to a real number, but which are
constructed such that

(@03)(¢) = ¢* forA=1,...,F. (55)

The opposite composition (f]“4 o ) projects any set of g%,
even if the latter does not yet satisfy the frame and
symmetry conditions, to a set that does. Ubiquitous
appearance throughout the theory is then made by the maps

g%@@» wd 5T (0), (56)

as they emerge as intertwiners between the components of
the canonical geometry, labeled by .4, and the components
of the configuration variables, labeled by A. The above
defining conditions for the maps g and @ immediately
imply the important and heavily used completeness
relations

ot h

60 5 (0) = 5 and

A ~A

(% ) Z%B (8(0)) = TA5(g). (57)

where T ;3(¢) is defined by the left-hand side and is easily
seen to be a projector.

IV. CANONICAL GRAVITATIONAL DYNAMICS

Employing the technology developed in the previous
section, we now significantly improve and extend the results
of [5]. The crucial technical advance is the identification of
the geometric phase space with the nontensorial configu-
ration variables and canonically conjugate momentum
densities, whose transformation behavior already captures
the nonlinear constraints on the canonical geometry that was

left to be implemented only afterwards in previous treat-
ments. The complete determination of the gravitational
Hamiltonian, which is required to satisfy the two properties
imposed in Sec. IV B, then finally leads to the gravitational
closure equations for any matter field dynamics that satisfy
the matter conditions from Sec. II C. This is a countably
infinite set of partial differential equations that needs to be
solved in order to obtain the gravitational Hamiltonian or,
equivalently, Lagrangian density.

A. Canonical phase space

Having identified the unconstrained geometric configu-
ration variables ¢” for a spacetime geometry (M, G, P) in
the previous section, we are now in the position to set up the
canonical phase space on which canonical dynamics can be
formulated for precisely the geometric degrees of freedom
@". To this end, we adjoin canonically conjugate momen-
tum fields z, with respect to the field-theoretic Poisson
bracket

SF G G OF
{F’G}:=Ld3z<5fp"(z)5m(1)_5¢A(Z)5”A(Z)>’ .

which is to be evaluated on any two scalar functionals
Flg, n] and G|, n] of the canonical configuration variables
¢" and the associated canonical momenta 4. We remark in
passing that, as usual, there is an ambiguity in the choice of
the canonical momenta for some given set of configuration
variables ¢”. For if 7, presents a possible choice, then so
does 4 + Aylg] for any closed covector field Ay5¢* on
configuration space that satisfies the closure condition
iy oy -
P” op
From the obvious requirement that the bracket (58) be
well-defined under changes of the coordinate chart on the
manifold X, we can derive the precise mathematical nature
of the momenta. Technically, the key observation is that
the F configuration variables ¢* are a section of an
F-dimensional ®-fiber bundle over X, which is an asso-
ciated bundle with respect to the frame bundle LX by
virtue of the (generically nonlinear) group action
p: GL(3) x ® — ® that is enforced by the way the ¢*
transform under coordinate transformations, namely

P (G0) =t (R4 ()25 o)) (o0)

where R“5(%) denotes the standard tensorial action of the
GL(3)-transformation 0Z/0z on the various tensors on X
which we collectively labeled by 5. Note that the above
transformation behavior of configuration variables is not a
postulate, but directly follows from our choice of para-
metrization map ¢ and its inverse g, on which the group
action then naturally depends. But with the transformation
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behavior of the configuration variables thus under control,
we can now straightforwardly read off the GL(3) group
action that defines a further associated I1-fiber bundle over
the manifold X, of which the canonical momenta 7, shall
constitute a section. In order for the Poisson bracket above
to be well-defined, we then need to impose the group action
p i GL(3) xI1 - 11,

0z 9z\ 0p* 07\ 95° _
i) = (052 gr =5 g 0
Indeed, it is easy to see that then the Poisson bracket is
well-defined, because the functional derivative 5F/5¢” (z)
has density weight one (since ¢* has density weight zero),
while the fact that z, already has density weight one
cancels the density weight from the functional differ-
entiation in G /7 4(z), rendering the latter of weight zero.
Thus the integrand of the Poisson bracket can be shown to

be a scalar density of weight one and thus the integral to be
well-defined.

B. Embedding properties
and gravitational Hamiltonian

In this section, we introduce two functionals on the just
constructed phase space, whose action on the configuration
variables mimics the action of the normal and tangential
deformation operators of Sec. IIIB on the geometry
projected to the leaves of a given spacetime foliation,
and then formulate two embedding properties concerning
the spacetime interpretation of these canonical objects.

1. First embedding property: Local phase space avatars
of deformation operators

We require that there are phase space functionals
) = [ Mo a(2)] and
)

D7) = / & 2n(2)Dylp(2). 7(2)] (62)

in terms of local functionals H and D of the geometric
phase space variables, which evolve the canonical data
between leaves of a given spacetime foliation X, such that
the result agrees with what the application of the normal
and tangential deformation operators H,(n) and D,(7i)
yield when they are applied to the projected geometry,

H,(n)g! = —{H(n),g"}, and
D, (i1)gi' = —{D(ii). g}, (63)

where the equal signs are to be understood in the sense that
the right-hand side is the same function of the canonical
geometry ¢! as the left-hand side is of the induced geometry
g*. Now in order to ensure the consistency of the spacetime

interpretation of the action of H(n) and D(#), as it is
expressed in terms of the two requirements (63), we
additionally stipulate the Poisson algebra

{H(n), H(m)} = D((deg P — 1) p™ (mdsn — ndym)d,),

(64)
{D(n), H(m)} = H(Lim), (65)
{D(), D(m)} = D(Lim), (66)

which ensures that there is no inconsistency with the vector
field algebra (48)—(50) of deformation operators H(n) and
D(7). The five Egs. (63) and (64)—(66) will play a crucial
role in all that follows from now on, starting from the below
determination of the general form of the Hamiltonian of a
spacetime diffeomorphism invariant theory up to the
calculation of the gravitational closure equations as the
central result of this article.

2. Second embedding property: Spacetime
diffeomorphism invariance and path independence

Spacetime diffeomorphism invariance of the canonical
dynamics certainly requires that the evolution of initial data
between any two fixed Cauchy surfaces be independent of
the choice of intermediate foliation. Such path independ-
ence of the dynamics implies (see Sec. 5 of [13] for the
general line of argument that applies mutatis mutandis in
our general setting) that the pertinent Hamiltonian must be
of the totally constrained form

Hp, mn, i) = H(n) + D(ii), (67)

which is why the functionals (62) are commonly referred to
as the superhamiltonian and supermomentum constraints.
The closure of the constraint algebra (64)—(66) ensures that
the Hamiltonian density (67) does not give rise to further
constraints and thus does not pick up additional terms.
We briefly remark on a well-known subtlety with regards
to the intimate relationship between path independence and
spacetime diffeomorphism invariance of canonical dynam-
ics. Indeed, while the required path independence of the
canonical dynamics geometrically implements the idea that
the dynamics be invariant under spacetime diffeomor-
phisms, at first sight it may be somewhat disturbing to
learn that not even infinitesimal spacetime diffeomor-
phisms can be represented on our geometric phase space
constituted by the ¢* and z,. This can be remedied,
however, by first extending the phase space such as to
additionally include the four component fields X“ of the
foliation map and associated canonically conjugate
momenta I1, and then dressing up the Hamiltonian (67)
such as to include these new variables. Exactly along the
same lines demonstrated in [14] for parametrized dynamics
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and in [15] for the case of a metric geometric phase space,
one then constructs an action of the diffeomorphism
algebra on the extended phase space. Since these steps
do not change the physical contents of the theory, the issue
of understanding the diffeomorphism invariance of the
gravitational theories obtained by gravitational closure is
resolved in the same fashion as in standard general
relativity.

C. Functional differential reformulation
of the constraint algebra

The conditions (63) and the constraint algebra (64)—(66)
provide functional differential conditions on H(n) and
D(#n) that turn out to be so strong as to determine the
gravitational superhamiltonian and supermomentum under
the matter conditions listed in IIC and the embedding
properties of the Hamiltonian stipulated in IV B. The
resulting Hamiltonian (67) then generates the evolution
of phase space curves (¢” (1), m4()) with respect to what,
from a spacetime point of view, is the foliation parameter ¢.
The thus generated “geometry movie” on the manifold X
can then be embedded, frame by frame, into the spacetime
manifold by virtue of the one-parameter family X,: £ < M
by letting n := n and 7 := n, which results in the immutable
spacetime geometry G. This is the mechanism underlying
the dynamical closure of prescribed canonically quantiz-
able matter dynamics. In this subsection, we solve the
autonomous third constraint equation (66) for the super-
momentum D(7) and are thus able to reformulate the first
two constraint equations (64) and (65) as linear functional
differential equations for a suitable Lagrangian functional.

Carefully taking into account the parametrization §* of
the canonical geometry g in terms of the configuration
variables ¢*, one finds that the second condition of (63)
together with the constraint algebra equation (66) already
completely determines the constraint functional to be

D(n) = /E A2y (2) - (9(0(2))(Lid(9) A (2).  (68)

with the only, but significant, improvement compared to
(4.16) of [5] being the appearance of the intertwiner map
0" /0g* and the parametrization map §*.

The first condition of (63), in contrast, is much weaker,
for it does not determine in any way the superhamiltonian's
ultralocal dependence on the momentum fields 7. But it
crucially allows one to determine the dependence on
derivatives of the momentum fields. Indeed, as is shown
in [12], it enforces

H(n) = / 21(2) Pioealer: ) (2) — 8, (M4 ()74 ().
(69)

for a still entirely unknown functional Hjy.q[@, 7) that is
local in the configuration variables and ultralocal in the
momenta. The dependence on derivatives of the momenta
in Eq. (69) is controlled by the coefficient

~A A
= O (0)eh(1.0) 5o (10). (70)

MAy((p) = agA

whose last factor is easily calculated in practice from the
definition of the g using the identities

8 m
aaj())(a = —(degP — 1)e”e%p? and
dey
= 5", 71
aayxa a“p ( )

for the tangent frame fields, and

a 0
3 aj?(a = —e%), and
Oem v 0.0
— = — HY
90.X4 el(;em + (degP l)emeap (72)

for the cotangent fields.

Thus the gravitational Hamiltonian (67) is determined so
far only up to the functional H,,., [@; 7). The determination
of this remaining piece of the superhamiltonian requires
significant work and will finally lead to the gravitational
closure equations in the next subsection.

We prepare the derivation of these closure equations by
following again [5] closely in applying a trick due to
Kuchar [16], which converts both the first two constraint
equations into linear equations. To this end, we define the
generalized velocity fields

_ aHlocal

;) = [p: 7) (73)

87TA

and subsequently perform a formal Legendre transforma-
tion on the 7, rewriting

Hiocalp: 7) = mak! 2 7) = Llg: klgzz))  (74)

and thus trading the unknown density Hi,cql@, ) for
another unknown density £[g, k). The benefit of this trade,
however, is that the quadratic condition (64) on H is
converted into a merely linear homogeneous functional
differential equation for the functional £. Indeed, using the
same idea as in [5], but now employing the parametrization
& of the canonical geometry in terms of the configuration
variables ¢, one picks up crucial additional terms and
finally obtains the functional differential form of (64). More
precisely, using the
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20

shorthand notation Q. 1= ————— (75)

00y, ™

to denote partial derivatives with respect to partial derivatives of configuration variables over X, where Q is any
differentiable function of the configuration variables and their partial derivatives on X, this functional differential equation

equivalent to the bracket (64) reads

0= —kB(y) <5£(X)> () + (875x)(y)k3(y)MA7:B(x>a—£ (x) + 8ﬂ (5'6( x) MBﬂ> (y)

5" (-)

ok* 59” (")

o (glj)(x)[(degl’— DpPHER, Y — MMM 5] (x)(0,6,) ()

oL
— ot ((deg P = D)p™(EY, + FA) )+ 0, (MPVMAM. )] () (9,8) (v) = (x < ¥) (76)
with the new coefficients E4, and F A " defined by
8$A 70(@)A=n"EA, — 0,n"FA,T. (77)

39"‘

Similarly, one rewrites the second constraint algebra relation (65) as an additional linear homogeneous functional

differential equation for the density £, namely

0= (55 O ONE?ca0)3,5) +

B v By
ﬂ1A+Fﬂ

) ()(8,6,)(x)]

=00 (0 gy ) OV 4018, 0) = (K 55 = £) 000,800 + 0, (K 55 - £) 016, 0
B+ P )00 74090, (220 ) ). 79

The coefficients E4,, FA,*, M®, and p* are completely
determined by the triple (M, G, P) and need to be provided
as input when solving the functional differential equa-
tions (76) and (78), or the indeed equivalent closure
equations derived in the next subsection, for the only
remaining unknown functional £. We will therefore refer to
these four types of coefficients as the input coefficients
from now on. They are always directly calculated from the
initially specified matter dynamics and their background
geometry G.

D. Gravitational closure equations

The gravitational closure equations for any given field
theory satisfying the matter conditions of IIC are the
countably infinite set of partial differential equations that
follow for the sequence of coefficient functionals

Clol, Culel, Canlol, - (79)

which depend at most locally on the configuration variables
q)A, upon insertion of the functional

Llp:K) = ZCAI A l@lkAT - kA (80)

into the functional differential equations (76) and (78). This
reformulation of the two functional differential equations
comes at the price of now having to solve countably many
equations which, however, makes the problem directly
accessible to the full machinery [6] that is nowadays
available for the study of systems of linear partial differ-
ential equations.

The derivation of these linear homogeneous equations,
which present the desired gravitational closure equations, is
a painstaking exercise. Despite two crucial modifications, it
proceeds technically in full analogy to the steps performed
in [5]. The first modification is presented by our now
employing a parametrization §** of the canonical geometry

g* in terms of the unconstrained configuration variables

@, such that the generically nonlinear polynomial frame
conditions and any additional symmetry conditions for the
tensor fields g* are captured automatically. The second
modification is that we now convert also the second

functional differential equation for £, Eq. (78), into a set
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of partial differential equations, since the (anyhow some-
what awkward) workaround taken before is no longer
available for the generalized tensor components we now
use as configuration degrees of freedom [17]. Since it is
ultimately straightforward to adapt the calculations of [5] to
the new technical developments of this paper, we content
ourselves with displaying the resulting set of linear homo-
geneous partial differential equations in terms of the

seven individual equations (C1)to (C7) and

14 sequences of equations (C8y)to (C21y) for N >2

displayed in the Appendix. Those are the gravitational
closure equations. Set up by provision of the matter-
determined input coefficients E*,, FAY, M*, and p*,
their solution yields the sequence of output coefficients
{C4,. 4,19]} v and thus the dynamics for the spacetime
geometry.

The explicit form of these gravitational closure equations
has already been simplified in so far as their derivation
yields that, for N > 2, all output coefficients are functions

CA,A2-~»AN((Pv O, 00¢), (81)

which only depend on at most second partial derivatives of
the configuration variables @ with respect to the base
manifold Z. A weaker result applies to the first two output
coefficients

Clp] and Cylg], (82)

namely that if C, depends on partial derivatives of the ¢ up
to the Dth order, then C depends on partial derivatives up to
order max{2,D + 1}. A stronger result holds if the input
coefficient MA# vanishes identically, for then C depends on
the configuration variables ¢ to at most second derivative
order. Thus one of the first questions one typically wishes
to address early on, when solving the gravitational closure
equations for specific input coefficients, is the value of D.

E. Canonical equations and equivalent
spacetime action

A practically most convenient result is turned up by
translation of our results from the canonical picture back to a
spacetime formulation. Indeed, the gravitational closure
equations immediately provide a perfectly simple, ready-
to-use spacetime action that just needs to be varied, as usual,
with respect to the components of the spacetime geometry in
order to obtain the gravitational field equations.

In the canonical picture, it is the Hamiltonian (67) that
determines the evolution of our canonical configuration and
momentum degrees of freedom according to

¢'(v). H(n.#)}, and
A(), H(n, i)}, (83)

where the dot denotes the derivative with respect to the
foliation parameter . The parameter ¢ as well as the lapse n,
and shift 77, precisely parametrize the possible choices one
could make to embed the three-dimensional manifold X,
on which the canonical dynamics play out, into the four-
dimensional spacetime. The required diffeomorphism
invariance of the theory is precisely the freedom to choose
this embedding without changing the contents of the theory;
see the first and second embedding property in Sec. IV B.

Inclusion of matter, with a Hamiltonian H,,,.[A; @, n, n%)
that does not depend on derivatives of the qu n, and n?,
thus leads to the geometric evolution equations

6Hmatter 8£
5™ (x) kA

{
{=

:—{8 -ntd, -0 n"}

OFb
+ [0 G- 0m 5]
<o+ [ am) Z0L (s

and the two constraint equations

6Hmatter _ —[kA _ 8},MA7 —MAya ] oL

(x) + L(x)  (85)

on(x) " OKA
and

5Hrnatter _ A A y A y oc

7511”()6) -[0,9" +0,F* ) + F*,70 ]akA( x), (86)
in all three of which the k4 are to be replaced by

1
kA (x) =@[8zqf‘ = (0yn)M™ =0, " + (0,n") F1 7] (x)
(87)

after previous execution of all related derivatives. The
constraints are thus manifestly of at most first derivative
order in the foliation parameter #, and the evolution
equations of at most second derivative order in ¢, with
respect to any chosen foliation. So there are, in particular,
no Ostrogradsky ghosts [18]. The Helmholtz action giving
rise to these canonical equations of motion is simply

S[p.w.n,n% = / dt{—H,[(p,zr,n,n“]—f— A d3z(ﬂA¢A)(Z)}»

(88)

but, remarkably, can be expressed directly in terms of the
functional £ that follows from a solution of the gravita-
tional closure equations. To see this, one uses the first
Hamiltonian equation of motion in (83) above to express
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the derivative of the configuration variables with respect to
the foliation parameter as

~A
¢A=nkA[¢;ﬂ)+(3yn)MA7(¢)+gZA((ﬂ)(ﬁﬁﬁ((ﬂ))““~ (89)
Upon insertion of this expression and the partially deter-
mined Hamiltonian (69) into the Helmholtz action (88), one
immediately observes that all terms but the ones coming
from the local superhamiltonian drop out. Finally con-
verting the k* back to the ¢* by use of the first Hamiltonian
equation, one obtains an equivalent action

S/ NN = / di /E 2L goomany [ N. N (1.2). (90)

1 .
ggeometry[ﬁb, N, N“] =N-L ¢’N(¢A

Indeed, it is quickly checked that varying the thus obtained
total action

Sgeomelry [¢7 N’ N‘l] + Smatter {A; ¢’ N’ Na) (93)

with respect to the ¢, N, and N” in a way that properly
includes also time derivatives in the variations yields a set
of equations equivalent to the canonical gravitational
evolution equations above.

V. EXAMPLES: MATTER ON METRIC, BIMETRIC
AND HIGHER-RANK GEOMETRIES

How truly simple it is now—due to the new para-
metrization technology of any canonical geometry ¢ in
terms of nontensorial configuration variables ¢*—to set up
the gravitational closure equations for an admissible matter
action on any tensorial background is illustrated by the
three hopefully instructive examples presented in this last
section. The first one, in Sec. VA, is a warm-up that starts
from standard model matter, new only in that it uses
nontensorial configuration variables as the simplest illus-
tration of how the latter are employed in practice. An
illustration of how unexpectedly nontrivial the gravitational
closure can turn out to be is then provided by the second
example, which starts from an innocent-looking set of two
scalar fields on a bimetric background as the prescribed
matter theory, for which the corresponding closure equa-
tions are set up in Sec. V B. Section V C finally presents the
gravitational closure equations for a gravity theory of some
phenomenological interest, namely the one underpinning
the most general birefringent linear electrodynamics. The
seriously involved closure equations for this theory are
solved perturbatively in [19].

where the capitalized quantities

N(t,2) = n(z),
N4(t,z) = n{(z) (91

numerically precisely coincide with the configuration
variables, the lapse and the shift, but are now all considered
as spacetime quantities, rather than one-parameter families
on the manifold X. In particular, functionals of the
capitalized quantities may now include time derivatives,
such as the Lagrangian density obtained by simple multi-
plication of the lapse N with the solution £ of the
gravitational closure equations,

A
— (9,N)M* (¢) — % (d))(ﬁﬁﬁ(fﬁ))““)) : (92)

|
A. Gravitational closure of Klein-Gordon theory
on a metric geometry

The arguably simplest canonically quantizable matter
field theory on a metric background (M, G), and thus one
that necessarily satisfies the matter conditions imposed in
Sec. 11 C, is the Klein-Gordon action for a scalar field ¢,

d*xy/—(detG _)(x)
< [G(x)0up(x)Dpep(x) = m> P ()], (94)

Smatter [¢’ G) =

whose principal tensor can be read off directly from the
highest order derivative term of the associated field
equations and has the components

Pl = G, (95)

All matter dynamics of the standard model of particle
physics are constructed such that they feature this principal
tensor. Thus the above Klein-Gordon theory, standard
Abelian and non-Abelian gauge theory, and indeed Dirac
fields (the latter precisely because the Dirac algebra
y4y?) = G recovers again the same principal tensor)

all produce the same triple
(M,G,G™), (96)

where the matter conditions (actually, in the metric case, the
first matter condition already implies the second and the
third) require the metric G to have Lorentzian signature.

We now quickly rush through the steps described in this
paper to set up the gravitational closure equations. First, the
induced geometry is calculated to be
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g% = G(e%, €P). (97)
The associated frame conditions

p=g¥=1 and p*=g?¥=0 (98)
are obviously linear. Transition from the induced geometry
to the corresponding 16 independent tensor field compo-
nents g, g%, and ¢*, and subsequent implementation of the
frame constraints (98) together with the automatically

linear symmetry constraints
g =0 and ¢ =0, (99)

removes 1 4+ 3 + 3 + 3 tensor components. Thus, we are
effectively only left with a symmetric tensor field ¢* that
can be parametrized in terms of six configuration variables
@". Of the infinity of possible parametrizations, we choose
the parametrization maps

9 (p) =I%,0" and @*(g) =T1% 59,

where the respective constant intertwining matrices need to
satisfy the two conditions

(100)

I%,T%, =54 and I°,T%, =675  (101)

in order to render the above pair a valid parametrization; a
concrete choice [20] is

V2 00 0 0 0%
010 0 0 0
0 01 0 0 0
1010000
IaﬂA==7§ 0 00 V20 0 and
000 0 1 0
0 01 0 0 0
000 0 1 0
L0 00 0 0 V21,
V2000 0 000 0174
0101 0 000 0
zAa,,:iOOlOOOlOO o)
V210 000+v2000 0
0000 0 101 0
L0 000 0 000 v21,

which, however, is rarely needed explicitly. With this
parametrization at hand, the input coefficients defining
the specific gravitational closure equations for this case are
quickly calculated to be given by

paﬁ — gaﬂ’

EAy = (/’A.w

FAJ =274, TrpeB, MM =0.  (103)

Solving the resulting gravitational closure equations yields
[16], as the only nonvanishing dynamical potentials

1 1

Clp] = _Z_KW(R[Q(@] - 2A), (104)
1 1
Caplp) = gmz o
X T g (Gau (@) G50 (@) = Gap(@) G (@), (105)

where R[g] denotes the Ricci curvature scalar built from an
inverse three-dimensional metric g and §,4(¢) denotes the
matrix inverse of §*(¢). But this is exactly the 3+ 1
decomposition of the Einstein-Hilbert action

1
Sseometry [G] = ﬂ/ d*x\/—detG..(x)

x [R(G(x),0G(x), 9*G(x)) —2A]  (106)

with the gravitational constant k and cosmological constant
A having emerged as undetermined constants of integration.
Since nothing in our setup has been designed to arrive at this
result, the above is a successful test of the gravitational
closure approach, as we know that the Einstein-Hilbert
action is consistent with standard model matter. As indi-
cated above, this result as such has been derived a long time
ago by Kuchar and, indeed, our parametrization of the
canonical geometry ¢ in terms of nontensorial configura-
tion variables ¢* was a sledgehammer used to crack a nut,
since the frame conditions were merely linear. But this will
change dramatically already for the next, at first sight quite
innocent-looking example of two free scalar fields coupled
to two different metrics.

B. Gravitational closure of two Klein-Gordon fields
on a bimetric geometry

A veritable surprise is in store when we consider the case
of a bimetric geometry, featuring two (a priori not
signature-restricted) metrics G and H. In order to equip
this geometry with specific kinematical meaning, we inject
the physical information contained in the matter action

Smatter [(ﬁ’ v; G, H)
= [ @G 0,0
V@ H W ()0 (). (107

for scalar fields ¢ and y, where additional terms giving rise
to first and zeroth derivative order terms at the level of the
associated equations of motion could be added at will, since
they will not influence the principal tensor, which for this
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matter theory is calculated to be the totally symmetrized
product [10] of the principal tensors of the two individual
Klein-Gordon fields,

Pijkl — G<i-inl), (108)
which neatly illustrates the point made in Sec. I A, namely
that a multitude of matter fields, and even a multitude of
geometric tensors, still results—as it must—in one and only
one principal tensor, which captures the information about
the shared initial data surfaces, and thus a triple

(M. {G.H}.P) (109)
form the matter field dynamics (107). Moreover, it is
straightforward to see that the principal tensor P provided
by the above symmetrized product has the algebraic dual

P* 0 = GiHu) (110)
and that P and P* are both hyperbolic, as is required by the
canonical quantizability of the matter action, if and only if
both metrics G and H have a Lorentzian signature.

The induced geometry is constructed similarly to the
case of one Lorentzian spacetime metric. However, there
are now twice as many fields as there are two Lorentzian
metrics ¢*¥ and h*, yielding

g% .= G(e0, ¢0), g0t = G(e, e9),
g™ = G(e%, ), g = G(e%, &),
h% := H (0, €9), h% := H(e, %),
h := H(e*, %), h* := H(e%, ), (111)

which satisfy, as always by construction of the employed
frames, the frame conditions, which in this case read

p=g%-h% =1 and

N — a9

pa — (hOOgaO + gOOhaO) =0. (112)

Transition to the corresponding canonical geometry
9.9% g%, h, h* h*¥ requires one to explicitly impose 12
symmetry conditions

ghl =0, nlfl=0, GO=0  pll=0, (113)
in addition to the frame conditions above, which reduce to
requiring that

1
h° = — and K9 =— d
g (9%)?

@ (114)

One thus finds that only 16 of the 32 components of the
canonical geometry are independent. Unlike in the

monometric case, however, the parametrization of the
canonical geometry in terms of nontensorial configuration
variables, as developed in this paper, is now seriously
needed, since the frame conditions are nonlinear. Since it
helps to group the relevant expressions, it is convenient to
introduce the card game notation

1

g eeey

6

g eoey

¢ =(9.9". 9.7, )A

e (115)

[
[
i

for A =1, ..., 16, with the various groups of configuration
variables mirroring the corresponding groups of tensors
making up the canonical geometry, which we choose to
parametrize as

9(@) =, 3 (@) =1%0",

o) =I5 W) =T70"  (116)
where a lowercase Latin index a ranges over 1,2,3, while an
uppercase Latin index A ranges over 1, ..., 6. The constant
intertwining matrices Z%, and IAaﬂ are as in the previous

example of a monometric geometry, while

a a

1 00 1 00
=10 1 0 and Z9%:= |0 1 0 , (117)
0 0 1], 00 1],
and thus satisfy 7%,7¢, =6} and I"’aI“,;:ég. The
input coefficients are then straightforwardly calculated.
Whenever it is convenient to keep terms and notation short
and clear, the split of the configuration variables devised

above will also be used in the expressions for the input
coefficients. The input coefficients are

1 = _~Z=A 2 =, =
pY = @IaﬁA (0" +7%0") - 51T, 0",

3(p)?
EA/l = (pA,/p
FT// =0, Faﬂy = Iaﬂzyb&)b,
i z A7 =B
FAMV — 21'1‘2!0[1'}/013(‘037 FA” _ ZIAﬂaIyaB(p ’
MTJ/ = _21761(;117
(:1]/ 1 a ay o 2§A =A 2 y =q=h
M ZEI L74(@)°9 —@ )—5117(/) @°,
i = Lga 10 00,5058 + (95"
@ ap+ a BP \@ Q)@
—4 A a TP Tr Zazbzc
_(¢)ZI aﬂI aI bI PP,
i 1 =a(Z _\» =B
MY = _WIAaﬁIaaIﬁyB(ﬂa(él’B +(@)°9)

4 = = :C
+ WIAaﬁI“aIﬁbﬂc(Pa(/’bq’ . (118)
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With these input coefficients, the gravitational closure
equations can be set up.

It is evident that the case of a bimetric spacetime does not
decompose into two separate metric sectors, as is often
intuitively assumed, since then the fact that one shared
principal tensor is required in order to allow for a common
evolution from common initial data surfaces would not be
taken into account. Finding the most general Lagrangian
for bimetric gravity is as complicated as solving the
gravitational closure equations specialized to the input
coefficients (118). Their explicit solution is an open
problem to be solved if one proposes such a theory. The
linearized gravitational field equations, however, have
already been obtained [21].

C. Gravitational closure of general
linear electrodynamics

We finally set up the gravitational closure equations for
the refinement of Maxwell theory that equips an Abelian
gauge covector field A with the dynamics

Smatter[A; G) = /d4x(€pqrsGmrs(x))_lGade(x)Fab(x)

X ch(x) for Fab = aaAb - abAa (119)
on an orientable four-dimensional area metric manifold
[22], which carries the canonical top form density ¢ with
€913 = 1 and a fourth rank contravariant tensor field G
featuring the algebraic symmetries G%¢? = G4’ and
Gabed = Glablled) and  satisfying  €,5.4G? # 0 every-
where. The principal tensor of this theory has been
calculated first by Rubilar [23,24] and takes the form

. 1 /1 -2
Pt]kl — _ﬁ (ﬁ €abchade)

X Epunpg€rstu Gmnr(iGj\ps\kGl)qtu , (120)
whose nonpolynomial dependence of the geometric tensor
G presents a technically particularly involved kinematical
structure. The requirement that the above general linear
electrodynamics satisfy the three matter conditions requires
that G lie in one of seven (out of a total 23) algebraic classes
[22]. The induced geometry features fields with antisym-
metric index pairs, which we can dualize using the volume
form density on X, arriving at the set

g(lﬂ = —G( 0,6“,60,6'/}), (121)
= ] 1 v vV AP o

b = Gl 0. ) (122
= —_1 1 1 0 pu k LA H

Bop =8 o\ 3 g oG eoen ) = ). (123)

The frame conditions for the employed frames, expressed
in terms of the induced fields, are

8§78, =0 and gy =0. (124)

Transition to the corresponding canonical geometry
g ,§aﬁ, 50,/; thus requires one to explicitly enforce these
four conditions, together with the remaining symmetry
conditions by requiring that

gaﬂéaﬂ =0, E[aﬂ] =0, g[aﬁ] =0, ;[aﬁ] =0, (125)

reducing the a priori 27 independent entries of the tensor
fields that make up the canonical geometry by 10. In order
to account for these conditions, we thus need to choose 17
unconstrained configuration variables. It is convenient to
denote them by

6’ ]9""55) (126)

Rl
Qi

ot =(p',....9% 9", ...,

and to construct the parametrization maps (a,b,c =1---6
and m,n=1---5)

(127)

where A,, are the constant components of the standard
inner product on R®, and ¢4, (V¢ ... ¢ are the compo-
nents of constant orthonormal basis vectors chosen such
that I“(,,;Aahtb is a positive definite matrix. Note that n,, :=
Auptt eya = DgpeM?, €5y, = Aype®? is then the
dual basis. Conversely, extraction of the configuration
variables ¢ from the tensor fields g constituting the
canonical geometry is achieved by the maps

P°(g) = AYTY .
(128)

which indeed recover precisely the configuration variables
employed in the parametrization, as one readily checks. It is

clear by construction that the three maps g, 3, 5 produce
symmetric tensor fields, so that the last three conditions
above are obviously satisfied, while

24 é a C an_o(‘ ~azm
g ﬂ((p)gaﬁ<(p) =T ﬂazbaﬁ (517 - n —d) €Em)cP @
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shows that also the first condition above is satisfied. The
intertwiners associated with this parametrization are then
readily calculated as

o %,
op° Iaﬂ“’ 8"5 = Aabzbaﬁ’
9. 2"
% = I“aﬁ (52 - na(ﬂc>€(m)b (130)
P ne
8Eaﬂ —Tb n na¢ce(m)czm Th n € )a(zm (131)
9" T (ng?)? P g
PSR BSR. p
aga 8gaﬂ gaﬁ
(132)

The input coefficients for the gravitational closure equa-
tions are therefore

aﬁ = —( aygﬁ‘sg 5 ?Jaﬂ@yé@y(s

- Zgaﬂgéﬂgyy.ayyéuﬁ + 3.3}/5.5&”&6”5/4;/?1/5)
a _ —a = =4 =m =
EYY =% . Ey =% E =9,
Fu#)/ — 21'64 I;m —h

Faﬂ}’ — _2AabAchyabICﬂa§:0dv

Zm

IE;’” v 690 ag/m ‘n
y =
3gya 09"
viar — 2. 1/27a v(al .|B) aéﬁ“’ —b=m
M =2(detg ()" /LI " e Wgéj(fﬂ)(ﬂ ",

M = 6(det§(¢))™" 2 AT TV p (g(0)

39 eZm
X~ ()"
"
= m 2 2 aém
M" = ~(det () 2 (57) 0 —e (@)
agaﬂ

83 A 8,3/(1/ - h=n<= =,
x (z D () D05 () 39575 1 T, 8o ).
op op

(133)

The corresponding gravitational closure equations differ
significantly from those proposed for this case in [5],
because now the nonlinear frame conditions are already
taken care of by our use of nontensorial configuration

degrees of freedom, while previously they had to be added
by hand and thus made the problem of solving the
equations prohibitively difficult.

An exact solution of the gravitational closure equations
for the general linear electrodynamics (119) is hard to
obtain, due to the complicated input coefficients (133). But
even if exact solutions of the closure equations were
obtained, they would just lead to exact field equations
for an area metric, which in turn one typically would have
to solve either by imposing some symmetry assumption or
by resorting to perturbation theory—as is already the case
for the standard Einstein field equations for a Lorentzian
metric. For this reason, one may equally well aim at
ultimately linearized or symmetrized gravitational field
equations already at the level of the closure equations.
Carefully taking into account how far truncated partial
differential equations may be evaluated and under which
circumstances symmetry conditions may be inserted
already at the level of the action, meanwhile these strategies
have been implemented successfully, leading to linearized
[19] and cosmological [25] gravitational field equations for
an area metric.

VI. CONCLUSIONS

We showed how to gravitationally close a given set of
matter field equations, in the sense of providing equations
of motion for the background geometry on which the matter
dynamics have been formulated in the first place.
Practically, this is done by following the concrete calcula-
tional sequence

matter equations — input coefficients
— output coefficients

— gravity equations.

The first step, at its core, is a straightforward standard
calculation in the theory of partial differential equations,
namely the calculation of the principal tensor of the matter
field equations one starts from. It is then easy to identify the
canonical geometry and to parametrize the latter in terms of
nontensorial configuration variables such that generically
nonlinear frame conditions are automatically captured and
thus need not be worried about anymore in the remaining
course of the treatment. If the matter dynamics are
canonically quantizable, the previously calculated principal
tensor features all the properties needed to calculate the
input coefficients that are required to set up the gravita-
tional closure equations, although the actually required
conditions of Sec. IIC on the matter dynamics are
generically weaker than their canonical quantizability.
The second step then consists in solving the gravitational
closure equations for the output coefficients, yielding a
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gravitational Hamiltonian subject to the conditions of
Sec. IV B. Depending on the complexity incurred by the
specific input coefficients at hand, one may be able to find
their general local solution, have to resort to perturbative
techniques, or employ a symmetry reduction in order
to extract physical predictions. The third step is again
straightforward, as it merely consists of employing the
output coefficients to compose the gravitational action,
whose variation with respect to the configuration variables
then yields one side of the thus defined gravitational field
equations. The other side is of course provided by the same
variation, but applied to the matter action from which the
entire construction started.

There are only a few routes by which one can escape the
gravitational closure mechanism when presented with a
matter theory coupled to some geometry. One is to
introduce, in addition to the geometry employed in the
matter dynamics, additional gravitational degrees of free-
dom to which none of the matter fields couple directly;
this allows for arbitrary modifications to the gravitational
dynamics, and thus comes at the cost of needing an
infinite number of experiments to determine the constants
of the theory before it becomes numerically predictive.
The other circumvention would be to drop matter con-
ditions for at least some of the matter that inhabits the
universe one wishes to model. This would certainly
exclude canonically quantizable matter, but also, depend-
ing on how many of the three matter conditions are
violated, would prevent a consistent classical notion of
massive particles in the best case, or additionally an
observer-independent notion of positive energy, or, in
the worst case, additionally massless particles. We believe
that this cascade of problems, incurred when dropping our
matter assumptions, underlines the physical soundness of
the latter, and thus that of the gravitational closure
procedure built on it.

Fundamentally, the ability to perform the gravitational
closure of canonically quantizable matter dynamics
allows us to inject our current and future knowledge
about matter directly into the construction of gravity
theories. Additional constraints, such as the absence of
ghosts, can and should be employed to further reduce the
linear solution space of the gravitational closure equa-
tions. However, it is typically the specific gravitational
closure equations as they follow from concrete matter
dynamics—and not sweeping theoretical constraints—
that effectively reduce the spectrum of possible gravity
theories, such that, at best, only a finite number of
constants are left to be determined by observation.
Indeed, even decisive generic requirements, such as
diffeomorphism invariance or ghost freedom, do generally
not achieve that.

Phenomenologically, one can now ask questions that
hitherto were not systematically accessible, since they
require bridging the gap between a hypothesis about

matter and the resulting gravitational implications. For
instance, a systematic exploration of the simple question
whether there is any evidence for birefringence of light
in vacuo compels one to forsake the assumption of a
metric background geometry in favor of a refinement
[26-30] that can be written by a fourth rank tensor G, such
that Maxwell’s action is refined to the general linear
electrodynamics, whose gravitational closure equations
we derived in Sec. V C. The refined Maxwell theory is
canonically quantizable [4,31,32] and thus provides valid
input coefficients for the pertinent gravitational closure
equations. The temptation to discard such a refinement
a priori is quite delusive. For even if coarse geometric
optics effects are undetectable, the above action still
predicts accumulative modifications for the way electro-
magnetic field energy is transported [12]. These result in a
potentially measurable modification of Etherington’s
distance duality relation [33] already in a weak gravita-
tional field that admits birefringence [19], and which
may also address otherwise inexplicable magnification
anomalies [34].

Based on the results of the present paper, we believe that
the construction of gravity theories must consider the
dynamics of all matter fields that will populate a spacetime
right from the start. The gravitational closure equations
enable one to put this insight to immediate practical use
either as a complete consistency check for an existing
gravity theory or for its derivation.
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APPENDIX: GRAVITATIONAL
CLOSURE EQUATIONS

For any matter dynamics that satisfy the three matter
conditions of Sec. IIC, one obtains the gravitational
Lagrangian (92) in terms of

Lp:K) =Y Capon lg]KY - KA,
N=0

where the Cy,..4, [¢] are obtained as the solutions of the
following countable set of linear homogeneous partial
differential “gravitational closure equations”, whose coef-
ficient functions E4,, F4,7, MA7 are calculated according
to Eqgs. (70) and (77).

The finite upper limit max is to be determined, indi-
vidually for each of the sums below, according to the
criteria in Sec. IV D.
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1. The seven individual equations

max max
(Cl) 0= _Cél}; + Z(K + I)C:A}/(lp..a,( (EAﬂ,al--aK + FAu(lH],a]-~-aK+1) — Z(K + 1)C3A<a]"'{IKIFA/AV).alnuK
K=0 K=0
max
(C2) 0= —Cy(EYyp” + FA7 ) + > (K + 1)Cpip?™ (B g + PR )
K=0
max
=Y (K+1)Cppl Pt 0
K=0
max max K+ 2
(€3) 0= 2deg P~ D Cuatty 5 (0 + 1Cupsba) = S0 (K 22 o)
K=0 K=0

max

(C4) 0 =2(deg P — 1)Cap(p"E*, — p" ;FA,7) = CAMM .5 =y~ Cpog™ MM o,
K=0

max

= D (DK + 1)(05 4 Copent)

K=0

max
(C5) 0 =20, (CyMAW s MPV) = 2(deg P — 1) p7[CAEY, + 0, (CaFA /)] + D Coa® MM
K=0

max K

K
2> (1 (J> (U 1)l (Coa? Pl )

K=0 J=0
(C6) 0= 6(deg P — 1)Cap,p, (P EA, = p™  FA7) = 4Co (5, MM ) = 2Cp 5, gMA = 2Cp s, s MM,

max

= 2Cp, 5, a MM s = Cpop ' = Y (=D (K + 1)(05K .0, C, 5,4 )
K=0

K K
(€7 0=> "> (-1 (J) (J = 1)OEL o (C. pPrProsaalpgal) o)

2. The 14 sequences of equations for N > 2

max

K+N Pagea a
(CSN) 0= Z( K )[C:Aﬁl Pren K(EA/J.a]--«zK + FA,u K
K=0

) — C:A(ﬁl"'/"N(ll""IK—I‘FA”WK)

AR Jll"'(ll(]

max

K+ N Ry “ N .
(C9N) 0 = Z( K > [CB:Aﬂl /}N e (EAM’al"'aK + FAII K+],(l|"'(1K+]) - CBZA(/}] ﬁN “ Kﬁl‘FAﬂ‘lK),(ll"'(lK]
K=0

(C10y) 0 = ~Cp,..5, 8% = NCa,..,  F* " ) = Chyoy:aFY7 + Cpy oy ea”EYy = Cp, g ca"FA7
+2Cp,..5,:A"E o = Cp gy aFA7

( ) 0=Cp,.py:aPPEA, = Cpy g A PIFA ) —2Cy g (@ PIFA )

( ) 0= Cp,.p,.aPFAID

(C13y) 0= Cp,. g, .4 WIMAY)

( ) 0= Cap,..5, ,(MPWMAM ; + (deg P — 1) prWIFA 1)

( )0

~ w—_C . woforJ=1---N+1
By-Bj-Byy1:By BiBy:Bys
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(C16y) 0 =N - (N +1)(deg P — 1)Cyp,..5, " FA ) + NCy _p . AWMAW) +2NCp g .o*WIMAY) ,

+ (N =2)Cp,...5,_,:8,"

(C17y) 0 = (N +2)- (N + 1)(deg P — 1)Cyp, .5, (P E*, — p* ,FAV) = (N + 1)2CA(B|.--BNMA”

:Byy1)

—(N+1)Cpypy,, :aM™ — (N +1)Cp, ., :a"M ;= (N4 1)Cp,..p, - AP MY

N+1

- c -~ H12(0.Cr  m . 7H
; By~Bg-By. :Bg + (;’ BBy By )

max KN
(C18y) 0= Cy.p" " — Z(—I)K+N< ’
K=0
max o cp N
C19y) 0= Chr. @iyl prAluy i)
( N) ;)( K ) B:A apa

K > (a‘[x(l‘“a[(CB:AalmaKﬂl"'/,tN)

max K N 1
B [ B

= N+1

max K+1
K J
(C20peyen) 0 = Z Z (_I)J (_] B 1> (N) 85;{\]&]4’(C:Aﬂj"'/jk(al“'aj—Nﬂl‘“MN—l\MA|MN)ﬁJWﬂK)

K=N J=N+1

N -1

max K
(C21N0dd) 0=2 Z ( )C:AﬂN“'ﬁKWI'“/‘N—IMA/‘N).ﬁNmﬁK

K=N-1
max K+1

Y S () (e

K=N J=N+1

(C,Aﬂ/"'ﬂk(al o=t | gAlN)
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