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Using the Sparling form and a geometric construction adapted to spacetimes with
a 2-dimensional isometry group, we analyse a quasi-local measure of gravitational
energy. We then study the gravitational radiation through spacetime junctions in
cylindrically symmetric models of gravitational collapse to singularities. The models
result from the matching of collapsing dust fluids interiors with gravitational wave
exteriors, given by the Einstein—Rosen type solutions. For a given choice of a frame
adapted to the symmetry of the matching hypersurface, we are able to compute
the total gravitational energy radiated during the collapse and state whether the
gravitational radiation is incoming or outgoing, in each case. This also enables us to
distinguish whether a gravitational collapse is being enhanced by the gravitational
radiation.
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1. Introduction

The theorem about the positivity of the global gravitational field at spatial infinity is a cornerstone

of General Relativity (GR) and there are already different proofs available of this important result. In

practical applications, it would be desirable to have a quasi-local notion of energy which could be applied

to finite objects. A great deal of effort has been put towards this goal [19], after the earlier proposals for the

quasi-local mass by Hawking [12] and Penrose [16]. An interesting proposal was made by Brown and York

[3] using a Hamiltonian formulation of General Relativity, and their definition depends on a gauge choice

along three-dimensional spacelike hypersurfaces. Other authors have put forward definitions of mass which

are based on more geometric constructions (see [22,23] and references therein).
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Associated to this problem is the problem of finding an appropriate Hamiltonian in each setting. In
fact, the Hamiltonian for every diffeormorphism invariant theory depends on boundary conditions and is,
therefore, non-unique. In General Relativity, for example, both the Komar Hamiltonian and the ADM
Hamiltonian have been widely used (see e.g. [4]). The latter, in turn, is a particular case of the Von Freud
super-potential [10] and a problem related to the search of superpotentials for GR is the question of the
existence of the Lanczos potential for the Weyl tensor (see e.g. [0]).

An alternative approach to the definition of quasi-local gravitational energy quantities is given by the use
of gravitational pseudo-tensors. In [9], Frauendiener explains how to treat pseudo-tensors in the geometric
framework of the principal bundle defined by the frame bundle of a 4-dimensional Lorentzian manifold. Using
this approach, it is shown that the energy—momentum pseudo-tensors of Einstein and Landau—Lifschitz can
be recovered from pull-backs to the spacetime manifold under appropriate sections of the so-called Sparling
3-form, which is defined in the bundle of linear frames. Szabados [18], generalizes these results and gives
explicit formulae for gravitational pseudo-tensors in rigid basis or anholonomic frames. In particular, he
shows that the pull-backs defined by coordinate sections of the contravariant and dual forms of the Sparling’s
form, defined on the bundle of linear frames over the spacetime, are the Bergman and the Landau—Lifshitz
pseudo-tensors, respectively.

In most of the applications we are aware of, the quasi-local quantities are evaluated for an isolated system
at infinity, while in the present work we are interested in their local values at certain physically interesting
hypersurfaces such as spacetime junctions. Even though quasi-local gravitational energy quantities are
well-defined, they are frame dependent and, therefore, whenever they are used it is necessary to give a
justification about the choice of a particular frame. In the case of an isolated system, it is assumed that
it is asymptotically flat and this means that one can introduce a group of asymptotic symmetries which,
roughly speaking, correspond to the symmetries of the Poincaré group defined in flat spacetime or to a
generalization called the BMS group. These asymptotic symmetries induce a set of privileged frames in the
spacetime, in the sense that they correspond asymptotically to the generators of the asymptotic symmetry
group and one can then take a frame of that set to compute a quasi-local gravitational energy quantity.
Within this approach, it is possible to recover the standard ADM and Bondi notions of momentum for an
isolated system using definitions of quasi-local quantities based on pseudo-tensors [11]. An approach based
on the study of the asymptotic conditions as boundary conditions, defining when an isolated system is
radiating, is also possible [21].

We would like to carry over the formalism described in the paragraph above to the case of a system
composed by an (inhomogeneous) interior matched to a radiating exterior through a common hypersurface.
The objective here is to give measures of the gravitational energy interchanged at the matching hypersurface,
which plays now a similar role to the spacelike or null infinity of the case of an isolated system. In the case
of matching hypersurfaces with enough symmetry, there is a natural geometrical way to define frames
adapted to the symmetries of the hypersurface, and which will play the role of the frames corresponding to
the asymptotic symmetries used to compute the quasi-local gravitational energy at infinity in an isolated
system.

Here, to formulate this problem in a mathematically precise way, we use a frame bundle formalism
and define equivalence classes between frames. We then apply our formalism to spacetimes admitting a
G- isometry group and, in particular, calculate the radiated gravitational energy through the transitivity
hypersurfaces of such isometry groups. A novel aspect of our work is the introduction of the notion of
gravitational collapse enhanced by the gravitational radiation, i.e. by the gravitational energy—momentum
flux, defined using the Sparling form. The meaning of this notion is that during the collapse, gravitational
radiation is produced and the gravitational energy can either be radiated outside of the collapsing body
or be radiated inwards, in which case it enhances the gravitational collapse. Although our presentation is
restricted to 4 dimensional spacetimes, most of it can be easily generalised to n dimensions and can be
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applied e.g. to the brane world scenario where 4-dimensional branes are embedded, as hypersurfaces, on a
5-dimensional bulk.

Motivated by the recent detection of gravitational waves by LIGO [1], an interesting application of our
formalism would be to models of objects with a finite radius in astrophysics, emitting gravitational radiation
into a vacuum exterior. Due to Birkhoff’s theorem, it is not possible to have such vacuum exteriors in
spherical symmetry. The next simplest symmetry assumption is cylindrical symmetry. So, we will consider
models of gravitational collapse in cylindrical symmetry. Such models result from gluing an interior metric
representing matter collapsing gravitationally to an exterior metric containing gravitational waves. An
interesting aspect of these models is that the matter density is non-zero at the matching boundary, resulting
in discontinuities in the Einstein field equations. Even though a realistic system undergoing gravitational
collapse is not cylindrically symmetric, some non-trivial effects already present in the real system can be
found in the cylindrically symmetric model. For example, the degrees of freedom of the (pure) gravitational
energy in the exterior may mix with the gravitational energy sourced by the matter at the boundary. These
non-trivial effects may be captured by local, gauge-dependent, measures of gravitational energy.

The plan of the paper is as follows: in section 2, we revise some properties of the Sparling 3-form and we
compute its transformation under a change of frame. In section 3, we review how to measure the gravitational
energy radiated through embedded hypersurfaces of codimension 1 using the Sparling form. In section 4, we
provide a geometric set-up for the definition of a frame based on the existence of a submanifold representing
the surface of a radiative body. In section 5, we apply our formalism to cylindrically symmetric collapsing
dust spacetimes containing gravitational radiation in the exterior which corresponds to the Einstein—Rosen
solution.

Some algebraic computations of this paper have been done with zAct [15]. We use Latin indices a, b, ¢, .. =
1,2,3,4, Greek indices o, 3,.. = 1,2, 3, capitals A, B,.. = 1,2 and units such that 87G = ¢ = 1.

2. Sparling 3-form and Sparling identity

In this section and in the following section 3, we review some known notions and properties about the
Sparling form and the sparling identity that are needed for our work. Even though most of the material is
known, we present the equations in accordance to the notation that shall be followed in sections 4 and 5.

Let (M, gap) be a 4-dimensional spacetime with signature (—, +, 4, +) and consider the bundle of frames
L(M) over M. Let B = {€;,63,€3,€4} be a chosen frame (smooth section of L(M)) and denote by
B* = {1917 0°.6°, 94} its dual co-basis. Define the super-potential

L(B,&,) = =7apead®® NT*(B), (1)

DN | =

where F(B)bc is the connection 1-form on the frame B and 74p.q are the components of the volume element
of the metric g, in the frame B. Note the dependency of the super-potential on both the frame B and
the frame elements €,." Under the choice of the frame B, the super-potential is a 2-form in A?(M) and it
fulfills the Sparling identity [9,18,5]

d(L(B,€,)) = E(€a) + S(B; €u), (2)

where the quantity F(€,) € A*(M) is the so-called Einstein 3-form, which is given in terms of the curvature
2-form Ry by

! One can define super-potential as a tensor valued form in the bundle of frames L(M) as is done in [9,18]. To avoid introducing
the notation and language used in fibre bundle theory, we adopt the point of view that the frame B is a section of L(M) and we
can use this section to pull-back the equations in L(M) to M. In this way, forms and tensors have their usual meaning of fields in
the manifold M, but the price payed for this simplification is the appearance of an explicit dependency on the frame B in certain
expressions (the pseudo-tensors).
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1
E(éa) - _inabcdab A RCd 5 (3)
and it has the property
G(&,) = xE(€,) = Gp08" € A' (M) , (4)

with * representing the Hodge dual and G the Einstein tensor.

As FE(€,) and *E(é,) are tensorial differential forms, we do not write their dependency on B, such
dependency being only kept for pseudo-tensorial forms. This is for instance the case of the 3-form S(B, €,)
that it is given by

S(B,&,) = = (Meae8® ANT(B)C, — Napee8” AT(B)¢,) AT(B)%. (5)

DN | =

We will follow the convention of [9,18] and call this form the Sparling 3-form. For us, the important point
about the Sparling identity is that it can be interpreted as a conservation law in the following way: By
defining the 1-form

J(B,é,) = *dL(B,é&,), (6)
and computing the co-differential of J(B, €,), we get
0J(B,€é,) = —+dx J(B,€,) = —*xd+*x*dL(B,&,) =0. (7)

From this equation, we deduce that J(B, €,) always yields a conserved current, independently of the choice
of the frame B or the frame vectors &,. According to the above considerations, the current J(B, €,) can be
split into two parts as

J(B,&,) = G(&,) + +S(B, &,). (8)

The first part is a tensorial 1-form and, via the Einstein equations, can be interpreted as the flux of
energy momentum due to the matter. The second part is non-tensorial and can be regarded as the flux of
gravitational energy—momentum with respect to the frame B. If 4 is a frame element of B representing an
observer, then the 1-form

)(B,d) = +5(B, ) (9)

shall be called the gravitational energy—-momentum fluz 1-form for the observer 4 with respect to the frame
B or just the gravitational flux 1-form, if no confusion arises. It can be interpreted as the gravitational
energy—momentum flux, which in this context is also called gravitational radiation, measured by the given
observer in the frame B. In our context, we need to be able to decide if gravitational radiation is leaving or
entering a radiating source. To that end, we put forward the following definition.

Definition 1. We shall take the scalar quantity
)(B, i) (€aq) (10)
as the component of the gravitational radiation flux along the direction defined by the vector field (€,).

If this scalar quantity is positive (resp. negative), then we say that the gravitational radiation is outgoing
(resp. incoming) with respect to (€,).
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The fact that j(B,4) is frame and observer dependent does not render it useless when computing the
radiated gravitational energy in certain cases, as we illustrate through explicit examples in section 5. In
fact, in [9], it was proved that the scalar quantity (10) has a correspondence with the components of the
energy-momentum complex given by Einstein in 1916 [7]. Furthermore, it has been shown that, under an
appropriate choice of frame B, it is possible to use this complex to recover the well-known notions of ADM
and Bondi momentum at infinity for an isolated system (see [11]). Thus, following a similar approach, we will
compute, in section 5, the gravitational energy radiated through a matching hypersurface separating two
regions (exterior and interior) under the assumption that the hypersurface has certain symmetry properties.
We will present explicit examples of systems undergoing gravitational collapse and show how the gravita-
tional flux 1-form enables us to give a criterion stating whether gravitational radiation is being emitted or
absorbed during the collapse.

It is obvious that a similar reasoning as the above can be performed if we take the Einstein form instead
of the Sparling form. In this fashion, one can define the matter current with respect to the observer 4 in
the standard way

3(%) = G(&) € AL (M). (11)

This current is tensorial and, as it is well-known, it represents the matter energy—-momentum flux. From
previous considerations, it is clear that the sum of both currents is always conserved, a property that can
be expressed by the condition

0(3(a) +i(B,u)) = 0. (12)

Interestingly, even though j(B, @) is frame dependent, the conservation property (12) holds for any frame B.
A particular case occurs when each of the currents are independently conserved. As we will show, this is
the situation for all the examples of section 5 modelling gravitational collapse. The implication of this is
that, during the gravitational collapse, no fraction of the collapsing matter is transformed into gravitational
radiation.

3. Frame equivalence and radiated gravitational energy through an embedded hypersurface

Suppose now that we introduce another frame B’ and its associate co-frame B’*, related to B and B*
through the formulae

é:z = ’Y(B7 B/)abéb ’ gla = ’Y(BlvB)baeb ’ 7(87 B/)ab’Y(B/a B)bc =0, Cv (13)

a

where the matrices v(B, B’), v(B’, B) encode the transition between the frames B and B’. We regard these
matrices as having entries which are scalars on M (0-forms). Under these circumstances, it is well-known
that the connection 1-form transforms as

L(B')", =y(B',B),"T(B)",v(B,B"),’ + v(B', B),"d(v(B, B'),). (14)

We can use this expression to find the transformation law for the Sparling 3-form. A straightforward but
tedious computation reveals:

Lemma 1. Under the change of frames B to B’, the Sparling 3-form transforms as:

S(B',&,) = —4~v(B, B") Napead (B, B')s" A dy(B,B'),“ N 9% —
%7(3/7 B)Cth(Bv B/)SGV(B7 B/)Tbnabﬂhnd’}/(Bv B/)T’C A d’}/(Bv B/)hd ANO™ —
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nabch(B) /\d’Y(B B’ ) /\gd - %V<B/aB)br7(BaB/)sanacde(B>bC/\d’Y(BaB/)Td/\om -
sa’Y(B B,) nbcdmr(B)ca/\d'V(BvB/)rd ANO™ +
)s"Y(B, B) *Naveal (B) m A dy(B, B'),"™ A 0% +~(B, B)"S(B, €,). (15)

N= N[= N=
=
S ®

From the expression above, it is clear that the relation between S(B’,é.) and S(B,é&,) is linear if

? s

dv(B,B’)s* = 0 and, in that case, S transforms like a tensor. We shall explore this fact next.
Let H C M be a co-dimension 1 smooth embedded hypersurface and consider two frames B, B’ fulfilling
the condition

d(¢*(7,"(B', B))) =0, (16)
where ¢ : H — M is a smooth embedding. Since one has that
¢*(v."(B', B)) = 7,"(B', B) (17)
we deduce that the scalars v,°(B’, B)|3 can only be constants.
Proposition 1. For H C M and ¢ : H — M as described in the previous paragraph, the relation
B~ B' <= d(¢*(7,"(B', B))) =0 (18)
is an equivalence relation in X(L(M)) (= the set of smooth sections in the frame bundle L(M)).

Proof. To ease the notation, we suppress indices in the matrix v,%(B’, B) and write it simply as v(B’, B).
We show that the properties characterizing an equivalence relation are fulfilled:

o Reflexive: As v(B, B) = I trivially B ~ B.
o Symmetric: If B ~ B’ then d(¢*y(B’, B)) = 0. One has then

0=d(¢"(I)) = d(¢"(v(B', B)¢" (v(B, B'))) = ¢"(v(B', B))d(¢" (v(B, B)). (19)

Since ¢*(v(B’, B)) is invertible, the last equation entails d(¢*(v(B, B’)) = 0 and thus B’ ~ B.
o Transitive: if B ~ B’ and B’ ~ B” then

d(6*1(B", B)) = d(¢" (+(B", B))¢* (+(B', B)) = 0.
Hence B~ B”. 0O
Proposition 2. If there are two frames B, B’ on M such that B|ly = B'|y, then B ~ B’.
Proof. If Bly = B'|#, then eq. (17) holds with v,°(B’, B)|3 = 6,° and therefore B ~ B’. 0O
Now, let B, B’ be frames such that B ~ B’. Then
¢*(d(~,"(B', B))) = d(¢*(7,"(B', B))) = 0. (20)

Using this information in (15), we deduce

/S (B',€)) —fy(B’,B)ab|H/S(B,é’b), (21)
H
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where we used the fact that y(B’, B),’|3 are constants as B ~ B’. Bearing in mind this property, let us
make the following definition

Definition 2. Let H C M be an embedded co-dimension 1 smooth hypersurface. For a given frame B and
frame element €, € B, the gravitational flux through #, with respect to B and €, is defined as

P(B,H,é,) = [ S(B,&.). (22)
/

If B and B’ are frames such that B ~ B’, then eq. (21) can be rendered in the form
P(B,H,é,) =~(B',B),'\«P(B,H,€,), for B~ B. (23)

This means that if we have a privileged frame B in our problem, we can compute the gravitational flux
according to (22) and consider the scalars { P(B, H, €,)} as the components of the gravitational 4-momentum
of the hypersurface H. We shall represent it as P(B,H).

An important particular case occurs in vacuum, when S(B,é,) = dL(B, €,). In this case, using Stokes
theorem, we can write (22) as follows

P(B,H,&,) = | dL(B.&,) = | L(B,&.). (24)
[

In an asymptotically flat isolated system we can choose H in such a way that one of the connected compo-
nents of 0H surrounds the source. Denoting by 3, such a connected component, we can study the existence
of the limit

lim | L(B,é&,), (25)

T—>00
P

for a hypersurface X, that approaches infinity. This analysis has been already performed in a number of
situations (see [11]):

1. The surface X, approaches spatial infinity. In this case, if we choose an asymptotically Cartesian frame B,
one can show that the limit (25) corresponds to the ADM 4-momentum of the isolated source.

2. The surface ¥, approaches null infinity. In this case, if we choose a frame B as the normalized translation
defined by the asymptotic BMS group, then the limit (25) corresponds to the Bondi 4-momentum of
the isolated source.

In any case, we note that the choice of a frame B with suitable properties at infinity, yields integral
values of quasi-local quantities that have a valid physical meaning. In the next section, we shall follow this
approach and show how the choice of a frame B adapted to the symmetries of our physical system, at
the matching hypersurface, enables us to analyse the problem of the gravitational radiation through the
matching boundary.

The most important point to stress here is that the matching hypersurface, in our case, plays a role
similar to null infinity or spacelike infinity in the case of an isolated system. As discussed above, the choice
of a frame B adapted to the symmetries of null or spacelike infinity (the asymptotic symmetries) provides,
respectively, the Bondi or ADM momentum. Therefore, a frame B adapted to the symmetries of the matching
hypersurface, should give us the quantities corresponding to the flux of gravitational energy—momentum
through the matching hypersurface. The detailed analysis of this assertion is presented in the next section.
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4. Gravitational flux through a hypersurface in a spacetime with a G5 isometry group

Assume that M admits a maximal isometry group G2 generated by the Killing vectors E 15 §2~ Let H Cc M
be a co-dimension 1 hypersurface. Choose a frame of the form

B = {ﬁ7€17523ﬂ} ) (26)

where 71 is a vector field on M such that 7|3 is unit and normal to the hypersurface and @ is an unit
timelike vector field representing an observer. This frame is fully adapted to the geometry of the matching
hypersurface H because its elements are either fixed at H (as happens for an observer 4 and the unit
normal 71) or are symmetries of the matching hypersurfaces (as happens for the Killing vectors £, 52)
There is a residual freedom in the choice of the frame B, coming from the fact that the vector field 7i is
defined up to a sign on H and that

= - - — - -
£ =o€ +a'%,, &—a"E +0%E,, o'l a? 0 0% cR, (27)
are Killing vectors too. However, it is easy to get:

Proposition 3. Any other frame B’ = {ﬁ,a,é,ﬁ} with E;,E; related to EI,EQ by (27) fulfills the property
B’ ~ B.

From the previous proposition we deduce that, in a spacetime admitting a G5 isometry group, one can
define unambiguously the gravitational 4-momentum of a hypersurface H as P(B,H), where B is a frame
of the form (26). Since, in this case, the only freedom left to construct the frame B is given by the choice
of the observer u, we shall use the shorthand notation

P(u,H) = P(B,H). (28)
Next, we are going to compute P(4,H) in a number of practical examples.
5. Gravitational flux in cylindrically symmetric spacetimes

In this section, we consider the problem of computing the gravitational flux through hypersurfaces in
cylindrically symmetric spacetimes. The hypersurfaces, here, result from the matching of an exterior vacuum
spacetime containing gravitational waves and a dust fluid interior spacetime which is collapsing to form a
singularity. To simplify the presentation, we consider exact solutions to the Einstein equations with diagonal
metrics only.

We start by briefly recalling the matching conditions between two spacetimes (M, g%) across timelike
hypersurfaces H* (see more details in [14]). The matching between two spacetimes requires an identification
of their boundaries, i.e. a pair of embeddings ®* : H — M* with ®*(H) = H*, where H is an abstract
copy of one of the boundaries. Let £€* be a coordinate system on H, where a, 5 = 1,2,3 are indices on
the hypersurface. Given a vector basis {9/0¢%} of the tangent space TH, the push-forwards d®* provide
a correspondence between the vectors of this basis and sets of linearly independent vectors tangent to H*,
given in appropriate coordinates by eX¢ = agaqﬁa. Here, we follow the convention of previous sections that
small Latin letters a,b = 1,2, 3,4 represent spacetime indices. There are also (up to orientation) vectors n4.
normal to the boundaries. The first and second fundamental forms on # are given by ¢& = ®**(g*) and
K* = &% (V*n*), where ®** denotes the pull-back corresponding to the maps ®*. In components, we

may write
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+ _ +b + bt +
dopg = e(ﬂ;aeﬁ gab|,{i, Kaﬁ = _”ai@i: 5 eﬁa' (29)
The matching conditions between two spacetimes through H require the equality of the first and second
fundamental form on H, i.e.

+ - + g
qaﬁ - qaﬁ’ Kozﬁ - Kaﬁ' (30)
In the examples below, the spacetimes are matched across cylinders of symmetry.
5.1. Gravitational wave exteriors

The most general diagonal metric for cylindrically symmetric vacuum spacetimes (with an Abelian Gy
acting on 2-dimensional spacelike hypersurfaces So) can be written as [13]

gt =0 (—dT @ dT + dp ® dp) + R?e 2dp @ dp + e*Vdz ® dz, (31)

where 1), v, R are functions of the coordinates p, T satisfying the Einstein equations (76)—(80). This metric
is written in coordinates adapted to the Killing vectors d; and 0;. From the physical point of view, the
metric models cylindrical gravitational waves with one polarization state and, for the choice R(T, p) = p,
corresponds to the metric found by Einstein and Rosen [8]. So, we say that (31) are metrics of Einstein—Rosen
type.

Dust matter sources to such spacetimes were studied in [20,2], where the matching between collapsing
interior spacetimes and Einstein—Rosen type of exteriors was shown to exist along timelike hypersurfaces.
It would be therefore interesting to study the gravitational radiation through those hypersurfaces and to
find out whether it enhances the gravitational collapse or not. It has been shown [20] that, in those cases,
the matching hypersurfaces are ruled by geodesics and, from the point of view of the exterior, can be
parametrized as

HE:{t=XNp=ro,¢=02=C(}, (32)

where 7 is constant and ) is a parameter along the geodesics. So, H' is generated by é'f = O|n+,
€y = 0p|n+ and é;r = 0|3+, which together with it = 9|+ form an orthogonal basis for the spacetime
at Ht.

5.2. Spatially homogeneous interiors

As interiors to (31), we first consider locally rotationally symmetric and spatially homogeneous dust
solutions given by the Bianchi class I of metrics [13], in cylindrical coordinates, as

g~ = —dt @ dt + a(t)?dz @ dz + b(t)?(dr @ dr + 12dp @ d) (33)
with
alt) = (a—t) 3B —1t), bt)=(a—1t)*3 (34)

for 0 <t < min{a, 8} and r < rg. If & = B, the metric reduces to the Friedman—Lemaitre-Robertson—Walker
(FLRW) class of spatially homogeneous and isotropic metrics.

The interior metrics (33) always contain cylinders of symmetry which are trapped near the singularity
(see [20]). The marginally-trapped cylinders trace out a 3-surface in the interior which eventually arrives at
the boundary of the matter located at r = ry.
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From the point of view of the interior, the matching hypersurface is parametrized as
H_ . {T: )\,’I" =T, Y = ¢,Z = C}>

so that H™ is generated by €, = Or|y-,€; = Oy|y- and €5 = 0.|y-, which together with 1~ = 0,|x-
form an orthogonal basis for the spacetime at H ™.
Then, the matching conditions (30) between (31) and (33) across H give

' Za@), REambt)r, R,Za®), ~Ev, 4,Z%y,=0, (35)
where 2 denotes evaluation at . In order to solve the matching problem, the strategy followed in [20] was
as follows: For a suitable spacetime interior to (31) and for the conditions (35) at the boundary, one obtains
an explicit solution for R(p,T’) which satisfies the wave equation (77) and the constraints (79) and (80),
at H. In turn, the remaining Einstein equations (76) and (78) can be seen as providing v ,, and v ,, on H.
Since we know data for the exterior metric and its normal derivatives at the boundary, it then follows [20]
that a unique 1 exists on a neighbourhood D of H. Since ~ L v and v, " ) 5, once we have 1, we use a
similar argument in (76) to get a unique « in D.

5.2.1. FLRW case

If the interior is given by a FLRW metric, then a(t) = b(t) = (a — t)?/3, for t € (o0, ). From the
exterior, the matching surface H is the cylinder p = pg, T < «a, terminating in the singularity at T = «.
At H, we have

E(

[~

RErg(a—1)*3, R,Z(a-T)3, (36)

so that, in particular, R and R, on H are positive for T' < «, vanishing only at T' = o. We may obtain R
explicitly as

Wl
Wl
i

(@a—po—T+p)F  (37)

(a+po—T —p)

5l

.
+ 5 (a—po—T+p)s +

5|

,
Rzgo(a-FPo—T—P)

and we may also get

RS

In(a—1T), Y, =0. (38)

Wl N

w2

We now wish to calculate (28) at H and, in order to do that, we need to choose an adequate frame in the
exterior. Since ¢ =y on H, then the holonomic frame B = {0z, 03, 0,, Or} is such that

0 0 2 =
0 78 76"a8_ = ’y—?/)_’ 7_7/1_’ ) ) 39
(0r.0,.0:. 0} = {0 G L& (39)
where the last frame has the properties of (26). Proposition 2 then implies that we can carry out our
computations in the holonomic frame with the choice 4 = exp(y — w)% as the vector field representing
the observer. In this case, a computation reveals that the Sparling 3-form at H is given by

24T NdZ A dg Gt = drodT N dZ A d

St = ,
7l 3(a— 1) = )

STh=0. Sfh=0.  (40)

If we define now HT C H by the conditions 2y < 7 < 3¢ + h, Ty < T < T} with %, Ty, T} and h constants,
then one has
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/S+:27rh (0-1)% —(a-m)?) , /Sj:@((a_cro)% ~(a-T)i).
HE HT

From this, we can compute the four real numbers which define the 4-momentum P(@, H™) (see eq. (22)).
Its components are

87T’I"0h

P(ﬁ,’;’-ﬁ){%h ((ale)%f(afTo)%), ((aTO)é(aTl)é),o,o}. (42)
Also, we can compute the gravitational flux 1-form at the matching hypersurface according to Definition 1

and check whether the gravitational radiation is incoming or outgoing with respect to the radial direction
0/9p. The result is

. ./ O\ 2
)(B,u)<8—p> _737“0(04—T)%. (43)

It is interesting to note that the components of P(u,H™") have a constant sign, namely, Pr < 0 and
P, > 0. Comparing with the sign of (43), we deduce that the gravitational energy-momentum flux is always
outgoing. Even though one can also observe from (40) that S |3, Sty diverge as T'— «, the flux integrals
remain finite. This last conclusion is in line with the conclusions of [20] using Weyl scalars.

As a consistency check, we can also carry out a similar computation for the interior, since the matching
conditions entail Ht = H~ = H and P(u,H') = P(u,H ™). To that end, we use the frame given by

1
B = {at7 %a’mazva(p} ’ (44)

because this is the frame which matches at H with the frame used for the exterior, namely

1
B = {8T78p78278§5}|7'[ = atviaraazaatp . (45)
b(t) M
Under this frame choice, the Sparling 3-form in the interior is
_ 2 47" 1
Sy =—————dtNdzNd ————0 NdzANd
CT T gla et NENA T gt Az A do,
4r 4
ST =———dtAdzNdp — ————=0" Ndz N d
P g gt NAENA = g 2N dg,
4r 4r
T =—————dtNO' A e p——— T\ RN 4
where
0" = (o —t)¥3dr. (47)
The gravitational flux 1-form in the interior is then given by
(B, 2) ==, (57) = — (2~ t)dr — 4rdy) (48)
NPt ) = oWt )= gpq gzt e el

from which we get
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which agrees with (43) at the matching hypersurface. If we assume now that H~ C H is defined by the
h
[si=wmn(@-1i-@-m)f) . [s5 =" (a-T) - (@~

conditions zg < z < zg + h, Ty <t < Ty with 29, Ty, 11 and h constants, then one has
-

N
/S;:o, /S;:o. (50)
H— H—

Again, we compute the four real numbers which define the 4-momentum P(u, H ™) (see eq. (22)). The result
is

ol

P, H) = {%h ((a )i —(a— TO)%) , 8”;°h ((a —Tp)F — (a— Tl)%) 70,0} . (51)

Therefore, we can check explicitly that egs. (42) and (51) are consistent with P(w, H™) = P(d, H™).
Since the interior is non-vacuum, we can also compute the Einstein 3-form with the result

4
Et:fgrdr/\dz/\dqﬁ, E.=E,=F;=0. (52)

From (52), we easily deduce that dE; = 0 which implies that dS; = 0, so the matter energy—momentum
current J(9/0t) and j (B, d/0t) are independently conserved currents.

5.2.2. Bianchi I case
In this case, with equations (31)—(35), we may find [20]

r 3
RZ§O(Q+po—T—P)%(3+P0—T—P)—Z(OH‘Po—T—P)%(ﬁJFPo—T—P)

9
+ gt po =T —p)

20
To 1 3 2
+o(@=po=T+p)3(B=po—T+p)+ (a=po=T+p)3(8—po—T+p)
9 5
—Q—O(Q—Po—T+P)27
as well as
1
¢27§1n(ﬁ—T)—§ln(a—T). (53)

Using this information, we get

(6-T)=3(a-T)
3(a — T)1/3

30 —1) = (8=1)

+|
ST}H - 9(047T)5/

dT Adz Ndg, S|, =2r dT NdZNdd,  (54)
the remaining components being zero. We define H™ C H in a fashion similar as in subsection 5.2.1 and

perform the following computations

+_ o p-Tn = B-Tp
[ st =2 s ) .

- . (56)

H+

/S+—g7rhr [3(a—T0)+(5—T0) 3a—Ti)+ (B—Th)
p 3 0 (OZ—TO)2/3 (a—T1)2/3

H+
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Hence, we deduce that in this case:

(Oé*To)Q/g' (Oé*Tl)Q/?’

- i ﬁ—Tl ﬂ—TO To 3(0(—T0)+(5—T0) 3(04—T1)+(6—T1)
P(u,?—[+)_27rh{(aTl)%—(aTO)%,g{ },0,0}.

(57)

Using the gravitational flux 1-form at the matching hypersurface, we get

o\ . O\ (B—T)-3(a-T)
;<B7u><8—p>— g+(5;)<3p>_3ro(aT)%(Tﬂ)' (58)

One can carry out a similar computation from the interior, as we did in subsection 5.2.1, and use again the
matching conditions to find that P(d,H") = P(u,H ™). Also, the case & = 3 reduces to the FLRW case
of the previous section.

Differently from the FLRW case, here one has to distinguish two cases: (i) 0 < a < 3, where the
singularity is string-like along the axis of symmetry and Sp, S, diverge as T — « and (i) 0 < 8 < «,
where the spacetime singularity is pancake-like and St, S, are finite when T — 3. In the first case, the
covector P(u, H") has components such that Pr > 0 and P, < 0, whereas in the second case Pr < 0 and
P, < 0. Eq. (58) tells us that the gravitational flux with respect to the radial direction is incoming in the
first case and outgoing in the second case. In the first case, Pr is ever increasing as the gravitational collapse
evolves towards the singularity and, therefore, Pr represents a net gain of gravitational energy whereas,
in the second case Pr, measures a net loss of gravitational energy. From this, we deduce that, in the first
case, the gravitational collapse is enhanced by incoming gravitational radiation, whereas in the second case
gravitational radiation is outgoing as the gravitational collapse progresses.

For the Bianchi [ interior, a computation shows that (52) is also valid. Therefore, dFE; = 0, which implies
that dS; = 0, so again the matter energy-momentum current J(9/9t) and j (B,9/0t) are independently
conserved currents.

5.8. Spatially inhomogeneous interior

The following metric corresponds to an inhomogeneous solution of the Einstein equations of the Szekeres
family with a dust source and a regular axis [17]:

2472
a2

2
g‘:—dt@dt+dr®dr+<l— > dz ® dz + r2dp ® do, (59)

where o € R\ {0}. As the previous two cases, one can also show that this metric is an interior to Einstein—
Rosen type metrics [2] and it is, thus, an interesting case to study by comparison with the spatially
homogeneous cases.

In this case, the equality of the first fundamental forms on H gives

H H 2+ 73 H t2 473 H
¥ =, R:TO(l— aQO), 1/12111(1— aQO, Yr =91, (60)

while the equality of the second fundamental forms gives

(61)

-1
H H 2y 2 + r% H 2 + 37“8
Yo =Vps V= T2 <1 T a2 N P
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The solution to (77), which satisfies the matching conditions at H, is

2 2
R(T,p) =9 <1o<%) + (13;[20> (P*Po)*é((T+P*P0)3*(T*P+Po)3)

To

_T«?((T—erpo)QJr(T—Fp—po)z)- (62)

From the matching conditions v = v, we deduce that on H

w0 2z 2z ,_,0
(005,00 0mpe = {0 L6 &0V} (63)
where the last frame has the properties of (26). As we did in subsections 5.2.1 and 5.2.2, we appeal to
Proposition 2 to carry out our computations in the holonomic frame {Jr,d,, 03,0z}, in order to compute

(5) on H. In this case, we actually carry out the computation in all of the exterior with the result:

2T 5 ~ 2rg . -
S;:—ﬁdT/\dz/\dgp, S;:—?dT/\dz/\dgp, SF=57=0. (64)
Next, we define HT C H and compute P(u,H') as we did before. The result is
. Amh(Tg — TE) 4whrg
P(i, ") = { 22 L (T =T1) 0,0 (65)
At the matching hypersurface, we have
2T 0 2T
j(B,4) ="3+(S1) = — d (B,d){ — )= — 66
]( 7'U/) {]+( T) ’]”0(7"(2)70[24’7—‘2) P, ]( 7u)<8p> 7,.0(7,870[24,7“’2)7 ( )

from which we deduce that the gravitational flux is outgoing through the matching hypersurface. This
indicates that the gravitational collapse is not enhanced by the gravitational radiation at the matching
hypersurface.

In this particular case, we also supply an analysis of the collapsing process in the interior. To that end,
we start by repeating the computation in the interior and find out whether the result agrees with what we
have just found. In this case, the matching conditions entail

{6T7ap76238g5}|7{ = {ah_a’r‘)aZ?aﬁp}"H' (67)

Comparing with (63), we deduce that we can choose the frame {0;, —0,,0.,0,} to carry out the computa-
tions in the interior. The result of these computations is

ot 2
Sy =—ZodtAdzndp, S; = ——2dtndzndp, S; =S, =0. (68)
(0% (0%

So, this result yields

as expected.
The gravitational flux 1-form in the interior is explicitly given by

2(rdt + tdr)
r(—a? +r2 +12)

7(B,4d) =" (5h) =
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Fig. 1. The left panel shows a diagram of the spacetime structure of (59), as obtained in [17]. The vertical lines represent the
geodesics along which the dust moves between singularities. The blue dashed lines represent the marginally trapped cylinders
which are arcs of ellipses. On the right panel, a cut of the spacetime is depicted for r < a/\/i This figure is adapted from [2].
(For interpretation of the colours in the figure(s), the reader is referred to the web version of this article.)

To check whether the gravitational collapse is enhanced or not in the interior we choose to compute the
gravitational radiation flux in the apparent horizon and, to that end, we analyse the trapped surface forma-
tion in the interior. In particular, we look at null 2-surfaces generated by the null vectors EE) = @ (0 £0,).
We then take the vectors €, = 04 and € = 0,, generators of the 2-cylinders and calculate the expansions
91(:2 = fk((li)elfqvbe%, where A, B = 1,2, whose trace is denoted by (*). The condition §(*) = 0, for the
existence of a marginally trapped cylinder, is equivalent to

T: t*42tr +3r2 = a?, (70)

for t2 412 < a?. This means that, for a given a, there exists a positive t(()i) = Fr4+va? —2r2 forr < a/V2,
such that &) = 0 and cylinders to the future of t(()+) are trapped.

To carry out a more detailed analysis, we pick the branch with a positive sign and introduce a new
variable x through the definition 2 = t + r. In terms of this new variable, condition (70) adopts the form
2?2 4+ 2r? = o2, from which we conclude that in the (z,7) plane, condition (70) represents arcs of ellipses as
shown in Fig. 1. We can now eliminate the variable ¢ from (68). Next, using the map x = va? — 2r2, we
compute the pullback of the Sparling 3-form to the marginally trapped cylinders which yields (here and in
the following, we choose the positive sign in (70)):

2 2742 2 272 2722 2

o7 = 20 o danap, o= 2T VIR EN)) e, ()
a2va? —2r2 o2y o? — 2r?

S: =55 =0. (72)

From these expressions, we can compute the gravitational flux 1-form on the marginally trapped cylinders
using the standard definition, getting

(B, 4) = TQ(QTC;—TQQ) (a2 = 20(2r + Va2 = 2,2)). (73)

We can also compute the gravitational energy—momentum flux through these cylinders and we conclude
that

T

o? o?

752 Arhrg (/a2 —2r2 —r
/S_ _ drhrgy/ o 2rg 7 /S_ B 0 ( 0 0). (74)
s

T
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Since rg < a/ V2 we deduce, from the first integral, that the observer will measure a net positive emitted
gravitational energy. However, looking at equation (73), we deduce that the gravitational flux with respect
to 8/0r is incoming for 0 < r < r, and outgoing if r, < r < a/v/3, where r, is given by

1
%.

Therefore, when the singularity is approached the radiation is incoming but when one gets towards the

o
* " 1_
=5

matching hypersurface the radiation is outgoing, consistently with the analysis carried out in the exterior.
This means that the gravitational collapse will be enhanced by the gravitational radiation when the singu-
larity is approached (r < r,) but not when r > r, (in particular, not in the matching hypersurface between
the interior and the exterior).

To finish, we compute the Einstein 3-form in the interior obtaining

4
By = ——rdrNdzNd$, E,=E,=E;=0. (75)
(6%

From this result, we deduce that dE; = 0 which entails dS; = 0, so in this case the matter energy-momentum
current J~(9/0t) and j~ (B,0/0t) are also independently conserved currents in the interior.

6. Conclusions

We have considered a quasi-local measure of gravitational energy, using the Sparling 3-form and a geo-
metric construction adapted to spacetimes with a 2-dimensional isometry group. We have then studied the
gravitational energy—momentum flux in models of gravitational collapse with cylindrical symmetry.

Taking advantage of the existence of the Killing vectors, we defined a frame adapted to our problem
to compute the gravitational radiation at the boundary and at the interior of the collapsing body. The
interiors we have analysed contain a dust fluid and are FLRW, Bianchi I and Szekeres solutions, whereas
the exterior is always a vacuum Einstein—Rosen type solution containing gravitational waves. Our method
shows that in the collapse modelled with the FLRW and inhomogeneous interiors, the gravitational radiation
is always outgoing at the matching boundary of the collapsing body whereas, in the case of the Bianchi I,
the gravitational radiation can be either outgoing or incoming at the boundary during the collapse.

We find that, in a model whose collapsing interior is a Bianchi I spatially homogeneous spacetime
with a string like singularity, the collapse is being enhanced by the gravitational radiation coming from the
exterior. In the other cases analysed, the gravitational radiation is outgoing from the matching hypersurface
during the collapse process. Note that these considerations pertain only to the analysis at the matching
hypersurface.

In the case of the inhomogeneous interior, we also carried out the analysis at the apparent horizon and
found that, there, the gravitational collapse is enhanced towards its final phase, whereas it is not so at
earlier stages. In this case, since the collapse is not enhanced at the matching hypersurface, we conclude
that a gravitational energy—momentum flux is originated in the interior enhancing the collapse during its
late evolution.

Our results show how a quasi-local measure of gravitational energy can be constructed in a geometrical
way using the Sparling form, and can be applied to the problem of gravitational collapse of a fluid body
having an exterior with gravitational waves.
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Appendix A

The EFEs for the cylindrically symmetric vacuum metric (31) are

O=v11 —V0p — ’(/),Qp + 1#,2T (76)

0=Rrr—R,, (77)
R R

O0=vrr+ fiﬁ,T — Y pp— f”w,p (78)

together with the two constraint equations

1

Yo = w(RR,pW)?T +4¢%) —2RR ¢ 1Y, + R,R 5y — RTR 1)) (79)
P VA

1

R2T - R?p

)

Y =— (RR 1 (V% +47%) = 2RR ;70 , + RTR ,, — R ,R1,), (80)

where the commas denote differentiation.
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