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Based on the effective dynamics in the iz scheme of the spherical symmetry reduced model in the reduced
phase space formulation of loop quantum gravity (LQG), we investigate the gravitational collapse of a
homogeneous dust cloud, with Gaussian dust serving as both the reference field and the source of the
gravitational collapse. The effective dynamics from the considered model for a homogeneous dust cloud
reduces precisely to the effective dynamics of loop quantum cosmology (LQC) with extrinsic curvature
based K-quantization, indicating that the LQC effective dynamics lives as a subsector of the model
presented here. In both the marginally bound and the bound cases of the collapse in effective dynamics,
the singularity is resolved and replaced by a bounce. Though quantum geometric modification from
spatial curvature is not directly included in the K-quantization it does affect the qualitative dynamics of
the collapsing dust cloud in the sense that on the one hand for the marginally bound case, the dust cloud
bounces once at fixed maximum energy density and on the other hand for the bound case, the dust
cloud undergoes infinite cycles of contraction and expansion at energy densities dependent on the dust
mass. Finally, the mass threshold for the formation of a trapped surface in each case is found and the
matching conditions between the interior collapsing spacetime and an effective exterior static solution are

discussed.
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I. INTRODUCTION

Nonperturbative quantum gravitational effects in LQG
signal that the classical differential geometry of Einstein’s
gravity is replaced by a discrete quantum geometry at the
Planck scale. The resulting quantum dynamics is expected
to provide an upper bound on spacetime curvature and
result in resolution of singularities. A rigorous demonstra-
tion of this happens in cosmological spacetimes in the
context of loop quantum cosmology (LQC) where the
classical big bang is replaced by a quantum big bounce [1]
and a generic resolution of strong curvature cosmological
singularities occurs [2,3]. In recent years, investigations on
similar lines have been carried out for black hole space-
times (see e.g. [4-27], see also [28] for a review). The goal
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of most of these works is to capture the discreteness of
quantum spacetime understood in LQG in an effective
spacetime description which using high performance com-
puting has proved to be reliable tool to understand quantum
evolution using a set of quantum gravity modified dynami-
cal equations [29-31]. As in many above works, our
work will be based on assuming validity of this effective
spacetime description.

The models for describing black holes in the framework of
LQG are mostly based on symmetry reduced models. Instead
of the full quantum theory of gravity, these models reduce the
degrees of freedom (DOFs) by implementing spherical
symmetry at the classical level and quantize only the reduced
set of DOFs satisfying this symmetry. Such kind of symmetry
reduced models have been successful in the study of quantum
cosmology, see for instance [32] for a recent review. The
existing models of LQG black holes fall into two categories:
the first category of models aims to quantize Schwarzschild
black hole using isometry with Kantowski-Sachs vacuum
cosmology [4-6,9-11,13-15,17,19,33-35]. These models
quantize only a finite number of DOFs that result from

© 2023 American Physical Society
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requiring spherical symmetry as well as homogeneity.
On the other hand the second category of models e.g.
[7,8,18,22,23,36-39] performs a symmetry reduction with
respect to spherical symmetry only. These models give 1+1
dimensional field theories, which still contain infinitely
many DOFs. Furthermore, both the black hole interior and
exterior are treated in a unified manner in the second
category. The model presented in this work belongs to
the second category which is then reduced to explore the
effects of quantum geometry on the collapse of a homo-
geneous dust cloud. In particular, our model is developed
from the reduced phase space formulation of LQG. At the
classical level and before the symmetry reduction, the
gravitational field is coupled to Gaussian dust, which serves
as reference fields to deparametrize gravity [40,41] and
obtain the reduced phase space of the gravitational degrees
of freedom in terms of elementary Dirac observables. This
allows us to formulate general relativity (GR) in a mani-
festly gauge invariant manner where the Hamiltonian and
diffeomorphism constraints are solved classically and the
dynamics of these Dirac observables is generated by a so-
called physical Hamiltonian that is nonvanishing in the
physical sector of the theory. The symmetry reduction with
respect to spherically symmetry is then performed at the
level of the reduced phase space and the Gauss constraint is
solved with a gauge fixing leading to the constraint-free
phase space P of spherical symmetric physical DOFs.
The quantization of the model is then applied to the
reduced phase space and the algebra of Dirac observables
directly. Therefore, the model is free of any complication
arising from quantization of constraints. In fact, the
quantum dynamics encoded in the physical Hamiltonian
operator is manifestly unitary when passing to the quantum
theory [39].

In this work, we apply the effective dynamics of the
above physical Hamiltonian H to study the gravitational
collapse for a homogeneous dust cloud. With dynamically
coupling Gaussian dust to gravity we have on one hand
the necessary reference fields in the system to construct
the reduced phase space and on the other hand we can
consider nonvacuum solutions such as the gravitational
collapse involving dust as the source. The reduced phase
space is derived in classical GR where for the Gaussian
dust model the Dirac observable corresponding to the
lapse function is unity and the shift vector is zero. A
question that arises when working at the effective level is
how to carry over the form of the classical lapse and shift
to the effective model. The strategy for this discussed
recently in [42] considers criteria that should be satisfied
such that the effective versions for lapse and shift are
consistent with the effective dynamics. In general this
means, that the effective lapse and shift are not just given
by the polymerization of their classical counterparts [42].
However, for the class of matter reference fields, includ-
ing the Gaussian dust model, this is valid and it turns

out that choosing the effective lapse and shift to be
one and zero respectively is a consistent choice in this
model.’

Let us note that every quantization strategy is fraught
with quantization ambiguities, and unlike the case of
isotropic LQC, where mathematical and phenomenological
considerations result in a unique quantization [44,45]—the
so-called y scheme or the improved dynamics [46] and
ruling out the old y, scheme in LQC. However, different
quantization prescriptions have been put forth for black
hole spacetimes. A priori there is no guarantee which
scheme would be successful unless one probes the resulting
physical implications in detail. Thus, a closer look at any of
these prescriptions is necessary. For the Schwarzschild
black hole this task has been carefully carried out in the
case of the interior spacetime where a recent study
discussed inherent deficiencies of some of the schemes,
including one based on quantizing Schwarzschild interior
with a i scheme, and proposed a quantization prescription
for Schwarzschild interior [14]. The situation for a gravi-
tational collapse scenarios, which unlike Schwarzschild
case, is a dynamical case as in cosmology is still to be
settled. Results for homogeneous collapse in LQC setting
rule out the u, scheme unless the Barbero-Immrizi param-
eter decreases almost four times [26]. It turns out that inside
the dust cloud, the g effective dynamics improves the
Oppenheimer-Snyder (OS) model by resolving the singu-
larity with a nonsingular bounce, where the curvature is
Planckian. Although a large part of our discussion treats
k =0,%1 in general, we indeed focus on the improved
OS models with £k = 1 (the bound case) and k = 0 (the
marginally bound case). The results on the marginally
bound case with k = 0 are consistent with those obtained in
[47], which uses a different symmetry reduction scheme.
An important caveat of our analysis is that we only consider
quantum geometric effects via polymerization of the
extrinsic curvature and ignore the same for the intrinsic
curvature. Basically we follow the so-called K-quantiza-
tions (where K denotes extrinsic curvature) [48]. The
bounce obtained here is time-reversal symmetric because
of the simplification of ignoring quantum geometric effects
to intrinsic curvature.

The dust cloud is assumed in our analysis to have a finite
radius. The spacetime geometry outside the cloud is also
needed in order to obtain a full description of the gravi-
tational field. The effective spacetime outside the dust

"The situation changes if one chooses geometric clocks as has
for instance be done in [22,43]. Then it depends whether the gauge
fixing conditions involve variables that are or are not polymerized
at the effective level. A procedure to obtain an effective lapse and
shift consistent with the effective dynamics has been presented in
[42] and the analysis there shows that neither the model in [22] nor
the model in [43] chooses a consistent lapse and shift if we assume
that the gauge fixing conditions are just the polymerizations of
their classical counterparts.
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cloud should be governed by the same set of EOMs from
H,, and is matched to the Schwarzschild geometry far
away from the dust cloud in [38]. Note that other matching
conditions such as generalized Vaidya are also possible (see
fore.g. [49]). In this paper we make the same assumption as
in [38] for the exterior to investigate the matching condition
on the dust shell between the effective spacetimes inside
and outside the dust cloud, and we show that the matching
condition is approximately satisfied except for the regime
where quantum geometric effects become significant. The
matching condition is not satisfied in the strong quantum
regime due to quantum corrections to the Lemaitre-
Tolman-Bondi (LTB) conditions, that restrict the spherical
symmetric sector to the LTB solution, in the effective
spacetime outside the dust cloud, while the LTB conditions
are satisfied without correction for the effective spacetime
inside the dust cloud.

There exists former results in the literature on the mass
threshold of forming a horizon in the gravitational collapse
with quantum geometric effects in different settings
[47,50,51]. For a dust shell mass below a certain threshold,
no horizon will form. With the model considered in this
work, we confirm a mass threshold at the order of
Planckian mass for both the marginally bound k = 0 and
the bound case k = 1. In our results, for a dust shell mass
larger than the threshold, as the dust profile falls inward, a
pair of apparent horizon forms before the bounce. There is
no shock wave after the bounce, in contrast to the result in
[51]. For an observer that sits inside or on the dust shell, the
trapped region will be reached first near the Schwarzschild
radius. With the collapse continuing in the trapped region,
an inner apparent horizon will be reached at the Planck
curvature scale before the bounce, where the space-time
region becomes untrapped. After that, matter bounces
outward symmetrically. The observer will enter the anti-
trapped white-hole region and finally moves out after
crossing the white-hole horizon. The result here in the
k = 0 case agrees with the earlier result in [47].

The paper is organized as follows. After the introduction
in Sec. I we review in Sec. II the relational dynamics of the
Gaussian dust model (Sec. II A) as well as its symmetry
reduction to spherical symmetry at the classical level
(Sec. I B). In addition in Sec. II C we briefly review the
effective dynamics in the ji-scheme following from the
models in [52,53]. Section III introduces the collapsing dust
model of this work by further imposing two LTB conditions
that restrict the spherical symmetric effective dynamics to
the LTB sector. We start in Sec. III A with a brief summary
on the LTB dust shell model from [47] for which the
symmetry reduction has been performed at the classical
level along the lines of [54] before effective techniques have
been applied. In Sec. III B we analyse the case of a
homogeneous dust cloud with analytical methods. The
model can be understood as an Oppenheimer-Snyder
dust collapsing model, for the marginally bound case

(k = 0) and bound case with k = 1. Further, we discuss
in subsection III C the effective Hamiltonian as well as the
resulting modified Friedmann-like equations for the k = 0
and k =1 model and we obtain a qualitatively different
behavior of the two cases. Subsection III D analyses the
formation of trapped surfaces in the model and derives the
resulting value for the threshold mass that agrees for the
k = 0 with one found in [47]. Possible matching conditions
for gluing the interior spacetime to an exterior stationary
spacetime are given in Sec. Il E. In Sec. IV we present some
numerical results for the model.

II. REDUCED PHASE SPACE QUANTIZATION,
SPHERICAL SYMMETRY REDUCTION, AND
EFFECTIVE DYNAMICS

In this section, we give a brief review on the reduced
phase space formulation for gravity coupled to Gaussian
dust and the spherical symmetry reduction. We also review
briefly the ji-scheme effective dynamics of spherical
symmetric LQG developed recently in [38].

A. Reduced phase space of the Gaussian dust model

Usage of reference fields in GR in order to access
the physical phase space and after quantization the
physical Hilbert space respectively has been studied earlier
[40,55-61]. In particular, a classification of the existing
scalar field reference models in the context of LQG can be
found in [41]. The individual models differ by the number
and kind of reference fields that one couples dynamically to
GR. In full GR in one type of models one has four
additional reference fields that can be used to reduce the
Hamiltonian as well as the spatial diffeomorphism con-
straint at the classical level. The other kind of models
involve only one reference field that is typically used to
reduce the Hamiltonian constraint, whereas the spatial
diffeomorphism constraint is then solved in the quantum
theory. In this work we will focus on models that allow to
reduce the Hamiltonian as well as the diffeomorphism
constraint and these models have in common that one
obtains a system with second class constraints. In these
models one couples eight or seven additional fields to
gravity and after reduction with respect to the second class
constraints one ends up with a first class systems which has
four additional fields to the geometric degrees of freedom.
In case one takes GR in terms of Ashtekar-Barbero
variables as a starting point as for instance has been done
in [59,62,63] the models involve an additional Gauss
constraint that is solved via Dirac quantization in the
quantum theory by working with gauge invariant spin
network functions. Another alternative is to gauge-fix the
Gauss constraint already at the classical level as it is often
done in symmetry reduced models. The different dust
models available in the literature for full GR and corre-
sponding quantum gravity models [40,41,56,60,62] carry
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different features at the level of full GR such as for instance
a different number of coupled dust fields and a different
form of the resulting physical Hamiltonian. Once sym-
metry reduced to Friedmann-Lemaitre—Robertson—Walker
(FLRW) spacetimes most of the distinctive properties are
lost due to the simplicity of the models and in particular
because the spatial diffeomorphism constraint vanish trivi-
ally in these models, see for instance [49] where different
reference matter models have been analyzed in the cos-
mological context involving in addition to dust also Klein-
Gordon scalar fields as reference matter. This is no longer
the case for spherically symmetric models where more
distinguishable properties of the dust models are present. In
the current work we will focus on the Gaussian dust model
that was introduced in the seminal article [40] and see [62]
for the corresponding quantum model using a loop quan-
tization. If we choose dust as reference fields in spherically
symmetric models, we work in the framework of LTB
models. The main motivation for focusing on the Gaussian
dust model here is that its physical Hamiltonian has a
simpler form than in the Brown-Kuchaf model.

The Gaussian dust model considers the following total
action

Stot = Sgeo + S(?ust

with the geometric part described by the Einstein-Hilbert
action

1

Seeo = / d*x,/=gR™ (2.1)
2K M

whereas the dust dynamics is encoded in the following
action

SdGusl == / d3x\/ -9 <§ [g;wT.ﬂT.u + 1] + gﬂyT#WjS{;) s
(2.2)

here x =8zG with G being Newton’s constant and
p. T, W;, S/ with j =1, 2, 3 denote eight dynamically
coupled scalar fields describing the Gaussian dust model.
After an ADM decomposition, the kinematical phase space
consists of the ADM variables of (g, p*, N, Py, N¢, P,)
in the gravitational sector, where ¢,, denotes the ADM
metric, N the lapse function and N the shift vector. The
kinematical degrees of freedom in the dust sector are given
by (p.P,. T, Pr,W;, Py, S/, P;) so that in total the model
involves 36 phase space degrees of freedom at the kin-
ematical level. As far as the constraints of the Gaussian dust
model are concerned it is a second class constrained system
and as shown in [40,62] after the reduction of the second
class constraints the independent variables are given by the
set (qup. p®.T, Py, S/, P;) and this partially reduced

system becomes first class for more details as well as
the explicit form of the constraints compatible with our
notation see [41]. We take this as a starting point for the
work in this article and consider the usual extension
of the gravitational phase space from ADM to Ashtekar-
Barbero variables denotes by (A7, E;‘) which are a SU(2)-
connection and a densitized triad respectively building a
canonical pair with the nonvanishing Poisson brackets

(AL, EL )} =L 513850 (v, ).

> k = 167G.

Here A£ = F;? + ﬁK’; where F{; is the spin connection, /3 the
Immmirzi parameter and K’ is related to the extrinsic
curvature via K = ej?Kab with e} denoting the usual co-

triads. The remaining first class constraints are the

SU(2) Gauss constraint G;, the spatial diffeomorphism

constraint ¢! and the Hamiltonian constraint ¢'*'. The total

Hamiltonian constraint consisting of the geometric and dust
contributions denoted by ¢ and ¢! respectively reads

cot = ¢+ cdust

1 eMmELE;

2K
\/ |det(E9)|
b smn
i _ p\/1 | BREW T,

det(E9)
ESEbs™ T ,P;S),

det(E(;) l E%Eﬁémn T.aT,b ’
T e E)

(Fly = (1+ p?)e KK

where
Fl, = 0,A} — 0,AL + €/, ,ALAY

and K{; :%(A’; —F’;) is considered as a function of
(A{HEJ“) The total spatial diffeomorphism constraint is
given by

ol = ¢, + cdst  with

1 .
_ J
C, = . FuhE;?

p

and the total Gauss constraint takes the form

1 .
dost — — (PT, + P;S% 2.4
=G (PTa+PSe)  (24)

1
G, = pr (0.EY + € ALES).

As presented in [40,62] the Hamiltonian as well as the
diffeomorphism constraint can be solved for the dust
momenta P and P; respectively allowing to work with
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an equivalent set of these constraints being all linear in the
dust momenta. As a consequence, the dust fields 7 and S/
are canonically conjugate to the total Hamiltonian and
diffeomorphism constraint respectively and thus provide
good candidates for reference fields for these constraints.
Applying the observable map from [64—66] in the frame-
work of the relational formalism [67-69], as presented
in [62], we can construct Dirac observables corresponding

to the canonical pair (A{Z EY). Following the notation from

[41,62] we denote these Dirac observables by (Af ,Eﬁ)
Here j is the index labeling coordinates on the dust
manifold S with coordinates ¢/ being those values the
dust field S/ take under the observable map and J is a su(2)-
index both running from 1 to 3. As shown in [41] the
algebra of the Dirac observables has a standard canonical
form with

Kp
{A(0,7). Bk (o', 2)} =T858 (0.),
where 7 denotes physical time related to the reference
field T and all remaining Poisson bracket vanish. (Aj JEY))

are the elementary variables of the reduced phase space.
The dynamics of these Dirac observables is generated
by a so-called physical Hamiltonian, that is itself a Dirac
observable and not vanishing on the constraint hypersur-
face. For the Gaussian dust model it has the following
form [41]

HS = / d*oC (o)
S
where C(o) denotes the Dirac observable of ¢(x) given by

1 eYNE] EY,
26 /) det(E)|

Here F ]J-k is the curvature associated with the connection A7

C= (Fl = (1 + )’ KRKY).

Fl, = 0;A] — AT + € g AKAL

and K/ = ;(A] —T7) is considered as a function of the

elementary Dirac observables (Af , Eﬁ) To obtain the Dirac
observable C we took advantage of the fact that for the
observable map we have C = c(A7, E}) and likewise for
any other function on the reduced phase space as for
instance ¢, and G, a derivation of the detailed properties of
the observable can be found in [65,66,70]. This reduced
phase space as well as the dynamics encoded in Hg’hys at the
classical level will be our starting point for considering a
spherically symmetric symmetry reduction in the next
subsection.

B. Spherical symmetry reduction

In this work, we focus only on the sector of spherical
symmetrical degrees of freedom in the reduced phase
space, and restrict the LQG dynamics to the spherical
symmetrical degrees of freedom. Our scheme is similar to
e.g. [4,7,8,36,38,39]. For obtaining the spherically sym-
metric midisuperspace we assume the dust space S =~
R x $? and define the spherical coordinate & = (x, 0, ¢).
We restrict the reduced phase space to the phase space [y
of spherical symmetric field configurations. In spherically

symmetric spacetimes, one only considers (Aj Ef) that are

invariant under rotations up to gauge transformations. The
general forms are given by

1
Alzido® = Ay (x)71dx + —= (Ay(x)7, + A3(x)73)d0

V2
1

+ 7 (Az(x)73 — A3(x)75) sin(0)dg

+ cos(0)7,dg,

Elel ai — E(x) sin(6)7,0,

(0]
1

+ — (E*(x)7, + E*(x)13) sin(0)9,

\/5( (x)7, + E*(x)73) sin(6)dy

1
+ = (E273 - E372)6

V2

where 7; = —%a, with o; denoting Pauli matrices. We

denote by I,y the reduced phase space of the spherically

symmetric (A;, E7). The symplectic form Q on I reads

(2.5)

(74

2 4
Q0,.8:) = == [ P Alfo) n bkl (c)

+ 5,A5(x) A 8,E*(x)

+ 61A3(.X) A 52E3 (x))dx, (26)
where 6; and 6, are differentials on I',4. The Poisson bracket
from Q implies {A;(x), EX(x')} = 2Gp5(x, x')8}, with j,
k=1, 2, 3. The symmetry-reduced theory is an (1 + 1)-
dimensional field theory with infinite-dimensional I',.y.

We still need to impose the Gauss constraint to I'.y.
Equation (2.5) reduce the Gauss constraint to only one
constraint:

G[A] = 4x / dxA(x) [As (%) E? (x) — A3(x) E* (x) + 0, E" (x)],
(2.7)

while other two components become trivial. Corres-
pondingly, the SU(2) gauge group is reduced to U(I).
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Under the gauge transformation generated by G[1], A;
and E' transform as a U(1) gauge field and electric field,
while A, + iA; and E? + iE® transform as U(1) scalar
fields:

Al (x> - A ()C) - K:Bax)“l (x)’

E'(x) > E'(x). (2.8)

Ag(x) +iA3(x) = "7 (A (x) + iA3(x)), E? (x) +iE°(x)
— P () (B2 (x) +iE3(x)). (2.9)
One can always gauge transform (A;, E') € I'q to make

E? vanish. Thus we introduce the following gauge fixing
condition
E3(x) =0. (2.10)

Then we solve the Gauss constraint (2.7) for Az(x)

(2.11)

Equations (2.10) and (2.11) remove (Aj, E*) from the
canonical pairs. Following [8,38,39], we introduce the
following variables

1 1
K, (x) = EAl(x)v K,(x) = f—zﬁAz(x)’
E(x) = E'(x),  E*(x) = \%Ez(x). (2.12)

The gauge-fixed reduced phase space, denoted by P, consists
of canonical pairs (K, (x), E*(x)) and (K, (x), E?(x)) with
the Poisson brackets

{K;(x), Ef(x')} = G&ko(x, x), Jk=x¢0. (2.13)
In terms of these variables, the metric is given by
(E7)?
ds? = —dr? + ~—-dx? + |[E¥|dQ?,  (2.14)

|E*]

where the angular part dQ> = d#? + sin? Odg?.
The classical physical Hamiltonian thys reduced to the
(gauge-fixed) spherical symmetrical sector P gives

H, = / dxC(x) + boundary term, (2.15)
c) 4rsgn(E?) [ 2E'EYE?  4EYEY 4 B
X)=— -
K \/|EY] EY? 2E?
- 8E°K K, — 2E’[K2 + 1]). (2.16)

where £ = 0,E*. For completeness we also mention the
total diffeomorphism constraint that will be needed for the
later discussion in Sec. III and is given by

C'(x) = Py(x) + Ci(x)
= P,(x) + E*(x)K},(x) = K (x)E¥(x) ® 0 (2.17)

where P, denotes the dust momentum conjugate to the
reference field S*. Here C,(x) for all x are infinitely many
conserved charges satisfying {C,(x), Hy} = 0.

A boundary term in terms of Ashtekar-Barbero vari-
ables in the case of asymptotically flat spacetimes has been
discussed in the literature [71-73]. In the following we
briefly discuss how the boundary term for spherically
symmetric spacetimes given in (2.15) can be obtained:
When deriving EOMs from Hy, the variation & [ dxC(x)
and the integration by parts result in the following
boundary terms

8nE*SEY  8mE“SEY|EY|EY

K/ |E*||E?| KE?3\/|E¥|

These boundary variations should be canceled by the
variation of the boundary term in (2.15) with certain
boundary condition, in order to have the well-defined
variation. We are interested in the following boundary
conditions:
(i) The LTB conditions (see (3.1) and set P, =0)
restricts the spherical symmetric spacetimes to
LTB spacetimes, and here the boundary condition
involves one of the LTB condition E' = 2f(x)E?
for a given function f(x), see Sec. III for details.
Since we are going to study the LTB dust shell
model, we are interested in this LTB boundary
condition. The boundary can be of finite distance
or at infinity. The LTB condition implies
[6EY —2f(x)SE?];;, = 0. In this case, the two
terms in (2.18) cancel each other in any variation
8 [ dxC(x) satisfying the LTB boundary condition.
So we can set the boundary term to be zero in (2.15).
(i) When we study the dynamics of spherical symmetric
black hole, we consider E*, E” to behave asymp-
totically as the Schwarzschild geometry in the
Lemaitre coordinates as x — co’:

3 4/3
b~ (Svra)”
3 1/3
E«'N\/RS(T/RSO ,

(2.18)

(2.19)

*The Schwarzschild spacetime in the Lemaitre coordinates
(t.x,0.¢) is given by (2.14) with E* = (3 /R (x—1))*3,
E? = VR,G VR (x—1)'/3.
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(iif)

(iv)

where R is the Schwarzschild radius. The LTB
boundary condition E*' = 2E? is satisfied asymp-
totically. So we have again zero boundary term in
(2.15) at x — oo for the asymptotic Schwarzschild
boundary condition.

Alternatively, we may consider an infrared cutoff of
the dust space at boundary (bdy) = {x =L > 1}
and impose the Dirichlet boundary condition
SE*| 4, = 0.Inthis case, we have to add the following

boundary term to the physical Hamiltonian

HO = /oo dxC(x) +thy’

Hyyy = — 8?” (\/E_E —2f(x) \/75‘)

. (220

E? bdy

for any function f(x). 6z Hpgy, cancels the boun-
dary terms from 8z () [, dxCa (x), while 6 () Hpgy
cancels the boundary term from &g, f dxCp(x)
up to a term proportional to SE* which vamshes by the
Dirichlet boundary condition.

The Neumann boundary condition EY|[,,, =0,
OE"|,4, = 0 is interesting in the discussion in
[38] as x — —oo as a part of the Nariai limit. Both
terms in (2.18) vanish by this boundary condition, so
no boundary term is needed.

C. Review of the effective dynamics in the ji scheme

For studying the LQG corrections to the spherical
symmetrical spacetimes, the effective dynamics improved
from the classical dynamics by Hj, is developed in [38,39],
where a ji-scheme improved Hamiltonian H, is defined by
implementing the LQG holonomy corrections to Hy,. In the
following, we briefly discuss a few key points in con-
structing H, and readers can refer to [38,39] for details.

®

(i)

Spherical symmetry reduction and gauge fixing
before quantization: The starting point of the con-
struction is the spherical symmetric form (2.5) of
(A;, E7) on the dust space. The classical phase space
of the full theory is reduced to a subspace I',,4 of
spherical symmetrical fields. I',.4 is further reduced
to P by the gauge fixing E* = 0 and solving the
Gauss constraint. In particular, E} is diagonal in this
gauge. All the further development, including the
improved Hamiltonian and quantization, are based
on P.

The U(1) holonomy of A, and the point holonomy of
Aj;: The triad variables E} reduces to E!, E? on P.
We choose A; and A, to be their conjugate variables,
and define ¢ Jo &1 and ¢4 as the basic variables
in the quantization and the regularization of the
Hamiltonian [39]. The choice of the U(1) holonomy

ei’lfed"A‘ is natural since A; transforms as the U(1)
gauge field, see (2.8). However, the component of A;
perpendicular to x-direction can only give the
holonomy supported at a point in the space of x.
For simplicity, we choose the point holonomy e#42
of A, as the other basic variable.?

(iii) The ji-scheme regularization of the Hamiltonian with
holonomies of fixed lengths: When constructing H,,
the U(1) holonomy and point holonomies are repre-
sented as belonging to U(1) subgroups in SU(2):

dx1A i i
efe AT and eF4em | eF427s | Here 14, T,, T4 generate

the U(1) subgroups of SU(2). These SU(2) holono-
mies are used for regularizing the SU(2) curvature:

~ 4 [ha(0) = 1]. hp(O) is the SU(2) loop holon-
omy around the plaquette [] whose area is fixed to be
A. We express ha([0) in terms of holonomies along

edges of fixed length v/A [38]

= VAV/|EX|
Kl = efedx&Alrl ~e ‘E(,,“ pK, i

B gk,
12 = et — VT (2.21)

.
h = e = e\/ﬁ/mm,
ha(Op) = BARK (R~ (BK)~' ok =1,2,3.
(2.22)

We can regularize the K-dependent terms in Hj, in
terms of these holonomies and construct

KA/d3xZe Tr<hA ((mP )%)

+ terms independent of K. (2.23)

H,=

As the result from the above discussion, we obtain
the following expression of the p-scheme improved
Hamiltonian H, defined on P [38]

H, = /dxCA(x) + boundary term,  (2.24)

3Although we focus on this choice in the present paper, we
would like to mention that the alternative choice may be to use
eAt/(E)]l for a certain nontrivial function f(E) of E/. The
alternative choice may lead to a more complicated expression
of H A~
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| sgn(E?) [ 2ESEVEY  AEEY + B 4EEY  [VAy/[E°
Calx) = A8 ([ 2EVEVEY B0 _AEE [VAVIET,
G I E 2E FA E
2mv|E
1] [\/_ﬁK()] zEw).
pA VIE']

Effectively, H, improves the classical spherical symmetric
Hamiltonian H, by implementing the holonomy corrections

\/|E"| VA N
PR L/@ﬁ ol )]’
B VA
K = i VR K0 226)

where the deformation parameter A is assumed to be the
same order of magnitude as the minimal area gap in LQG.

K, (x) =

)] si [% K,

(2.25)

Clearly as A — 0, (2.26) reduces to K, K,,. It is straight-
forward to check {C,(x), Hy} = 0, thus the conservation
of C,(x) carries over to the improved dynamics. Here the
conserved C,(x) = E?(x)K/,(x) — K,(x)E"(x) does not
contain any holonomy correction. The discussion of the
boundary term in H, is exactly the same as the discussion
for Hy, since the boundary terms from & [ dxC,(x) is the
same as (2.15).

The effective dynamics of the spherical symmetric
gravity-dust system is given by the Hamiltonian equations
from H, [38]:

. [ pVAK, 28V AVEK,
E"’sm( \/—>sm< )

0K — 0.E*0.E? (axEx)Z N O%Ex . E? F
T T4V E?  16ERPEY | aJEEr  4E? AV
_ n B
WK 2MKEx N
1 /))\/ZKw ﬂ\/KKq,
E¢K¢5m< T >cos( N/ )
" 2/ AE* ’ (2.27)
% gin [ 2Y2Ke | gip [ 22YAVEK,
0K (axEx)z E Sln( \/E_‘X > sin <2ﬂ AE(FE K >
0 T SVEE? FA
2FE*K . sin <ﬂ \/\/——K ) cos <2ﬂ ‘/KEFK”> FE*sin? <ﬁ—‘/\/§_f<"> |
- - - : 2.28
BVAE? 26°A WE (2.28)
2FE* sin (ﬂ\/\/i‘_K ) cos <2ﬂ\/ZE\¢/7E_‘XKX)
o= pVA : (2.29)
E? cos (ﬁ\/\/_—K ) sin (2/’\/%{?’9) E? sin (ﬁ AEK ) cos (ﬁ%w)
= + : (2.30)

pVA

when E*, EY > (O are assumed.

The polymer quantization of the phase space P is carried out in [39], where the Hamiltonian H, is quantized on

an l-dimensional lattice along the x-direction. The U(1) holonomy e

i [ &A1 4nd the point holonomy e*42 are among the

basic variables in the quantization. The matrix elements of the time-evolution operator e~iHa jg expressed as a phase space

path integral:

044047-8



SPHERICAL SYMMETRIC GRAVITATIONAL COLLAPSE OF A ...

PHYS. REV. D 107, 044047 (2023)

(1 e~ Ty = / DulK . K,y E*, Vel lKknf 2]
(2.31)

The detailed expressions of the action S,[K,, K. E*, E|
and the path integral measure Du can be found in [39]. The
effective dynamics (2.27)—(2.30) is reproduced at the lead-
ing order in the A-expansion of the path integral formula by
the stationary phase approximation. Here A is viewed as
independent from 7 in the expansion, although A ~ GAp.
This indicates that from the path integral point of view, the
validity regime of the effective dynamics is given by scaling
7 small and f large while keeping A fixed. This regime is
similar to the earlier path integral approach in LQC [74].

III. HOMOGENEOUS REDUCTION OF THE
EFFECTIVE DYNAMICS AND ITS
PHENOMENOLOGICAL IMPLICATIONS

In this section, we discuss the homogeneous reduction of
our loop quantized model for the collapsing LTB spacetime
and conclude that our model can reduce to the well-known
Oppenheimer-Snyder (OS) model with effective dynamics
coinciding with j-LQC for the homogeneous collapsing
dust cloud with a nonvanishing dust energy density [47].
For both the marginally bound case and the bound case, we
analyze in detail the reduction ansatz, the dynamical
equations as well as the formation of the trapped surfaces
at the boundary in the resulting OS model.

A. LTB dust shell model

One approach to quantize LTB models is to start with a
spherically symmetric spacetime, gauge-fix the Gauss
constraint at the classical level and then apply LTB
conditions that specialize the classical spherically sym-
metric spacetime to an LTB form and use this as the
classical model for the quantization. This strategy was for
instance followed in [54,47]. The work in [54] presents a
Schrodinger quantization of model describing the dynamics
of outermost dust shell for a homogeneous dust energy
density and [47] considers such a model for a different kind
of loop quantization at the effective level. Both works
restrict their discussion to the marginally bound case. In
this subsection we want to briefly review the main proper-
ties of the model [47] because in the later part of this work
we want to compare it with the results obtained from the
path integral formalism presented here. We assume that the
Gauss constraint has already been gauge-fixed and consider
the metric in (2.14) as well as the Poisson bracket in (2.13)
as the starting point. The LTB conditions for the marginally
bound case in Ashtekar-Barbero variables read

*Note that compared to [47,75] the Poisson bracket in (2.13)
involves an additional factor of % and this results in an additional factor
of 2 in the second LTB condition in the notation used in this work.

L 2E%(1,x) — |0, E*|(t.x) ~ 0

IL 9,K,(1.x) — 2sgn(EV)K*(1.x) ~ 0. (3.1)

As can be seen from (2.17) the combination of the LTB
conditions in I and II together with the condition P, = 0 in
(2.17) yield a vanishing contribution to the spatial diffeo-
morphism constraint at the classical level. As a conse-
quence, the Brown-Kuchar dust model considered in
[47,54] reduces to the case of nonrotational dust where
as in the case of the Gaussian dust model the lapse is given
by N = 1 and the shift vector vanishes. For this reason it is
reasonable to compare the model in [47] with the results
obtained here using Gaussian dust. Because the LTB
conditions are applied in the classical model in [47] one
is left with one set of canonical variables only, that is
(K, (t,x), E*(t,x)). As shown in [54], if one imposes the
assumption that the individual shells decouple at the
classical level, an action for the outermost shell can
be derived. In [47] this shell model was used in connec-
tion variables and following their notation we denote the
densitized triad of the outermost shell by E¥(¢) = E*(1, x,),
where x; in the radial coordinate of the shell and the
conjugate connection variable by K,(t) := K(t,x,) that
satisfy {K,,E*} = G and whose classical dynamics is
described by the following action

1 1 ()2
5= [ deLaw =55 [ ar -
2

HS = —ak)%\/ |EX| = —mg,

where H denotes the corresponding physical Hamiltonian
and m; stands for the dust mass enclosed by the outermost
dust shell. The work in [47] considers the usual loop
quantization of the shell model based on holonomies and
triads as well as a loop quantization involving in addition
gauge covariant fluxes [76]. As we will not consider gauge
covariant fluxes in our work here in the further discussion
we will briefly summarize the effective model where gauge
covariant fluxes are absent. The effective Hamiltonian
involving holonomy corrections reads [47]

with

(3.2)

with A = 4\/§7rﬁlil fixed by the minimum nonzero

eigenvalue of area operator in LQG. The corresponding
equations of motion take the form

044047-9
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= E sin<4ﬂﬂkx>
AT\ VE )

i K, Sin<4\/Z[}kx> _3x/ﬁsin2 (2\/Zﬂf(x>
Y 2VAp Ve 42 A NA

(3.4)

Taking into account that R = \/|E¥| one can derive an

effective equation for R/R yielding a modified Friedmann
equation given by

§2_8ﬂG [__P
R 3 U

with p = j;’};} and where pQ,, = 3/(87GA*A) denotes the

maximum energy density enclosed by the outermost dust
shell that is allowed in this model. That (3.5) corresponds to
a quantum gravity modified Friedmann equation with zero
spatial curvature (k = 0) reflects again the fact that the
model corresponds to the marginally bound case. The
effective dynamics for the homogeneous dust collapse
involves a quantum geometric correction term causing
the right-hand side of this equation to vanish when the
density of the dust cloud reaches its maximum pY,..
The numerical results in [47] show that for a generic set
of chosen initial conditions the singularity at R =0 is
replaced by a symmetric bounce. Furthermore, in the
k = 0 case, independent of the initial conditions, there
exists a threshold for the dust mass below which no trapped
surfaces will form in the dust collapse. In case the dust mass
is larger than this threshold mass, then a pair of a dynamical
black and white hole forms symmetrically around the
bounce. Because in the model in [47] the LTB conditions
are implemented at the classical level where these are stable
under the classical evolution [75] and one only considers
the LTB canonical pair (K, E*), the LTB sector is
preserved by construction. In contrast to above analysis,
in this work here we consider the effective spherically
symmetric model obtained from the path integral formalism
in [38] and therefore going to the LTB sector requires
corresponding LTB conditions to be implemented. In
general these are not stable under the effective dynamics
and for this reason the strategy followed in [75] is to modify

|

(3.5)

the LTB conditions by additional functions depending on
the triads chosen such that the stability is ensured and the
geometric part of the spatial diffeomorphism constraint is
vanishing. As shown below, in the homogeneous reduction
the corresponding LTB conditions are stable under the
effective dynamics of the model in this work. More general
will be considered elsewhere [77].

B. A homogeneous reduction to the Oppenheimer-
Snyder dust collapsing model

The Oppenheimer-Snyder (OS) model describes the
gravitational collapse of a homogeneous matter cloud
whose interior spacetime is isometric to the cosmological
spacetimes and correspondingly its metric is given by

a(t)?
1 — kx?

ds? = —dt* + dx* + x*a(1)*dQ?,  (3.6)
where a(t) denotes the scale factor and the constant k is
used to describe two distinct cases with k = 0 correspond-
ing to the marginally bound case and k = 1 to the bound

case. Comparing this metric with (2.14), we obtain

xa(t)?

E¥(t,x) = x*a(t)?, E*(t,x) = —=—, (3.7)
V1 — kx?
which satisfy the LTB condition [47,75]
EY(t,x) = 2V 1 — kx?E?(t, x). (3.8)

Here without loss of generality we assume £ > 0 and (3.8)
reduces to (3.1) for the marginally bound case. The results
for E¥ <0 can be obtained from the symmetry of the
equations of motion (2.27)—(2.30). Furthermore, Eq. (3.7)
can be regarded as a homogeneous reduction of the
variables E*(f,x) and E(r,x) as their spatial dependence
is clearly spelled out. Therefore, the only dynamical
variable is the scale factor which is a constant at any
comoving radius x at a given time.

A corresponding homogeneous reduction of the con-
jugate momenta K*(#,x) and K?(t,x) can be derived by
requiring the consistency of the equations of motion of
E*(t,x) and E”(t,x). Plugging (3.7) into Egs. (2.29) and
(2.30), these two equations reduce to

/}\/Zl(q,(t.x)) cos <2ﬂ\/A(1_(]<};2)KX(t,x)>
al(t

a(r) Si“( xa(?)

a(t) . COS( xa(t)

a(t) pVA ’ (39)
WZ@(;,;:)) (sin (Zﬂ\/A(T(kI);Z)KX(t.x)) + sin (ﬁ'\/ZK((;;t.x))>
‘ - (3.10)

a(t)

26VA ’
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where a(t) := d‘;ﬁ'). Since a(t) only depends on the time

coordinate, one can impose the following ansatz:

K, (1)
e G

so that the arguments of the trigonometric functions only
depend on ¢. The consistency between (3.9) and (3.10)
requires

K,(t.x) =xK,(t),  K,(t.x)=

. <ﬂ\/z(f<(p(t)+2f<x(t))>

a0
o (BVAR()=2K0)\ | (VAR
. ( a(1) )* ( 0 )‘0‘

(3.12)

One set of the solutions to this constraint is given by

2zna(t)

pVA

In order to fix the parameter n, we plug the ansatz (3.11)
into the equations of motion of K*(¢,x) and K?(t,x),
namely (2.27) and (2.28), and find the consistency con-
dition of the resulting equations demands n =0. As a
result, in the ansatz (3.11), we also require

nel”z.

K, (1) =2K*(t) + (3.13)

which implies the fulfillment of the classical LTB condition
[47,75], i.e.

0,K,(t,.x) =2V'1 — kx?K*(t, x), (3.15)
at the level of the effective dynamics for the collapse of a
homogeneous dust cloud. Based on the above analysis, we
conclude that in the homogeneous reduction with the ansatz
(3.7), (3.11), and (3.14), the collapse of an inhomogeneous
dust cloud whose dynamics is governed by (2.27)—(2.30)

can be reduced to the collapse of a homogeneous dust cloud
with the following reduced equations of motion

alt) = a(r) sin (2ﬁ\/Zb(t))
2pVA ’
b(r) = —% (a (’;)2 4 3sin %f”“))), (3.16)
where we have defined
b(t) = 25();()[) o v=a(), (3.17)

In the next subsection, one can find that the above equations

of motion could be derived from the effective Hamiltonian

density resulting from the homogeneous reduction.
Remark 1.—Note that in general, the action of the

ka)(t) = 21~("(t), (3.14) Hamiltonian on the LTB condition (3.8) gives
|
H,, E*(x) OOl O S AE?(x)(1 — kx2)?/2
221 — kx2 B(A + Akx?)3/?

{252 o

+ A(3kx — (1 — kx?)o,) {cos(

This implies that the LTB condition (3.8) is generally not
preserved by the effective dynamics after the system is
polymerized with the 2 scheme. However, in the particular
case of the homogeneous reduction, with the ansatz (3.7),
(3.11), and (3.14), the right-hand side of the above equation
identically vanishes, thus LTB condition (3.8) is preserved.
Similar analysis can be carried out with respect to the LTB
condition (3.15) which is found to be preserved as well
during the evolution of the homogeneous dust cloud.
Whereas for the evolution of the inhomogeneous dust
cloud, since the right-hand side of the above Poisson
bracket does not vanish, the classical LTB conditions are
no longer preserved. As a result, one is required to find the

28K, () m> ©sin <ﬂAK¢ (x) ) >

E?(x) AE*(x)
2pK (x)

Ew(x)AEx(x)> E*(x) sin <':3/AAKE+((XX))> } } (3.18)

|
analogues of the classical LTB conditions for the polym-
erized system which was addressed in [75], but this
possible generalization is beyond the scope of the current
study. A more detailed investigation on the LTB conditions
will be considered in future work [77].

C. The Hamiltonian and the evolutionary properties
of the interior of the homogeneous dust collapse

After the homogeneous reduction with the ansatz (3.7),
(3.11), and (3.14), it can be shown in a straightforward
way that the Hamiltonian density C,(x) in (2.25)
reduces to
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_ 24za(t)’x* (sin? (BVAD(1)) Kk
Cal) == V1 — kx? ( pPA a(t)2>
_ 12za(r)’ ) <xv 1 —kx* sinh™! (\/EX))
B K * k K32

§ <sin2(ﬂ\/Zb(f)) k ) (3.19)

FAay

The corresponding classical limit of the Hamiltonian
density can be recovered as A — 0, leading to

24zx%a(t)(b(t)%a(t)? + k)
V1 — kx?
24znx*a(t)(a(t)* + k)

DY R (3.20)

Cclassical = thA (X) ==
A—0

here we have used b = a/a obtained from the equation of
motion of @ in (3.16) in the classical limit. Cj,qicq) 1S €xactly
the classical Hamiltonian for the gravitational collapse of a
homogeneous dust cloud in the marginally bound case
(k = 0) [75] or the bound case (k = 1) [78]. On the other
hand, with the dust energy density given by

G _é(sinzwﬂb<r>>+ k
P= ArEO\EX K FPA a(t)?

), (3.21)

assuming the comoving radius of the outermost dust shell is
denoted by x,, the dust mass m;, enclosed within the dust
cloud turns out to be

_ drxla(t)’p

: (3.22)

mg

Clearly, quantities proportional to € := pa(t)?, e.g. the dust
mass my, are conserved. Using the energy density defined
in (3.21) and the equation of motion of a(¢) in (3.16), one
can obtain the following effective Friedmann equation

== (8- ap) (567 )

_ (8”3Gp - #) (1 —ﬂzAfﬂG ( - snéf(t)2)>’
(3.23)

Q

which coincides with the modified Friedmann equation for
the K quantization of the spatially flat (k = 0) or closed
(k = 1) FLRW universe with the ji scheme [46,79]. As a
result, a bounce with a(7,) =0 and d(t,) > 0 will take
place at the time 7, when b(t,) = ZﬂL\/Z’ which once plugged

into (3.21) leads to

6/ 1 k
- QZ—A + m)a(tb)3 =e. (3.24)

Therefore, the scale factor at the bounce can be solved from
the above equation, yielding a general solution for any &

ap=a(ty)
(362 Axe + /9B A2%e? +-48B5A3K3) Y —2/6> Ak
62/3 {/ B? ke +/9B* N2kPe> + 485 A3k '
(3.25)

Since the evolution of the dust cloud in the marginally
bound case with k = 0 is qualitatively different from that in
the bound case with £ = 1. In the following, we discuss
these two cases separately.

Remark 2.—It is important to note here two assumptions
when dealing with the bound case. Being spatially-compact
not only do quantum geometric effects enter via holono-
mies but also via inverse scale factor effects. Since the latter
are generally negligible in the dynamics of the homo-
geneous and isotropic bounce they have been ignored [80].
Nevertheless their contribution can be significant in singu-
larity resolution, such as in anisotropic cases [81]. The
second assumption is that the K quantization is based on
constructing holonomies using the extrinsic curvature only.
Since we are working the approximation where inverse
scale factor effects are ignored and intrinsic curvature does
not enter the holonomies, above modified Friedmann
equation (3.23) for the bound case ignores quantum geo-
metric modifications to the intrinsic curvature. The follow-
ing analysis for the bound case would be under these setting
and it is an open question how the results change if these
assumptions are relaxed.

Case A: The marginally bound case.—In this case k = 0,

\3/ 442 Axe

hence the scale factor at the bounce reads a;, = BN

which once plugged into (3.21) yields the maximum energy
density at the bounce, namely

6 3

0o _ _ _
KPA  8nGRPA

pmax -

(3.26)

For a dust cloud with a fixed mass my,, it collapses
continuously with a decreasing radius and an increasing
energy density. When the energy density attains its maxi-
mum value at p%,., the bounce takes place and the dust
cloud starts to reexpand toward spatial infinity. In this
process, during the collapse of the dust cloud, b lies in the
interval b € (ﬁﬁ) and is continuously decreasing.
After the quantum bounce when the dust cloud enters into

expanding phase, b monotonically decreases from > /X/Z

toward zero. In the marginally bound case, b cannot reach
zero in any finite coordinate time.
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Case B: The bound case.—In this case k=1, the
quantum corrections enter into the effective Friedmann
equation (3.23) in the second parenthesis on the right-hand
side. Due to the spatial curvature, there is also a recollapse
which takes place when the energy density satisfies
Pre = ﬁ hereafter the index ‘re’ will be used to denote

quantities at the recollapse point. Combining with the
relation between the energy density and the scale factor
given in (3.22), it is straightforward to obtain the energy
density and the scale factor at the recollapse which turn out
to be

2Gmy 3x6

a.=—273 Pre = ——.
e x> € 322G3m?

(3.27)
On the other hand, in this case, the maximum energy
density at the bounce takes the form

Pr = pglax (328)

" 82Ga -
with a; given by (3.25) for k = 1. Therefore, for the
bound case, the dust cloud behaves like a pulsating star
which experiences infinite cycles of the bounces and the

recollapses with the energy density p = p;, and p = p,.
respectively.

D. The null expansions and the formation of the trapped
surfaces of the homogeneous collapsing dust cloud

In order to investigate the formation of the trapped
surfaces during the gravitational collapse of the dust cloud,
for a generic spherically symmetric spacetime described by
the metric (2.14), one can define two future-directed null
vectors which are normal to the sphere with the constant

radius +/|E*| = const via

0 ——1 0y +——— |Ex|a
& = t x |
V2 E?
0. =L (o, - VIE, (3.29)
zs-—ﬁ f o %) .

If the radius of the sphere shrinks along the radial null
geodesics &t = const and & = const, then a trapped
surface forms at the sphere [82]. In practice, it is convenient
to introduce the expansion parameters 0, which are
defined by

2 1 ax|Ex|)
0. =0, | = —— (o E"| £ VB2,
+ \/W + | ‘ \/§|Ex|( t‘ | | | E?

(3.30)

where 0, denotes derivatives with respect to £ respec-
tively. When 0. < 0, the light rays emitted from the sphere

converge on both sides of the sphere, then the sphere
becomes a future trapped surface. In the homogeneous
reduction with the ansatz (3.7), the expansion parameters
are simplified to

ei:\/%xa<xéli 1—kx2):ﬁ(ki 1—ke).

(3.31)

where in the last step we have used the definition of the
radius of the sphere R := xa(t) in the homogeneous case.
Consequently, during the collapse of the dust cloud with
R <0, a marginally trapped surface with 0_ <0 and
0, = 0 exists at the comoving radius

1
Vat+k

Note RO decreases monotonically as the comoving radius
x increases. When the comoving radius of the outermost
dust shell is larger than x;, namely x; > x,,, the outermost
dust shell becomes a trapped surface with 6, < 0. As a
result, the criterion for the formation of the (marginally)
trapped surface at the boundary of the dust cloud is

X, = (3.32)

R, > R;, (3.33)
where R, = ax; is the physical radius of the outermost dust
shell and R;, = ax;, denotes the physical radius of the
marginally trapped surface located at x = x;,.

The classical description of the collapse of the dust cloud
can be obtained by taking the classical limit of the effective
dynamics, under which the dust mass in (3.22) tends to its
classical value given by
xXla

2G

(a® + k), (3.34)

m(; = mS|A—>0 =

hereafter we use superscript “c” to denote the quantities
obtained in the classical limit when the minimal area gap
tends to vanish. As a result, in the classical theory, for both
the marginally bound and the bound case, the physical radii
of the marginally trapped surface and the outermost dust
shell are related via

c c xsa<t) xsa(t) RS
Rh :xha(t) :W:stlzcmc (335)

Now imagine a dust cloud starts to collapse at a very
large volume with R, > 2Gms§, at the early stage of the
collapse, R}, > R, so its outermost shell is not trapped at
all. As the dust cloud keeps collapsing, the critical moment
happens at R, = 2Gm§ when the outermost dust shell
becomes marginally trapped since Rj, = R; at this moment.
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Afterwards, the outermost dust shell remains a trapped
surface until the classical singularity at R, = 0 is reached.
Therefore, in the classical case, the singularity is always
covered by a trapped surface at the boundary of the dust
cloud, namely an apparent horizon, which is consistent
with the cosmic censorship hypothesis.

In contrast, assuming the validity of effective dynamics
in the entire evolution (3.19), a trapped surface at the
boundary may not always form during the collapse of
the dust cloud if the quantum bounce takes place before the
formation of the trapped surface. In particular, as discussed
above, there will be no trapped surface if R;, > R, namely,

R, 1
S 1 o, 3.36
Rs sta2+k ( )

holds for all the time before and after the bounce.
Combining Egs. (3.21) and (3.22) and the equations of
motion in (3.16), it is straightforward to show that

R, (2Gm,)'/3

R, al’ (a@sin’(pVAb) 173
pa

2sin?(28v/Ab ~172
% <M T k) . (3.37)
4p°A
As aresult, the minimum of R,/ R; is located at % =0
which results in
4a(r)? sin’ (BV/Ab(1)) cos (3pVAb(1))
+ 2 Aksin (4pV/Ab(1)) = 0. (3.38)

For the marginally bound case k = 0, the above equation
yields two solutions for b, namely,

T S5x

" Tea T epa

(3.39)

The first solution b, corresponds to the expanding phase of
the dust cloud after the occurrence of the quantum bounce
while the second solution b, to the collapsing phase of the
dust cloud before the quantum bounce. These two solutions
give the same minimum of R, /R as the evolution of the
dust cloud is symmetric with respect to the bounce. Now
plugging the solutions (3.39) into the ratio (3.37), one can
immediately find the minimum of R;/R; turns out to be

Ry,

5 —( 8VAp )1/3. (3.40)

B 3\/§Gms

min

Then we can find a threshold mass for the formation of the
trapped surface at the boundary of the dust cloud, which is

_ 8VAp
M, = 393G

When the dust mass m; is less than M., R, /R, is always
larger than unity during the entire evolution of the dust
cloud which implies no trapped surface (horizon) would
form at any time. Only when m is taken to be larger than
M., the horizon can form before the occurrence of the
bounce during the collapse of the dust cloud. More details
on the qualitative features of dynamical evolution of the
dust cloud and the formation of the trapped surface will be
discussed and analyzed via numerical simulations in the
next section.

Remark 3.—It is worthwhile to note that our results on the
marginally bound case with k = 0 are consistent with those
reported in [47]. In particular, the threshold mass M, is
exactly the same as the one derived in [47]. Moreover, the
numerical results presented in Sec. IV will further confirm
this consistency. Although we expect that in more general
models implementing the LTB conditions and quantization
will not commute as in the case of the relationship between
polymerization and the gauge fixing recently discussed
in [42], for the polymerization at the level of the effective
dynamics commutes with the homogeneous reduction at
least for the K quantization with the z scheme. In particular,
we have shown this explicitly for the marginally bound case
as we have obtained from the homogeneous reduction the
same modified dynamical equations and the threshold mass
for the formation of the trapped surface at the boundary as in
the dust shell model which relies on a loop quantization of the
classical homogeneous model of the dust collapse [47].

(3.41)

E. The exterior stationary spacetime
and the matching conditions

To explore potential phenomenological signatures of
collapse of the dust cloud, it is necessary to glue the interior
collapsing spacetime with an exterior spacetime which
describes the geometry and thus the matter distributions of
the collapsing dust cloud as observed by an outside spectator
at spatial infinity. As discussed in Sec. III B, the interior
collapsing spacetime is described by the OS model in the
classical regime while for the exterior spacetime we choose
without loss of generality a generic spherically symmetric
spacetime with its metric given in (2.14). The matching is
performed at the boundary x = x,. In particular, for the
interior spacetime, its first and second fundamental forms on
the boundary surface turn out to be

Ymdxtdx? = —di* + x2a(1)*dQ?, (3.42)

- v 1 "X Ex
K, dxtdx" = EOXE (E(p)zdﬂz = x;a(t)\/1 — kx2dQ?,

(3.43)
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where y,, is the induced 3-metric on the boundary surface

and K, = —y;fyfvanﬁ is the projection of the extrinsic
curvature onto the boundary surface. While for the exterior
solution, assuming the boundary surface X is determined
by F(z,x) = f(r) —x = 0, where the normal covector is
given by n, = V,F(z,x) which satisfies n,n* > 0, then
the induced metric and extrinsic curvature projected
from the exterior spacetime onto the boundary surface take

the form

vdxtdx’ = —di* + E*(z(1), x(1))dQ?, (3.44)
K, dx*dx* = Bdi* + CdQ?, (3.45)
with
B 1
2E*sgn(EY)(E* = f'(2)*(E?)*)*)?

X (f'(2)EPE*(f'(2)(2f'(v) E? 0, E” + 0,E") + 20.E")
= 2(E P (f'(2)(f'(2)0:E” + 20, E)
+f'(D)E?) + f'(2)*(E?) 0. EY),

 f'(2)(E?)20,E + E*0,E*
2B |E - f ) (B0

Requiring the continuation of the induced metric and the
existence of a surface stress-energy tensor on the boundary
surface X, the matching conditions of the interior and the
exterior spacetimes are prescribed by

(3.46)

(3.47)

(K = 7uK") = (K = 7uK™) = 0,0, (3.49)
where ¢, stands for the surface stress-energy tensor on X.
Note the exact form of ¢, is determined by the specific
exterior spacetime metric used to match with the interior.
Taking the classical Schwarzschild exterior as an example,

we have EX = R2, E? = R'R with
3 5 /3 3
R(x,7) = §v2m(x—r) = §v2mz . (3.50)

With the classical homogeneous interior solutions given by

2

a(r) = @ V2E(ty - z))3 for k=0, (3.51)

the junction condition (3.48) in the classical marginally
bound case can be solved with ¢,, = 0 and
E¥=x%a(r)?, m=x}&, x(1)

=x,;, t(t)=t—x; (3.52)

1. The effective stationary exterior solution

To obtain an analog of the Schwarzschild solution (3.50)
in the effective dynamics, we can introduce the following
generator of the Killing vector field

ok = 0, + 0, (3.53)

so that the metric functions E*, E? are preserved by dg. As
a result, we have the following ansatz

E*(t,x)=E*(z), E”(1,x)
K, (t.x)=K.(z). K,(t.x)

=E?(2),

=K,(z), z=x—-t1. (3.54)
With the null expansion (3.29), one can easily check that,
the vector field dg is timelike in the untrapped region, while
spacelike inside the trapped region. Thus dx generates the
analog of classical static solution in the effective dynamics.
This solution has been studied in detail in [38]. We will
briefly summarize the results here.

With ansatz (3.54), the EOMs (2.27)—(2.30) reduce to a
set of 1st order ODE:s:

E* JH(EYE? Ky, K>)
d | Ev (B E” K, K
d _ ™ 1. K>) . (3.59)
dz | K, fl(E",E” Ky, K>)

K, [2(E* E? K}, K>)

The classical solution is supposed to be recovered at
7 = 400 or z — —oo, since it is far away from the classical
singularities z = 0. The Schwarzschild solution (3.50) then
can be given at z > 1 or z < —1 as initial conditions for the
ODEs (3.55).

Note that, using coordinate z, we can rewrite the metric
for black hole exterior (dx timelike) as

E?
ds? = —dP + <E7 (dz + dr)? + |E*[dQ2. (3.56)

Ew(z/)Z

. . (g
By defining a new coordinate 7 = ¢ fzﬂ dz FOT—E @)

the above metric turns out to be equivalent to

EX — ( E(p)Z
E.X

+ E*(z)dQ?,

(E?)*

ds? = —
' E = (E7)?

(z)d7* + (z)dz?
(3.57)

which has coordinate singularities at the horizons located at

E* = (E?)?. Moreover, in the region where E*(z) is
monotonic, using E*(z) = R? it can be further rewritten as
E’)? (E?)°
ds? =—(1- ( dz? dr?
@ == (1-5F) o+ =
+ R2dQ?. (3.58)
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Therefore, the above coordinate transformation has a
coordinate singularity at the bounce point R’ = 0.

Remark 4.—Note that the above static solution may not
be a vacuum solution for given vacuum initial values on the
initial Cauchy slices. The reason is the effective physical
Hamiltonian density H, (7, x) is not a conserved quantity.
The only vacuum solution is the Minkowski solution. As a
result, the vacuum solution for a massive object in the
effective theory can only be achieved at 7 = x — t = *o00,
which reduces to the classical Schwarzschild solution.
Lacking of nontrivial vacuum solution means the dust
contribution will always appear except for some certain
fixed isolated t’s. Thus the deparametrization is always
well-defined in the system.

Remark 5.—The ODEs (3.55) have a time-reflection
symmetry with the following transformation of the fields:

E*(—z) = —E*(2),
E?(-z) — E*(2)K*(~z) = K*(2)K?(-2)

— —K(2) (3.59)

This symmetry can be used to define the white hole solution
which can be glued asymptotically to the black hole
solution as described in [38].

2. Approximate gluing to an effective static
exterior solution

Since our effective equations of motion (2.27)—(2.30)
hold for the whole spherical symmetric space time, a
consistent exterior solution should solve (2.27)—(2.30) as
well at effective level. Beyond the classical theory we can
still assume x'(r) = 0 and 7/(¢) = 1. The reason to chose
this ansatz is that the surface of the star must follow a
timelike geodesic of the exterior metric, where x'(¢) = 0 is
a timelike geodesic with metric (2.14). The junction
condition then becomes (assuming o,;, = 0)

E*(7,x)| =y, = x3a(1)?,
0,E*

V1-— kx2 x:xl"

2E9(2,%)|,_, = (3.60)

which is similar to the classical one. This imposes the
boundary condition at x = x, for the PDE system (2.27)—
(2.30). At t <0, the system approaches the classical
regime, and assuming that it is approximately described
by Einstein field equations in LTB spacetime we can set
the initial value as the LTB vacuum solution. Under this
approximation the boundary-initial value PDE system
which can be solved numerically.

In the case where the exterior solution has the killing
field dg given in (3.53), we have

E*(z) = xja*(x, - 2).

2E?(7) = % = f(x,)EY(2).

where the condition on the junction surface is transported
to z plane due to the killing field dg, and f(x,) = ———

(3.61)

l—kx%.
In this case, the metric (3.57) becomes
2Exl 2 1
ds? = — (1 — fi(x;)Ex (2) >dr2 t g ] dz?
(2) FePETRE
+ E¥(z)dQ?. (3.62)
Using the Friedmann equation (3.23) we have
EX/(Z))Z
Rl 2 _ (
e
2Gm SPA <2Gm ))
= S kx2 )1 -5— s —kx? ) ).
() 0-% (7%
(3.63)

Thus the metric only depends on R’(z)?. In the region
where E*(z) is monotonic, using R := ++/E* which cor-
responds to the stage before or after the bounce, the above
metric can be further rewritten as

_ / fx)?
ds®> = —(1 = f(x,)*R'(z)*)dz* + de
+ R?dQ? (3.64)
2
= —A(R)d7* + %dﬁ + R*dQ?, (3.65)

with A given by

AR)=1—f(x,)? (2|GR”|1 —kx?)(l

PA (2Gm,
L (e e2))
(3.66)

For k = 0, we have f(x,;) =1 and
2G 2A2G
AR) = 1= 29" (| _PA20m 5
R R* |R|

Note that now the metric (3.64) is well-defined for both
before and after the bounce, as well as at the bounce. This
metric has the same form as the one obtained in [83,84].
However, here this metric is only defined locally before
or after the bounce with a minimal value of |R|,, =

E* (Z)Zzzbounce ’
R < R|pin-

there is no extension to the regime
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FIG. 1. The evaluation of the LTB condition of the effective

static exterior solution with mass m = 10 (blue-solid line) and
m = 1000 (orange-dashed line) on the junction surface x = x;
(Units are Planckian). The surface stress-energy tensor is given
by o,,dx'dx’ = x;a(t)(1 —%5)dQ?. The classical singularity
lies at z = 0.

It is important to note that (3.60) is exactly the first LTB
condition on the junction surface. However, as one can see
from (3.18), the LTB condition is in general violated. More
specifically, it is violated in the static solution given by
(3.55). The violation is shown in Fig. 1. As expected, the
violation is strong in the quantum regime close to the
classical singularity. Thus the junction condition with
static exterior will lead to a nontrivial surface stress-energy
tensor o, dx*dx* = Ex(r,x)(l—zggii)())dﬁzhzxx, which
increases linearly with /E*(r,x) after the bounce. The
result is consistent with the general analysis given in
[85,86]. Such violation may relate to the fact that the static
solution in effective dynamics contains a nontrivial dust
mass distribution which is not compatible with the homo-
geneous interior.

1500

1000

500

FIG. 2.

IV. NUMERICAL RESULTS OF THE EFFECTIVE
HOMOGENEOUS DUST COLLAPSE

In this section we present the numerical results of the
dynamical evolution of the homogeneous dust collapse
described by the effective dynamics for both marginally
bound and the bound case. We have already shown in
Sec. IIIC that in the effective dynamics the classical
singularity is resolved and replaced by a quantum bounce
in the Planck regime. In our numerical simulations, we
carefully choose the initial conditions in the classical
regime so that the bounce in the marginally bound case
takes place at time #, = 0. For the bound case we ensure
that at least one of the bounces occurs at ¢, = 0. In general,
the (3.6) with solutions of the effective equations of motion
(3.16) can be uniquely determined by three parameters,
namely, the dust mass (3.22), the spatial curvature and the
choice of the boundary surface. Therefore, in addition to
quantum gravity effects, we will also investigate in some
detail the impacts of these three parameters on the evolution
of the homogeneous dust collapse, in particular, on the
formation of the trapped surface during the contraction and
the reexpansion of the dust cloud. In the numerical results,
we choose f# = 0.2375 based on the black hole thermo-
dynamics in LQG.

In the following, we start with the qualitative evolution
of the physical radius R = x;a of the dust cloud and
investigate how it is affected by the dust mass and the
spatial curvature. In Fig. 2, we explicitly show the evolution
of R for the marginally bound and the bound case with the
boundary surface chosen at x;, = 0.5. For each case, two
different dust masses are compared. The left panel depicts
the behavior of R over a long time for the bound case with
mass m, = 32 (red dot-dashed curve) and m; = 64 (blue
dotted curve) as well as the marginally bound case with the
same mass, namely m, = 32 (magenta dashed curve) and
my = 64 (black solid curve) while the right panels illustrate

In this plot, we compare the evolution of the physical radius for k = 0 and k = 1 with the mass given by m; = 32 and

my = 64. The left panel depicts these four cases, with red dot-dashed curve describing the case (k = 1, m,; = 32), blue dotted curve for
(k =1, m, = 64), magenta dashed curve for (k = 1, m, = 32) and black solid curve for (k = 0, m; = 64). On the right is the zoomed-

in plot around the bounce at 7, = 0 for the bound case only.
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some details near the bounce at # = 0. Since the physical
radius evolves in a qualitatively same way for both margin-
ally bound and the bound case, in the right panel we only
show the details around the bounce in the bound case. One
can find from the figure the following properties of the
homogeneous dust collapse in the effective dynamics. First,
the classical singularity is generically resolved and replaced
by a bounce for both marginally bound and the bound case.
Secondly, for the marginally bound case, there exists only
one single bounce which connects the collapsing phase
with a reexpanding branch. The physical radius of the dust
cloud reaches the minimal value at the bounce which
increases with the dust mass. For the bound case, due to the
spatial curvature, the dust cloud experiences identical
cycles of contraction and expansion, mimicking the behav-
ior of a pulsating star. The physical radius of the dust cloud
increases at both the recollapse and the bounce point with
the dust mass. Moreover, the period of the cyclic evolution
of the dust cloud also increases with the dust mass. In
particular, the period of cycles doubles when the dust mass
doubles.

In Fig. 3, we plot the change in the energy density for
both cases with the parameters chosen the same as in Fig. 2.
It turns out that the maximum energy density in the
marginally bound case has an intrinsic value determined
only by %A as given in (3.26). It would not be affected at
all by the dust mass or the choice of the boundary surface.
On the other hand, for the bound case, as expected in
(3.28), the maximum energy density also depends on the
minimal physical radius of the dust cloud at the bounce
which in turn is fixed by f, A and the dust mass. In
particular, as can be seen from (3.25), when the dust mass
mg>1, R, = x,a,~ mi/ 3. Therefore, the maximum
energy density in the bound case decreases with the dust
mass and tends to p¥,. in the marginally bound case. This
feature is qualitatively captured in the left panel of Fig. 3. In
particular, the maximum energy densities of the bound case
as seen from the red dot-dashed and blue dotted curves are

] 1 i
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! i
. |
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§ : ;
k !
Q i i i l.
1075+ : n i l\
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FIG. 3.

always larger than the maximum energy density of the
marginally bound case represented by the magenta dashed
curve. Meanwhile, due to the effect of intrinsic curvature
the blue dotted curve corresponding to m; = 64 has a lesser
maximum energy density than the red dot-dashed curve
which corresponds to the dust mass m; = 32.

In Fig. 4, we show explicitly the dependence of the
maximum energy density on the dust mass in two cases
with a fixed boundary surface x, = 0.5. A different choice
of the boundary surface would not change the value of pQ,,,
in the marginally bound case, neither it would change the
way pY.. depends on the dust mass in the bound case. As
expected, the maximum energy density of the marginally
bound case does not change with the dust mass as shown in
the left panel of the figure while in the bound case the
maximum energy density at the bounce point increases
with a decreasing dust mass. When the dust mass increases,
the shell recollapses at a larger value of the radius therefore
making recollapse density negligible. In this case the
density at the bounce in the marginally bound and bound
cases approximate each other. For very small dust mass as
depicted in the right panel of the figure, the difference
between the maximum and the minimum energy densities
tends to be small as compared with the maximum (mini-
mum) energy density. This is why the blue circles appears
to be overlapping with the red disks at the small dust
masses in the right panel.

In Fig. 5, the qualitative behavior of the momentum b is
compared for the marginally bound and the bound case
where we choose the dust mass mg = 32, 64 and the
boundary surface x; = 0.5 as two examples. We find only
the spatial curvature can affect the qualitative behavior of b.
In particular, for the marginally bound case k =0, b is
confined within the range b € (0, ﬁi) The classical limit

can be recovered as b — 0(b — ﬁK) in the collapsing

(reexpanding) branch. A change in the dust mass would not
affect the evolution of b in this case. In contrast, for the
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In this plot we compare the dust energy density p for k = 0 (magenta dashed curve) and k = 1 case, for k = 1 we choose

m = 32 (red dot-dashed curve) and m = 64 (blue dotted curve). In the right panel, we compare the energy density of these three cases
near the bounce at = 0 which shows the difference of the maximum energy density among them.
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In this plot we show explicitly how the mass of the dust cloud can affect the maximum energy density in two cases k = 0

(magenta dashed line) and k = 1 (blue dotted line) in the left panel. In the right panel, we show the change in the maximum energy
density (blue circles) and the recollapse energy density (red disks) in the bound case for small dust mass.
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In the figure, we show the evolution of the momentum b in the marginally bound case in the left panel and also in the bound

case in the right panel. The blue dotted curve corresponds to the case (k = 1, m; = 64) while the red dot-dashed curve to the case

(k=1,m, = 32).

bound case, the value of the momentum b is not constrained
in any finite range as the cyclic evolution of the dust cloud
goes on. Since b evolves monotonically when the matter
content (such as the dust) satisfies the weak energy
condition, it keeps decreasing during the forward evolution
of the dust cloud in time. The classical limits are recovered
near the recollapse points where b takes the values b =
nz/pv/A with n being any integers while the bounces take
place at b = Iz/2p+/A with [ standing for any nonzero
integers. In this way, the evolution of the momentum b
forms a ladder structure in which there appears a plateau

around the recollapse points b = nz/pv/A. We see the
same periods of the cycles in the bound case as in Figs. 2
and 3. Since the dust mass can affect the periods of the
cycles in the bound case, different masses can correspond-
ingly change the duration of the plateau as shown explicitly
in the right panel of the figure.

Now let us discuss the formation of the trapped surfaces
during the nonsingular evolution of the homogeneous dust

cloud in the effective dynamics. As discussed in Sec. I D,
the outermost shell of the dust cloud becomes trapped as a
result of its relative positioning against the apparent horizon
which amounts to a marginally trapped surface. When the
apparent horizon is located inside the outermost shell of the
dust cloud, the latter becomes trapped and the dust cloud
forms a black/white hole. Therefore, it is of key importance
to track the relative position of the outermost shell of the
dust cloud with respect to the apparent horizon as shown
explicitly in Fig. 6. In this representative example, we
choose x;, = 0.5, m; = 2 and k = 1. Note we only pick one
cycle with the bounce taking place at ¢, = 0. Finally, we
numerically compute the minimal value of the ratio
between the apparent horizon and the location of the
physical radius of outermost dust shell. The result is
presented in Fig. 7. As shown in the figure, this ratio only
depends on the mass of the dust cloud. For each case, there
exists a threshold value of the dust mass. When the actual
mass of the dust cloud falls below the threshold value, no
horizon would form during the nonsingular evolution of the
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FIG. 6. The plot of the position of apparent horizon and the dust shell in bound case with m; = 2. The blue dashed line indicates the
position of apparent horizon in the effective theory. The red lines indicates the evaluation of the dust shell under effective theory. The
intersection between the apparent horizon and the dust shell separates the trapped and untrapped regions, which can be seen from the
signature of null expansion on the right side (blue thick lines for €, and orange dashed lines for 0_).
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FIG. 7. In this figure, we numerically show the dependence of
the minimum value of R, /R on the mass of the dust cloud in the
cases of k = O and k = 1. When this minimal value is greater than
unity, no horizon would form at the outermost dust shell during
the nonsingular evolution of the dust cloud. The threshold mass
turns out to be M, =0.5879 for k=0 and M, = 0.4756
for k = 1.

dust cloud. This actually sets up a lowest bound on the mass
of the black hole which is formed by the collapse of the dust
cloud. Besides, we also note that the spatial curvature does
impact the specific value of the threshold mass although its
effect is limited.

V. CONCLUSIONS

In this work, we applied the ji-scheme effective dynam-
ics of the spherical symmetry reduced model to study the

gravitational collapse for a homogeneous dust cloud. The
model, having infinitely many physical DOFs, is developed
based on the reduced phase space formulation of gravity
coupled to Gaussian dust. The dust serves as both the
reference field and the source of the gravitational collapse.
Inside the dust cloud, the effective dynamics improves the
classical Oppenheimer-Snyder (OS) model by resolving the
singularity with a nonsingular bounce, where the curvature
is of Planckian order. The effective dynamics from the
model presented here for a homogeneous dust cloud
reduces precisely to the effective dynamics of LQC with
K-quantization based on using holonomies of the extrinsic
curvature, indicating that the LQC effective dynamics for
the spatially flat case lives as a subsector of the model
presented here. Since the model presented in this work
allows to consider the k =0 and k& = 1 case in a unified
framework, we have also compared the properties of the
two cases. Here we restate our assumption that the bound
case only takes into account quantum geometric effects of
extrinsic curvature via holonomies and the intrinsic curva-
ture does not affect holonomies. In a former work by some
of the authors [47] on the one hand only the k = 0 case was
considered and on the other hand the LTB conditions were
applied before quantization. It has been found that the
spatial curvature can affect the qualitative dynamics of the
evolution of the dust cloud. For k = 0, the collapsing dust
cloud bounces at a fixed maximum energy density and then
keeps expanding ever after. In this process, the momentum
b is confined within the range b € (0, ﬁﬁ) and monoton-

ically increases. On the other hand, the evolution of the dust
cloud in the bound case (with k = 1) exhibits a richer

044047-20



SPHERICAL SYMMETRIC GRAVITATIONAL COLLAPSE OF A ...

PHYS. REV. D 107, 044047 (2023)

dynamical properties. First, due to the nonvanishing spatial
curvature, the dust cloud experiences infinite cycles of
contraction and expansion, mimicking the behavior of a
pulsating star. Besides, both the maximum energy density
at the bounce point and the minimum energy density at the
recollapse point decrease with an increasing dust mass. In
particular, for sufficient large values of the dust mass, the
bounce energy density will merge into the same maximum
energy density obtained in the marginally bound case and
the gap between the maximum and the minimum energy
densities also increase as the dust mass increases.

Moreover, we find that the spatial curvature can also
influence the threshold mass for the formation of the
trapped surface at the outermost shell of the dust cloud
during its gravitational collapse. To be specific, in the k = 0
case, the analytical expression of the threshold mass is
obtained and its exact value which is at the order of
Planckian mass agrees with the one found in [47] for
the standard LQC quantization where no covariant fluxes
are involved. In contrast, for the k = 1 case, we can only
obtain the numerical result of the threshold mass which
turns out to be a slightly different value as compared with
the one in the marginally bound case. In both cases, the
bounce at the end of the gravitational collapse is symmetric
in time reversal. Whenever there is a black-hole formed in
the contracting phase of the dust cloud, it is always
accompanied by an anti-trapped white-hole region in the
expanding phase after the bounce which suggests that
the white hole might be the final state of the black hole
and the dust is finally emitted by the white hole. The results
obtained in this work also show that at least for the
considered homegeneous collapse model and the k =0
case applying the LTB conditions in the classical theory
and then quantizing yields the same threshold mass than if
we first quantize, consider the corresponding effective
model and implement the LTB conditions at the effective
level. Since the k = 1 case was not considered in [47] we
cannot compare the results with the ones obtained here. The
effective Hamiltonian used in this work connects to the
K-quantization in LQC, because of the gauge fixing and
the choice of basic variables discussed in Sec. II C. The
choice of basic variables affects the fi-scheme regulariza-
tion in the effective Hamiltonian, and thus it affects the
properties of the effective dynamics such as the conserved
charges. The present choice results in that infinitely many
charges of spatial diffeomorphisms are conserved. As the
future investigation, it may be interesting to take into
account the different choices, which might results in the
dynamics with more conserved charges.

Our results of the gravitational collapse and bounce is in
favor of the black-hole-to-white-hole transition proposed
and explored in e.g. [12,87,88]. The effective dynamics
here has the advantage of treating the black hole interior
and exterior in a unified manner, and is aiming at a

complete description of the nonsingular black hole space-
time from the center to the infinity. The effective spacetime
obtained here shares similarities with the proposal in e.g.
[88]. However our effective description is still not com-
plete, because the matching condition between inside and
outside are not satisfied due to quantum effects. A detailed
analysis of this issue is needed to assess whether this is
because of the breakdown of the matching condition or the
underlying scheme. In future work an investigation will be
carried out to understand the region near the bounce, and
possibly for this we will need a model involving inhomo-
geneous dust. To formulate such a model requires to extend
the analysis on the LTB conditions at the effective level. For
the homogeneous case considered here for the k =0 as
well as the k = 1 models the LTB conditions are preserved
under the effective dynamics. As discussed in [75] and also
briefly at the end of Sec. III B for an inhomogeneous model
this is no longer given and thus one needs to carry over the
LTB conditions consistently to such an effective model. An
approach where the LTB conditions have been modified by
functions depending on either one triad or extrinsic
curvature variable depending on the chosen polymerization
in the framework of effective techniques can be found in
[75]. In future work we plan to investigate the stability LTB
conditions further in order to see in addition to the work in
[75] how the stability of the LTB conditions can be
implemented in effective models [77]. In addition presum-
ably we might also take further effects from full LQG into
account because of the strong quantum dynamical effects in
the region around the bounce where the effective tech-
niques considered here might not capture all properties of a
given model.

There are proposals to glue the effective metric inside the
dust cloud to the Vaidya solution outside the dust cloud, in
order that the matching conditions are satisfied all the time.
This proposal is used especially in the model where the
effective dynamics inside and outside the dust cloud are
treated separately (see e.g. [47] and the references therein).
The effective metric obtained here can also be glued to the
Vaidya solution, as shown in Appendix. But this may
become inconsistent in our approach, unless one is able to
show that the Vaidya solution also satisfies the effective
equations from H,, because both the inside and the outside
of dust cloud are governed by the same set of effective
equations in the model presented here. It is still interesting
to explore different effective solutions outside the dust
cloud. The solution employed here assumes the timelike
killing vector outside the horizon (so E*, E? are functions
of z = x — 7). Relaxing this killing symmetry might result
in new dynamical solutions, which could satisfy the
matching conditions even near the bounce. This will likely
relate to the study of the inhomogeneous dust mentioned
above, since the solution may correlate to nontrivial
dynamics of the dust.
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APPENDIX: JUNCTION CONDITION TO THE
VAIDYA METRIC

For the Vaidya metric

2GM(z,
ds? — _(1 _(Tx)>d12 —2drdx + x?dQ?%,  (Al)
x

Eq. (3.44) on junction surface X determined by x—x(z) =0
becomes

Va = —A%de* + x(1)2dQ?, (A2)

1
K}, = —(=(x(7))*Bde* + CdQ?).

< (43)

The matching condition (3.48) then implies

V(M> P2, (Ad)

x(7)

B=—x(t)M(z,x(2))(2MV) (7,x(z)) +3x'(z) +1)  (AS)

+x(2)*((3x'(z) + MOV (2. x(z)) + M0 (2. x(7))
— x(2)x"(z)) + 2M(z, x(z) 2,

C =2GM(z,x(7)) — x(7)(1 + x'(7)). (A6)
Thus we obtain
AT (1) =1, x(t) = x4a(1), B =0,
C = Axsa(t)y\/1 — kx2, (A7)
which have the following solution
, xs\/ 1 —kx2d'(t) + 1
7(1) = N2 (21’
(1 = kxi)xsd (1)* =1
1
M(z,x)]y = 3 xia()(1 - k)2 (1)%, (A8)
x(t) = xga(t),
1
oM (7,%)|s = Ex;‘f(l —kx2)(d'(t)* 4+ 2a(t)d"(1)). (A9)

The above solution gives the matching condition of the
interior effective dynamics to exterior Vaidya spacetime.
In the kK = 0 case we obtain the junction condition given
in [47].
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