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This article presents an effective quantum extension of the seminal Oppenheimer-Snyder (OS) collapse
in which the singularity resolution is modeled using the effective dynamics of the spatially closed loop
quantum cosmology. Imposing the minimal junction conditions, namely the Israel-Darmois conditions, we
glue this bouncing Loop Quantum Cosmology (LQC) geometry to the classical vacuum exterior
Schwarzschild geometry across a timelike thin shell. Consistency of the construction leads to several
major deviations from the classical OS collapse model. Firstly, no trapped region can form, and the bounce
occurs always above or at most, at the Schwarzschild radius. Secondly, the bouncing star discussed here
admits an IR cutoff, in addition to the UV cutof,f and therefore corresponds to a pulsating compact object.
Thirdly, the scale at which quantum gravity effects become non-negligible is encoded in the ratio between
the UV cutoff of the quantum theory and the IR cutoff, which in turn encodes the minimal energy density
Pmin Of the star prior to collapse. This energy density is no more fixed by the mass and maximal radius as in
the classical OS model but is now a free parameter of the model. In the end, while the present model cannot
describe a black-to-white hole bounce as initially suggested by the Planck star model, it provides a concrete
realization of a pulsating compact object based on LQC techniques. Consistency of the model shows that its
regime of applicability is restricted to Planckian relics, while macroscopic stellar objects are excluded. This
first minimal construction should serve as a platform for further investigations in order to explore the

physics of bouncing compact objects within the framework of loop quantum cosmology.

DOI: 10.1103/PhysRevD.102.124041

I. INTRODUCTION

The existence of ultracompact objects is now routinely
confirmed by the newly born gravitational wave astronomy.
While the black hole solutions of general relativity (GR)
provide to date the best model to fit the associated data, the
existence of singularities in their core prevent them from
providing a complete and self consistent UV description for
these ultracompact objects. The resolution of these classical
singularities can be addressed only within a quantum theory
of gravity, in which the fate of the quantum geometry at a
high energy can be answered nonperturbatively. As it turns
out, the consequence of the singularity resolution might be
especially relevant from an observational point of view.
Indeed, it is worth keeping in mind that these astronomical
ultracompact objects that can not be certainly described by
the stationary solutions of GR all the way down to the Planck
scale, the absence of a singularity in their core might have
interesting observational effects. Since no complete quan-
tum theory of gravity is yet available, the common strategy
to capture the description of UV complete compact objects is
to resort to effective approaches.

Over the last five years, important efforts have been
devoted to investigating the consequences of the singularity
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resolution within the classical gravitational collapse sce-
nario. Among different proposals, the Planck star model
presented in Ref. [1] has suggested new fascinating
perspectives regarding the final stage of evaporating com-
pact objects. Motivated by results in loop quantum cos-
mology, see, e.g., Ref. [2] for a review, it was proposed that,
after forming a trapping horizon, a collapsing star might
form a Planckian core and subsequently, bounces out due to
the repulsive quantum gravity pressure, releasing the
information stored in the long-lived trapped region. Two
crucial ideas were advocated to model this scenario. First, it
was pointed that the energy scale at which quantum gravity
effects become non-negligible is not dictated by the size of
the object with respect to the Planck length, i.e., £/ pjanck»
but by its density with respect to the Planck density, i.e.,
P/ Prianck> therefore, allowing quantum gravity to kick off
much above the Planck length. Moreover, it was suggested
that while the bounce can be very short in the proper frame
of the star, it appears extremely slow for an observer at
infinity due to the huge gravitational time dilatation,
allowing the model to be consistent with observational
constraints. This elegant mechanism was applied to pri-
mordial black holes, and phenomenological consequences

© 2020 American Physical Society
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were investigated in Refs. [3—7], suggesting a new obser-
vational window towards quantum gravity. More refined
constructions of the dynamical geometry describing such a
bouncing compact object, and in particular, the tunneling
between the trapped to the antitrapped region, were inves-
tigated later on, leading to the black hole firework and
its further generalizations [8—12]. See also Refs. [13-15]
for an alternative construction of a black-to-white hole
tunneling, based on a radically different mechanism.
Finally, efforts to take into account the evaporation process
were also discussed recently in Refs. [16-19]. See also
Refs. [20-24] for recent investigations on the semiclassical
description of evaporating and collapsing null shells.
This body of results suggests a new radically different
scenario for the final stage of an evaporating and collapsing
object, which beg for further developments. In particular,
can we construct a consistent model of a dynamical Planck
star where the singularity resolution in the interior region
is modeled by loop quantum cosmology techniques?
Important efforts have been devoted recently to implement
such techniques to discuss polymer interior black holes,
which correspond to vacuum homogeneous geometries,
see, e.g., Refs. [25—-41] and more recently, Refs. [42,43] for
details.! In order to develop a Planck star model, one needs
to go beyond this framework and consistently include the
role of collapsing matter. Previous attempts in this direction
were presented in Refs. [52—-59] as well as in Refs. [60-62]
following a different approach. In this work, we adopt a
different strategy. Using the quantum extension of the
Oppenheimer-Snyder model presented in our companion
article [63], we present a new construction, based on the
thin shell formalism, which allows one to discuss matter
collapse using Loop Quantum Cosmology (LQC) tech-
niques and provides therefore a minimal set up to realize
concretely, within the LQC framework, which is part of the
ideas introduced in the initial Planck star model in Ref. [1].
To that goal, the interior homogenous geometry will be
modeled by the loop quantum spatially closed cosmology
filled with dust, discussed in Refs. [64,65], while the
exterior will be the classical Schwarzschild geometry.
The singularity resolution, which manifests through a
bounce at some critical energy, requires the existence of
a nonvanishing energy-momentum localized on the thin
shell joining the exterior and interior geometries. This
timelike thin shell plays a central role in that it encodes part
of the quantum effects. In order to find admissible solutions
for its surface energy and pressure, a key condition has to
be satisfied, which arises from the generalization of the
standard mass relation found by Oppenheimer and Snyder
[66]. It ensures that the constants of motion associated
to the exterior and interior geometries properly match
during the whole process. Additionally, it translates into
a constraint on the energy scale at which the bounce,

'See also Refs. [44-51] for earlier works on this topic.

and therefore the quantum gravity effects, becomes non-
negligible.

In this regard, the present model allows one to implement
the different ideas discussed earlier. It implements the
singularity resolution mechanism using LQC techniques,
it includes the role of matter collapse which is modeled by a
dust fluid, and it describes both the exterior and interior
geometry of a UV complete bouncing compact object while
ensuring the conservation laws during the whole process.
As such, this simple model provides the minimal set up to
discuss an effective UV complete gravitational collapse and
its internal consistency using the techniques of LQC. Let us
emphasize the major outcomes of this construction.

Under the set of hypothesis discussed above, it was shown
in Ref. [63] that such an idealized bouncing object does not
form a trapped region. The compact object forms at best a
marginally trapping horizon but automatically bounces at
most at the energy threshold of horizon formation. As such,
no black hole (as defined by the existence of a trapped region)
is formed. This result provides a major deviation from the
classical Oppenheimer-Snyder model, where an event hori-
zon and a subsequent singularity are formed as a result of the
collapse. Moreover, it directly implies that quantum effects
dominate at scales larger than or at the Schwarzschild radius,
where the bounce occurs. As emphasized in Ref. [63], this is
adirect consequence of demanding continuity of the induced
metric across the timelike thin shell as well as working
with a vacuum classical Schwarzschild exterior geometry.
Hence, this no-go is intimately tied to these assumptions.
Consequently, no long-lived trapped region can be described
in this model, which suggests that additional structures are
required to properly realize a model of Planck star as
proposed in Ref. [1]. In particular, the lack of an inner
horizon in the present model appears as the main missing
ingredient.

Nevertheless, the present model provides a concrete
framework to discuss the phenomenology of a UV com-
plete pulsating star. Indeed, the interior geometry being
modeled by a spatially closed bouncing universe enjoys
both a UV and IR cutoffs denoted, respectively, 1 and R...
As a result, the bouncing star follows cycles of expansion
and contraction. This IR cutoff turns out to play a subtle
role in this model. It encodes the minimal energy density
Pmin Of the star prior to collapse and contrary to the classical
OS model, where it is fixed by choosing the mass and
maximal radius of the object; it is now a free parameter.
Hence, compact objects are now described in a parameter
space with one additional dimension, which allows one to
consider at a fixed mass and radius new much denser
compact objects. This a major novelty of the present
construction. Finally, the scale at which quantum gravity
becomes non-negligible is encoded in the ratio 1/R,.. While
the UV cutoff 1 is expected to be universal and fixed once
and for all, it is nevertheless possible to shift this scale
thanks to the free IR cutoff, i.e., by increasing the initial
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density p.,- This provides a concrete realization of the
Planck star idea where the scale associated to quantum
gravity effects depends crucially on the density of the
compact object. Finally, we discuss the typical order of
magnitude of the compact objects, which can be described
by our model and show that they correspond to Planckian
relics but not to standard macroscopic stellar objects.

To summarize, this work presents a minimal set up to
implement the heuristic proposal of the Planck star using
concrete techniques from LQC to account for the singu-
larity resolution. Despite the no-go result discussed in
Ref. [63], which prevents the present model to discuss a
black-to-white hole bounce, the present construction shall
serve as a platform to investigate the phenomenology of
this pulsating star and as a guideline for further develop-
ments. More realistic assumptions might be introduced to
evade the no-go and describe a long-lived trapped region,
such as a nonvacuum exterior geometry with an outer and
inner horizon structure as presented in Ref. [67], for
example. Moreover, more refined corrections to describe
the interior dynamics could be used, such as inverse triad
corrections [68].

This article is organized as follows. Section II summa-
rizes the effective construction developed in our companion
article [63]. Then, Sec. III describes the UV completion that
arises from loop quantum gravity, revisiting and extending
the results of the existing literature, among which the
analytic formula for the minimal radius at the bounce.
Then, Sec. IV is devoted to the construction of the Planck
star model. It presents the energy and pressure profiles of
the thin shell as well as its phase diagram, the dynamics of
the star, its classical limit, and the domain of applicability
of our model.

II. THE MODEL

In this section, we present the exterior and interior
geometries M™ that we shall glue across a timelike thin
shell 7. These two geometries describe the exterior and
interior regions of the bouncing compact object. In each
bulk region, we denote the four-dimensional spacetime
coordinates as x’, with u € {1,2,3,4}, while on the thin
shell, the three-dimensional coordinates are denoted y*
with a € {1,2,3}. The spacelike normal unit vector to the
shell 7 is denoted n;dx",, such that n_n;- = +1. Finally,

the projector from the bulk regions M* onto the shell 7 is
denoted *ef; = Ox'./0y".

A. Interior geometry

Following the OS model, we shall assume that the
interior geometry corresponds to a closed Friedmann-
Lemaitre (FL) universe. However, as the goal is to model
a UV complete gravitational collapse, we shall introduce
modified Friedman equations in which the effective
quantum corrections are parametrized in a general form.

This will allow us to draw general conclusions independent
of the specific form of the quantum corrections.

Hence, the interior spacetime is assumed to have spatial
sections that are homogeneous and isotropic with the
topology of a three-sphere. Therefore, its metric is of the
(FL) form,

ds? =y, dx* dx” (2.1)

= —de® + a®(7)R2[dy? + sin? ydQ?], (2.2)
where R, is the constant curvature scale of the spatial
sections, y is the radial distance in units of R, from the
center, and a is the scale factor describing the homologous
evolution of the star. The dynamics of the interior region is
assumed to follow some modified Friedmann equations
to include the quantum corrections. In full generality, we
assume that they take the form,

= ()l (3)
H = —42G(p + P)[1 — ¥, (a)] + (2.4)

R2a*’

where ¥; and W, are two functions that shall be specified
by a choice of UV completion of GR, and the Hubble
function is defined as

a
H=-, 2.5
: 25)
with a dot referring to a derivative with respect to z.
Furthermore, we assume the conservation of the matter
stress-energy tensor, i.e.,
p=-3H(p+P). (2.6)
This choice of parametrization of the interior equations of
motion, among which is the classicality of the continuity
equation, is well suited when modeling the interior
dynamic with the LQC equations for the spatially closed
universe. However, a more general set up might be useful
for other models. In the case of dust (P = 0), then
p=Ea, (2.7)
with £ denoting the minimum of the energy density. Since
at 7 =0, ay = 1 and a, = 0, one obtains

3

—_—, 2.8
87GR? (28)

&= Pmin =

which corresponds to the minimum value, p.;,, of the
matter energy density. This allows one to rewrite the
modified Friedmann equations in the more compact form,
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1—
HR =~ [1 =¥, ()], (2.9)
a
. 1 31
from which it follows, using Eq. (2.6), that
2 a(l —a)d¥,
¥Y,=(1—-=a |¥ - 2.11
o= (1-3a)w@ - S 0 e

Finally, we note that the acceleration of the expansion is
given by

a 1|1 .
ER% = —; |:§ + lP;(Cl):| ,  with

Ws(a) = (1 - a)¥)(@) + 5 ¥ala). (2.12)
Note that so far we have kept the form of the effective
quantum corrections unspecified. Hence, the interior of the
star is modeled by a closed FL universe with a modified
dynamics encoded by the function ¥;. We can however
draw some preliminary conclusions. If these corrections
allow for a bounce, then there shall exist a time 7;, such
that H(z,) = 0 and H'(z,) > 0. Generically, it implies that
there shall exist a minimum value a,;, € ]0, 1], such that
W\ (amin) = 1. Then, because of time reversibility and the
absence of dissipation, this model will exhibit oscillatory
solutions with a € ]ay,, 1], and the resulting compact
object will have a characteristic pulsation depending solely
on the parameters of the effective quantum theory.

The timelike thin shell denoted 7 in the following is
chosen such that it corresponds to the surface of the star.
We choose to fix its position at y := y,. This choice is not
unique but appears quit useful to simplify the model. Then,
the induced metric on the shell is given by
ds2 =y, dy*dy? = —de®> + R2a*(z) sin? yodQ%.  (2.13)
By construction, the unit normal vector is purely radial
with respect to the interior coordinates, n, dx* = a(z)dy.
Observers comoving with the shell have a four-velocity
ut. = (1,0,0,0) so that u,dx* = dz. Consequently, the
proper time z of the interior geometry coincides with the
proper time of the rest frame of the shell 7. The outer
radius of the star evolves as

R(7) = a(7)R, sinyg, (2.14)
and R, has been chosen as a unit of length. Since the star
shall have a radius smaller than the spatial section, it can
always be written as sin y, if initially we set a, = 1. Finally,
the extrinsic curvature of the shell 7 with respect to the
interior bulk region, i.e., defined as K, = e’a’e,ﬁvﬂn;,where

V is the covariant derivative compatible with the 4D interior
metric, is given by

K, dy*dy? = R.asin y cos yodQ?. (2.15)

B. Exterior geometry
For simplicity, we assume that the exterior of the star is
modeled by the classical Schwarzschild geometry, such that
the metric reads

ds? =y, dx’ dx". (2.16)

= —f(r)df* + J% + r2dQ?, with
f(r)=1—$, (2.17)

where Rg is the Schwarzschild radius Ry =2GM. As
previously, we can always introduce y,, such that

Ry =2GM = R_siny,. (2.18)
This choice for the exterior geometry provides the minimal
set up to mimic the classical Oppenheimer-Snyder con-
struction and is motivated by simplicity. While one should
then generalize this construction to include deviations from
the classical Schwarzschild geometry as a next step, we
focus here on this minimal set up as a preliminary step. See
Ref. [69] for such an extension. Moreover, this choice of
exterior geometry will allow us to draw interesting con-
clusions regarding the allowed energy scale of the bounce.
Indeed, the presence of a single horizon in the exterior
geometry will have some important consequences on the
bouncing compact object.

Let us now discuss the embedding of the timelike thin
shell 7 in this exterior geometry. On the shell 7 describing
the outer boundary of the star, the time and radial exterior
coordinates can be written as 7:= T (7) and r:= R (7).
Then, the induced metric on 7 is given by

) R2
dsk =y}, dy*dy? = — {fTi - ;] de? + R% (7)dQ?.
(2.19)

The normal spacelike vector n*0, to 7 is given by
1o —RdT TdR, n,dx*=—RdT+TdR, (2.20
nﬂ—? +fTdR, n,dx*=-RdT +TdR, (2.20)

such that n#u, = 0, where u*0, = e4u®d, with u*d, = 0,
is the three-dimensional tangent timelike unit vector
associated to an observer at rest on 7. The extrinsic
curvature of 7 with respect to the exterior bulk region
M, in terms of the coordinates (z, 0, ¢) on 7, is given by

124041-4
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1
K+d ad b:——.
ab y-ay fT

This concludes the presentation of the exterior and interior
geometries we will use to describe our bouncing compact
object.

[ fr
2

R+ —} de® + TfRAQ?. (2.21)

C. Junction conditions

We need now to specify the junction conditions to be
imposed on the shell 7. In principle, these matching
conditions depend on the specific theory under consider-
ation. However, when considering bouncing geometries
descending from LQC, as we shall do in the last section,
there is no known covariant Lagrangian one could start with
to derive the associated junction conditions. Therefore, in
order to make progress, one can use the freedom to interpret
the interior geometry as a GR solution with some exotic
energy-momentum tensor. Then, one can use the standard
Israel-Darmois junction conditions to perform the gluing
[70-72]. This is the strategy we shall follow in this work.

Consider therefore a perfect fluid on the timelike shell 7°
whose energy-momentum tensor S, takes the form,

Sab = ou,up + p<7ab + ua”b)? (222)
where u, = (1,0,0) is the three-velocity of the observer at
rest with the fluid. Then, one has that §¢, =diag(—o, p,p).
The ID junction conditions to imposed are given by

[Yap] =0 (2.23)

[Kab - yabK] = _SﬂGSab’ (224)
where S, is the stress energy-momentum tensor on the
timelike shell 7 and the bracket of a quantity X corre-
sponds to the discontinuity of this quantity across 7, i.e., to
[X] = X, — X_|7. The first one imposes the continuity of
the induced metric across the shell 7 and is thus purely
kinematical. The second condition provides the equation of
motion of the shell. Moreover, these two conditions
together with the GR scalar and momentum constraints
imposed on the shell 7" automatically imply two additional
conservation equations. However, being a consequence of
the other equations, these two equations do not impose
additional constraints, and we do not write them here.
See [71,72] for details.

Using (2.13) and (2.19), the kinematical constraints
(2.23) read

. RZ
fT'i—7+=L

For now on, we shall write R, (r) = R(r) for simplicity.
Finally, in order to solve for the dynamical condition (2.24),

R, (7) = R.a(z)siny,.  (2.25)

we introduce the notation k*;, = [K“, — 62K, which allows
one to write

0

K¢ 0
=——" =—(«* (2.2

9 47ZG’ V4 87G (K T +K 9) ( 6)

Using (2.15) and (2.21), one obtains that
= —fT 2.27
0= 4 (oS0~ fT) 227)

1 ..

6+2p = : [R+f’R]. (2.28)

AxGfT 2

This fixes the profiles of the surface and pressure of the
thin shell.

1. Extended mass relation

The exterior and interior geometries involve two con-
stants of motion M and £. Starting from (2.27) and upon
using the modified Friedman equations (2.9) as well as the
kinematical constraints (2.25), one obtains a dynamical
relation relating these two constants of motion and the
surface energy of the thin shell. Introducing the quantity
X = 4nGR o, this key relation is given by

A 3 R3
M="pR>———
3 2GR;

2R 1-
[22— %0y | 3“‘111], (2.29)
R a
which can be recast, using (2.18) and (2.14), into

2cot 1-
siny, =sin’y, {1 -a’ <ZQ—%Z+G—3CI‘PI>} , (2.30)

which depends explicitly on the effective quantum correc-
tion ;. Let us discuss this matching constraint. First of all,
in GR, i.e., when ¥; = 0, the junction condition is possible
without a mass shell only if the standard OS condition is
satisfied,
siny, = sin’ y,, (2.31)
which just means that M = 4zp(t)R*(z)/3. Hence, the
standard mass relation obtained in the OS model is
recovered if ¥; = 0 and X = 0. It follows that otherwise
(i.e., departure from GR or mismatch between the collaps-
ing mass and exterior mass) the exterior and interior
geometries can be glued only at the price of a shell.
This extended mass relation turns out to play a key role in
that it ensures that the conserved quantities associated to the
exterior and interior geometries properly match during
the whole evolution of the compact object, even during
the bounce.
An interesting outcome of this extended mass relation is
that the energy of the dust £, which is related to the IR
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cutoff, is now a free parameter of the model, contrary
to the classical OS model, where it is fixed by the mass M
and the maximal radius R, = R, siny,. Hence, once the
UV cutoff 1 is fixed once and for all,2 the star is not
parametrized by two but three independent parameters
(Re, x5, X0)- At a fixed (y,,x0), one has now the freedom
to shift the density of the compact objects described by the
model. This new freedom is a direct consequence of the
presence of the thin shell, which allows one to split the total
mass between the bulk interior region and the thin shell. It
is then interesting to investigate how each physical quantity
and scale entering in the model behave under a rescaling of
the minimal energy density p,,;,, or equivalently, R.. From
the very definition of the Schwarzschild radius, it is clear
that a rescaling R, — ¢°R,. implies a rescaling of the mass
M — e‘M. We show in the Appendix A that the general-
ized mass relation is invariant under such rescaling, as
expected. An interesting consequence of this mass rescal-
ing is the mass being canonically conjugated to the
asymptotic Killing time in spherical symmetry [73]; one
has to further rescale this Killing time in order to keep the
symplectic potential invariant. This point should be inves-
tigated further but it goes beyond the scope of this work,
and we should not comment further on this.

2. Constraint of the thin shell dynamics

From the previous junction conditions have been
obtained, we can now find a suitable physical solution
for the profile of the energy and pressure of the thin shell.
The relation (2.30) gives a second order polynomial
equation for X,

2 cot 1 [sing,
%0y M g (1 —a)w, | =0

a a’ [sin’y,

22

This sets a condition on the parameters of the star (yo, v;)
and of the effective quantum theory through the depend-
ency on ¥,. From this polynomial second order equation,
one obtains a dynamical condition for the collapse, given by

1| siny;
sin’y,

4
A=— {cotz;(o -
a a

—-1+(1 —a)‘I’l] } >0, (2.32)
which implies that the discriminant of (2.32) is positive for
all allowed values of a. Provided this is the case, the surface
energy of the thin shell admits two branches of solutions
given by

t 1
Z:t :CO XOZ‘:E\/K

. (2.33)

*The Barbero-Immirzi parameter does not play any relevant
role and can also be fixed to y = 1 for simplicity.

Since the thin shell shall be understood as partially induced
by quantum effects, we shall allow it to violate the standard
energy conditions and in particular, allow the energy profile
to be negative. For that reason, we will focus on the minus
branch X£_ when building the model in the last section.
Let us finally point that this solution to the junction
condition has been obtained without specifying the quan-
tum correction ;.

Let us finally point that the profiles of the energy and
pressure of the thin shell depend explicitly on the quantum
correction ¥, and its derivatives. Hence, the thin shell can
be understood as an effective way to encode part of the
quantum effects for such a gluing. As a result, the quantum
corrections will affect the thin shell. If the surface of the
collapsing compact object crosses its Schwarzschild radius
to form an event horizon and if the quantum effects remain
negligible at the horizon formation threshold and are
triggered only near the would-be singularity, then, they
could be considered as confined to the deep interior.
However, as we are going to see now, consistency of the
matching leads to a radically different picture, where the
bounce turns out to occur prior to horizon formation, or at
most, precisely at the horizon formation threshold.

D. Bound on the energy scale of the bounce

One major question for such a bouncing compact object
is at which energy scale the quantum effects become
dominant? Or in other words, at which energy scale the
bounce occurs? It is widely believed that quantum gravity
effects shall only be relevant in the deep interior region near
the would be singularity.

As it turns out, a surprising outcome of our construction
is to provide a constraint on the energy scale at which a
bounce can occur. Let us summarize the main argument of
Ref. [63]. First, let us introduce the lapse function

Alz] = 1/T. Using the kinematical condition,

.. R?
T°——| =1, 2.34
f 7l (2.34)

and that the time derivative of the dynamical radius reads
R = R(z)H(z), where H is the Hubble factor associated to
the interior region, the expression of the lapse A[z] can be
recast in the more suggestive form,

R L )
A =5 = ke T RoRE
mmeM—hgb (2.35)

It is then straightforward to see that if a bounce occurs, i.e.,
if at some time 7, one has H(z;) = 0 and H'(z;,) > 0, then
the lapse at the bounce satisfies

124041-6
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Ry
R 0. (2.36)

For a star initially above the Schwarzschild radius, con-
sistency imposes that

A7) =1~

R(z,) > Ry, (2.37)
during the collapse and the bounce. This implies that the
star never crosses its Schwarzschild radius such that it
prevents a trapped region to form. To finish, note that while
we are indeed working with a singular coordinate system at
the horizon, the same computation can be done in the
Eddington-Finkelstein coordinates, regular at the horizon,
which leads to the very same result [63]. Notice also that
this result is not contradictory with the bouncing black hole
model built in Ref. [8], in which a collapsing null shell was
considered. In that case, the key relation (2.35) responsible
of our result is not present.

Finally, let us make one more remark. Assuming a
bounce from a quantum origin for the interior geometry, the
above result might misleadingly suggest that quantum
gravity effects are triggered at low curvature, which would
go against the intuitive expectation. It turns out that this is
not the case. In Sec. IV B, we shall show that when the
interior dynamics is modeled by a quantum bounce
descending from loop quantum cosmology, consistency
conditions severely restrict the range of applicability of the
model. As it turns out, it can be shown that macroscopic
stellar objects are excluded by this model, and only
Planckian relics can be consistently considered. For such
extremely small mass and size objects, curvature is already
very high even outside the horizon. As a consequence, even
if the bounce occurs above or at the horizon scale, it still
occurs in a regime of high curvature, as intuitively expected
from a quantum bounce.

E. Summary

Without specifying the effective quantum corrections
that ensure the UV completion of the interior dynamics, we
have shown that one can still derive a general solution of
the Israel-Darmois junction conditions, providing an effec-
tive theory for a UV complete gravitational collapse. The
consistency of the model is encoded in the generalized
mass relation (2.30). As a result, one obtains a general
profile for the surface energy X and surface pressure IT of
the thin shell. Before discussing a concrete realization for
the UV complete interior, let us recall the different
assumptions of this construction. Following the thin shell
approach developed in Ref. [63],

(i) the collapsing star is modeled as a closed FL

universe with a modified UV complete dynamics.
The UV completeness is encoded in the correction
¥,, which shall descend from the UV completion of
GR. This implies that the dynamics of the scale

factor can describe either a bouncing star or a
bouncing universe and that it will remain indepen-
dent, for the former, of the properties of the thin shell.
(i1) The exterior of the star is the standard vacuum
Schwarzschild geometry.
(iii) The two geometries are glued on a timelike thin

shell. Independent of the solution for the expansion
a(z), the properties of the thin shell are fully
determined by the Israel-Darmois junction condi-
tions. They depend on both the characteristic of the
star (initial mass y, and initial radius y;) and on
the function ¥;, which contains the parameters of
the quantum theory. It follows that the physically
acceptable solutions are constrained to satisfy the
mass relation (2.30).

We have concluded that if ¥, allows for a singularity

resolution that manifests through a bounce of the star, then

the compact object experiences cycles of contraction and

expansion without black hole formation. This provides the

basics of an effective theory of a pulsating Planck star.

To go further, one needs to choose ¥;.

III. UV COMPLETION FROM LOOP
QUANTUM COSMOLOGY

To be more specific, we now assume that ¥, is determined
by the corrections that arise in the loop regularization of the
dynamics of a spatially spherical universe presented in
Refs. [64,65,68,74,75]. Two different loop quantization
schemes have been discussed in the literature, the so-called
curvature regularization [74,75] and the connection regu-
larization [64,65], while additional refinement related to
inverse volume corrections have been discussed in Ref. [68].
More recently, new phenomenology of this bouncing
cosmology has been discussed in Ref. [76]. See also
Ref. [77] for another regularization scheme. In what follows,
we focus our attention on the connection regularization
scheme; the curvature regularization scheme phenomenol-
ogy will be discussed elsewhere.

A. Connection regularization—overview

Let us start by the modified Friedmann equations
obtained in Ref. [64] and discuss their consequences for
our model. While this model has already been investigated
in Refs. [64,65], the present section provides new analytic
results regarding the expression of the minimal radius as
well as a clearer picture of the oscillating dynamics, and in
particular, the existence of two cycles of bounces associ-
ated to the two different minimal radii. Consider the metric
of a closed FL universe,

ds? = —=N2d7? + R2a*(z)(dy? + sin? ydQ?).  (3.1)
Let us briefly summarize how the modified Friedmann
equations are obtained within the LQC framework.

124041-7
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Following the notations of Ref. [74], the gravitational
canonical variables are given by

Cc

N

which correspond, respectively, to the Hubble factor and
the three-volume of the spatially closed universe. The
dimensions are given by [b] = L~!, [v] = L>. Then, using
the loop regularization of the phase space of the closed FL
universe [64], the modified dynamics is encoded in the
polymer Hamiltonian constraint,

b=

v=|p|¥?, suchthat {b,v} =42Gy, (3.2)

Sfull [N] = N<Up —%U[(SIHZb —D)z +72D2]> zO,

872Gyl
(3.3)

where p is the energy density, and we have introduced
the short notation D = k/v'/3, hence related to the scale
factor by

(3.4)

It follows that the effective quantum theory depends on two
parameters. The UV cutoff is encoded in the parameter A,
with dimension of length, i.e., [;1] = L, while y is the
Barbero-Immirzi parameter. without dimension. It is worth
keeping in mind that these parameters are not fixed a priori
and shall be determined by experiments. The equations of
motion with respect to the cosmic time z, i.e., N = 1, are
then given by

V= iv(sinjlb — D) cos b

> (3.5)

. 3 ~ 4D | ~ 1
b=-— o sin?Ab — Tsinﬂb + 3 (1+y*)D?|, (3.6)

where we have assumed that P = 9,(vp) = 0; i.e., we
work with a dust field of matter. The scalar constraint (3.3)
can be recast as

P _ (sinjb - D) + D2, (3.7)
Pe
where we have introduced the critical energy density,

_ 3 B &
872G y(A/R)Y

Pe (3.8)

This concludes our description of the effective phase space
and the associated effective dynamics of the closed FL
geometry filled up with a perfect pressureless fluid.

B. Evolution of the quantum correction ¥,

From now on, we redefine the variables, such that
7—1/R,, and b— R b. Also rescaling the UV cutoff the
same way, we introduce the new dimensionless parameter,

A= (3.9)

3
R.’
which shall play a crucial role in the following. Being the
ratio of the UV and IR cutoffs, it encodes the scale at which
quantum gravity effects become non-negligible. The inter-
esting point is that the IR cutoff R, is actually related to the
energy density of the compact object prior to collapse,
through the relation (2.8). A small value of R, corresponds
to high energy density. Now, while it is expected that the
UV cutoff 1 is a universal quantity fixed once and for all for
any star, the parameter R, is now a free parameter of the
model, which characterizes the star just as its mass and
radius. Hence, by shifting the density of the compact object
at a fixed mass and radius, i.e., at fixed (y,, (), one can
shift the effective scale of quantum gravity effects. This
allows us to implement the idea advocated in Ref. [1],
which states that provided a compact object reaches a
sufficiently large density with respect to the Planck density,
quantum gravity can be triggered even if the size of the
object is much larger than the Planck length. In the case of
the present model, this interpretation is possible thanks to
the double role played by the scale R, encoding both the
spatial curvature of the interior geometry and the minimal
energy density of the compact object.

Now, the above rescaling also implies that D = 1/a.
Finally, it is convenient to introduce the rescaled Hubble
factor and the rescaled critical energy,

&
Since v « a@*, Eq. (3.5) implies that
|
H:—A(sm/lb—D)cos/lb. (3.11)
v

This gives an expression for H? in which one can express
(sinAb — D)? thanks to Eq. (3.7) as

826 1
(sinxlb—D)zzylez(ﬂTp—;) (3.12)

It follows from the definition (2.3) that 1 — ¥, = cos® b,
from which we conclude that

¥, = sin’ Ab. (3.13)

124041-8
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This expression shows that ¥, = 1 when Ab = +x/2. Tt
follows that the first condition for the existence of a bounce

is satisfied.

It can also be expressed in terms of a by using the
expression for p and making use of Eq. (2.8) in Eq. (3.12)

to express sin Ab, leading to

/1 2

/12
p, ==
1 a2

where € = +1 is a sign that we shall discuss later. This
expression allows us to get some insight on the dynamics.

(3.14)

PHYS. REV. D 102, 124041 (2020)

These expressions allow us to extract ¥; and ¥, in term of

the density p and the critical densities p; and p, and p,.
Comparing with Eq. (2.3), one obtains

P~ P
Pe

¥

, (3.19)

which can be checked to be equivalent to the expressions
(3.13) and (3.14). To finish, ¥, is obtained from Eq. (2.11).

As a final remark, it is straightforward to check that the
classical limit corresponds to

I=2=0. Sp.oeo, D=0, W0, (320

)
Figure 1 shows the existence of two branches labeled by the
sign of e. If 4 < 1, there will always exist two values,
O<a1('r:i£1<af;r>1<l’

such that ¥, (a) = 1. By definition, ‘Pl[aﬁi] =1 corre-
sponds to a vanishing Hubble factor, H = 0. Hence, we

expect to have two different kinds of bounce. This was first
pointed out in Ref. [64].

Following Ref. [64], it is useful to write down the
modified Friedmann equations in the more familiar form,

o))
)

P =P
—p—), (3.16)
p1 = pcD[(1 +y*)D — 2sin (Ab)]

_87IG
3

H> p

. 1
H—FW: —4ﬂG<p

in terms of the densities,

(3.17)

pr = p D1+ 72D —sin(Ab)].  (3.18)

20,

where we have used Eq. (3.17).

C. Dynamics of the oscillating closed universe
(interior region)

As already discussed in Ref. [64], the bouncing dynam-
ics encoded in the modified Friedmann equations (3.15)—
(3.16) and (2.7) enjoy two bounces with two different
allowed minimal radii. In order to understand the dynamics,
it is useful to recast the equations of motion in a more
suitable form. In the following, we provide the expression
of the two allowed minimal radii and discuss the different

cycles experienced by this bouncing closed universe.

1. Reduced form of the dynamical equations

It turns out to be convenient to introduce the variables,

u=1/a, X =sin/b. (3.21)

Concerning Eq. (3.5), one uses Eq. (3.12) with the

expression (2.7) for the density to eliminate the quadratic
term sin® 1b to finally get

; du u
| e A (622
15¢ ‘: €y=—1
v dx 3 [(1+7*)Au - X]
i = — _ PP S S s et |
:'. = Ayu cos Ab{z u e . (3.23)
< 10 i afin
> g with
5t I cosdb = +V 1 - X2, (3.24)
“\\ _______ S — This latter sign has no influence on the dynamics since it
8o [V 04 06 08 10 can be absorbed by the redefinition 7 — —z. Additionally,
a
FIG. 1.

¥, (a) in units of A% (black: &€ = +1, blue: ¢ = —1) for
y = 1 (solid) and 0.1 (dashed). If A < 1, there exist two values,
=)

< al(;z for which ¥| =1, i.e., H = 0.

min

124041-9

to this set of two equations of motion, the on shell system
satisfies the constraint (3.12) that takes the form,

(X = u)? =2 22u*(u—1), (3.25)
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which corresponds to satisfy the scalar constraint during the
whole evolution. Despite the simplicity of this set of
equations, one cannot obtain a closed analytical solution
for u(z), and one has to numerically integrate this set of
coupled equations of motion. This point is explained in
detail in Appendix B.

2. Minimal radius

As seen from Fig. 1, we expect the dynamics to enjoy
two minimal radii. Indeed the system (3.22)—(3.23) has
three configurations in which da/dz = 0. The first one is
obviously characterized by u =1 (i.e., a = 1), which
corresponds to the maximal extension of the star. It
corresponds to the initial state, which defines the initial
conditions to integrate the system (3.22)—(3.23),

u=1, a=1, X =A (3.26)
The second set of solutions is obtained for cos Ab = 0, that
is for

/lbzz—&—nﬂ,

2 ne<z,

(3.27)
so that sindb = (—1)". Inserting this condition in the
effective Friedmann equation leads to
Aull + epvu—1] = (=1)". (3.28)
Since u > 1 (i.e.,, a < 1), we can define y such that

u=1+y?, so that the solutions of Eq. (3.28) are the
roots y,(n,A,y) of

A+ 1) (1 +epy) = (1)

First, note that changing the sign of & changes the sign of
the root of this equation, which has no influence on the
value of the physical variables u or a. So we can arbitrarily
choose € = —1. Then, the solution with n odd and even are
related by the change of the sign of A. It follows that the
solutions are y,(A,y) for n =2p and y,(—4,y) for n =
2p + 1 with y, the root of

A+ D =yy) =1, (3.29)
with y > 0. The discriminant of this third order polynomial
equation is given by

27
Ay =41 (9y2+I)A—Zyz—(l+y2(2+}/2))/12 . (3.30)

The nature of the roots (either complex or real) depends on
the sign of A, . In our case, the parameter y is of order unity,
while 4 <« 1 for a realistic astrophysical object. Therefore,
the first and last terms are very small compared to the
middle term, and one has therefore

Ay =~ —277%2% < 0. (3.31)
This implies that the third order polynomial equation (3.29)
has only one real root y, supplemented with two complex
conjugated roots that are therefore not physical. The only
real root is

1

* A 1
Y 37{+

21/3(372 - 1) 1)

e W} . (332

with

2 1/3
52:<—2—18y2+27y/1+51> . (3.33)

2
5 = \/4(3y2 —1)3 - <2 + 182 — 27%). (3.34)

In conclusion, irrespective of the sign ¢, the scale factor a
enjoys two minima,

1
al(y. 1) =

< =, 3.35
w72 = 2 1 533

the sign of A being related to the phase of 1) that determines

the sign of X. These minima satisfy 0 < af;l)l < afn;)l <1,
and they scale as
(£) 2/392/3 2
Ao =y £ gﬂ as  A—0. (3.36)

Figure 2 depicts the dependence of these minima with A for
different values of the parameter y. As expected from

Eq. (3.14), ) = 1 when 1 — 1.

min

3. Cycles of bounces

The dynamics is completely described by Egs. (3.22)—
(3.23). As anticipated from the analysis of Fig. 1, it is clear

y=0.1,0.5, 1

(=)
min

am )

(solid) and ') (dashed) with A.

min

FIG. 2. The evolution of a<+)

min
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that the system undergoes oscillations. Starting from
the initial state (ay = 1, Xy = 4,dX/dr > 0), it will reach
the minimum and bounce. But when it reaches a, again, the
sign of the derivative of X has been switched so that it starts
another cycle with the same initial conditions but with
dX/dr < 0. Hence, we have a succession of cycles with a
period of two phases related to the (—1)" in Eq. (3.27), i.e.,

(2= ()= (220)
- (ﬁ‘?) ~ (;Zi;) (3.37)

The numerical integration of the system (3.22)-(3.23) is
depicted on Fig. 3 and compared to the minimal radii
(3.35). It confirms that there is an alternation of cycles
related to the change of sign of X at the maximum
expansion in a = 1. This tale of two bounces was first
found numerically in Refs. [64,65]. However, to our
knowledge, the full analytical derivation of the two minima
appears for the first time here, as well as the explanation for
the shift between the two cycles.

4. Cosmological implications

The former description applies both to the dynamics of a
collapsing star and to cosmology. It can be easily extended
to consider matter with different equations of state, in
particular to include a radiation fluid or a cosmological
constant. We can rephrase the modifications of the
Friedmann equations as the effects of an effective fluid
with density p, and pressure P, that enter the standard
Friedmann equations. It follows that

po+Po=—(p+ P)¥s(a). (3.38)
1.0
050
alfh
X o B T
©
-0.5
-1.0 s w s s w s
0 1 2 3 4 5 6
Kkt
FIG. 3. Evolution of a (blue) X (red). As expected from

Eq. (3.37), the dynamics enjoys a cycle of two oscillations
compared to “Er;)n (dashed) and “51;21 (dotted). The two cycles are

labeled by the sign of X, that is by &.

8rG 87G 1
3 7eT 7

5P —)‘Pl(a). (3.39)

T 2.2
R:a

These expressions show that generically the effect of the
loop regularization is to induce the action of an effective
fluid with negative pressure. The conservation equation
p'+ 3H(p + P) = 0 gives the relation between ¥, and ¥,
that generalizes Eq. (2.11) so that we end up with

3
—(—pr— W 3.40
pQ < p+8ﬂ,’GR%Cl2> l(a) ( )
1
potPo =~ (P‘f‘P)—m ¥i(a)
1 1 v,
Sp——— a2, 3.41
+(3” 8nGR3a2>a da (3.41)

Assuming that the standard matter enjoys a constant
equation of state w, so that p = pya—*") we get

3
= - Sl = )y 3.42
Po Po <a 87zGR%p0a2> 1(a) ( )
po +Po =—po|(1+w)a—30+) - ¥i(a)
¢ 2 87GR2pya*

1 1 d¥
—pol—ca30) ) L
P()( 37 + SﬂGRgpoaz) “da
(3.43)
Setting kg = ———
g Ky = 2GRy we get
b d
po = —pola™1+3") = 3xg) — (3.44)
a
Py = —po[wa=13) + i ]a—21
1d¥
- Po (——a‘<1+3w> + ) ——1. (3.45)

These expressions can be used to determine the quantum
corrections to the expansion history in a radiation universe
or during inflation, a general phenomenological analysis
that we postpone for now.

IV. MODELING A PULSATING PLANCK STAR

The dynamics of a bouncing homogeneous spacetime
can be used to describe the interior of a collapsing star. We
now turn to the construction of the Planck star model since
the whole study of the UV-complete closed universe applies
to the dynamics of the interior of such a star. What remains
to be derived are indeed the physical properties of the thin
shell, namely its energy and pressure profiles, and discuss
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the semiclassical limit of the model. Finally, one has to
identify the subregion of the parameters space for which the
modelization of the star is well-defined.

A. Quantum vs classical collapse

As a first step, we present the classical Oppenheimer-
Snyder model with a nonvanishing thin shell, which should
correspond to the classical limit of our quantum extension.

1. The classical limit

As discussed in the first section, the seminal OS model is
constructed without assuming the presence of a thin shell
[66]. Hence, the present construction with ¥; = 0 provides
a classical extension of the initial OS model. Moreover,
since ¥; = 0 corresponds to the limit,

Al=——>0=at =0,

min

A
R (4.1)
this model actually corresponds to the classical limit of our
Planck star construction for which a € [0, 1], such that the
star can form a singularity. Notice that the classical limit, at
a fixed A, corresponds to send the free parameter R, to
larger values and thus, to consider compact objects with
lower and lower density, as expected.

Let us first discuss the reduced mass relation. Working in
the classical framework with ¥, = 0, it follows that the
discriminant (4.4) is positive only if

siny, < sin? y,. (4.2)

This provides a generalization of the seminal OS model,
which corresponds to the case where the inequality is
saturated. Solving the energy profile of the thin shell in this
generalized classical OS model, one finds there are two
roots for X given by

1.0
0.8+
&
] 0.6}
©
—~

o 04
©
02}

0.0

H(0S),H(LQG)

1 1 i )
a a \sm’y

which diverge both at the singularity a = 0, as expected.
The first branch =GR is always positive while the second
branch can be negative near the singularity where the GR
description is expected to break down. Interestingly,
only the branch YOR vanishes in the OS case, where
siny, = sin’ y,. Otherwise, the positive branch R has
always a nonvanishing energy carried by the shell even
prior to collapse. Finally, the total energy of the shell,
which scales as £fRa? remains bounded for a € [0, 1] in
both branches.

2. Comparison of the classical and quantum dynamics

Let us first check that the modified dynamics matches
with the classical relativistic dynamics when quantum
effects become negligible, namely far away from the
bounce. As one can see from Fig. 4, this is indeed the
case. It confirms that our model has the correct classical
limit far from the bounce and matches properly with the GR
dynamics. Hence, the quantum corrections dominate only
close to the bounce.

The two dynamics can also be compared in the phase
space (a, a) depicted on Fig. 5. It clearly shows that the OS
trajectory for the collapsing star (and is symmetric describ-
ing an expanding star) defines a boundary in phase space in
which the cycles of bounces allowed by quantum correc-
tions are enclosed. It clearly demonstrates how these
corrections allow the dynamics to shift from the collapsing
branch to the expanding branch with two possible bouncing
minimal radii.

3. Properties of the effective thin shell

Let us now discuss the properties of the shell in our
effective quantum extension of the OS model. As in GR,
there are two branches X, given by (2.33). The first one

10

1.0 2.0

Kt

0.0 0.5

1.0 1.5

Kt

0.0 0.5 2.0

FIG.4. Comparison of the quantum induced bounce and the RG dynamics: (Left) Evolution of the scale factor for our Planck star (red)
versus the classical GR collapse with thin shell (blue). (Right) Evolution of the Hubble rate for the Planck star (red) versus the classical

GR collapse with a thin shell (blue).
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Expanding OS
T agl)n a$r+||)n aog
S
Collapsi
a
FIG.5. Dynamics of the collapsing OS star (black) compared to

its quantum version, which exhibits a cycle of two bounces (red
and blue).

satisfies £, > 0, while the second one can have negative
values. In order to allow for an exotic energy momentum on
the shell 7", which shall be partially induced by quantum
effect, it is therefore natural to focus on the second branch
2_. It reads explicitly

1 1[si
Z_:—{cot){o—\/cotz)( - [S.mj(x -1+(1 _‘1)1P1(a)} }’
P ;

with a € [1,a; | and ¥, (a) given by (3.14). When a = 1,
the quantum corrections vanish and do not affect the
classical limit, which reproduces exactly the GR expression
(4.3). Therefore, the behavior of the shell is consistent with
the expected classical limit and with the expectation that
quantum effects are triggered only near the bounce. Finally,
using the point of view explained in Sec. II C, the thin shell
energy-momentum tensor S, satisfies automatically some
continuity equations, which are a direct consequence of the
Israel-Darmois junction conditions together with the scalar
and momentum constraint of GR imposed in 7. See [71,72]
for details. Recall that these continuity equations are
valid provided the exterior and interior geometries are
understood as GR solutions associated to some exotic
energy-momentum tensor, a point of view which is always
available due to the freedom to view quantum corrections
either on the geometry or matter sector.

B. Orders of magnitude

Finally, let us discuss the constraints on the order of
magnitude associated to such a Planck star. The compact
object described by our model is parametrized by five free

parameters: (i, Rmax» M), which correspond to the
physical parameters of the star, respectively, to its initial
density, its maximal radius, and its mass together with the
parameters of the theory, i.e., (Z, 7), which encode the UV
cutoff of the quantum theory and a freedom in defining the
Ashteklar’s variables. The Barbero-Immirzi parameter y is
mostly irrelavent and of an order of unity. The four
remaining parameters need to satisfy

yi\2/3 _
R, < <R_> Rpax and A< Ry <R, <R. (4.3)

c

The first condition is indeed the constraint (2.37) in which
we used the fact that for small A, a,;, ~ y*/>1%/3. The first
inequality of the second condition is added to ensure that
the physical description is valid. Moreover, in order for our
effective description to remain valid, the mass of the
compact object has to be well above the Planck mass,
i.e., M/MPlanck > 1.

In order to capture the domain of applicability imposed
by the above consistency conditions, it is useful to
introduce the quantity £ defined by

5 _ 4 R?mx
5 - 3 pl'ﬂll’l M ’ (4.6)
so that a star without a shell in GR will have & = 1.
Therefore, the parameter £ encodes the mass splitting
between the bulk interior region and the shell. For a small
&, most of the mass of the compact object is carried by the
thin shell, and the bulk is very diluted. Using this parameter
¢, it follows that

3/2
max
Hence, Eq. (4.5) rewrites as
vi y R32
R, 5? and 1 <R, <Ry < 5%. (4.8)
N

We first conclude that independently of the radius of the
star, its mass is constrained to be in the range,

A<R, < (4.9)

TOYINS

from which we conclude that necessarily one need & < 1.
Then, the second set of constraints reduces to the boundary
R, > A, Ry, > R,/&, and R, > R,, which is irrelevant
when £ < 1. The space of allowed models is summarized
on Fig. 6. Note that 1 fixes all the scales of the problem and
Eq. (4.9) implies that the mass of the star we want to
describe imposes strong bounds on & if we want to have
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max=Rs/§

Rmax=Rs

A 1243

Rs

FIG. 6. The parameter space of stars (R, R,y ) that are allowed

given the parameters of the theory (1, £). Note that / fixes all the
scales of the model.

A~O(¢p) and that its minimum radius is larger than
(y/€)*31 and the maximum density inside the star is

smaller than p,n(E/7)?(Rmax/4)?. Introducing A = 1/¢p,
we have

A
2, 4.10
<z (4.10)

where we have set y = 1. Note that this implies that

1/ R 3/2 1/ R 1/2
sin)(s——< S> . sin;go——< S) . (4.11)

5 Rmax 5 Rmax

so that siny, = £*sin? y,.

Let us take two examples. First consider a Planck relic
with M = 10'? kg and R, ~ 10~'* m, which mimics the
order of magnitude considered initially in Ref. [1]. It shall
satisfy 1 < 1020 < 1/& so that & has to be smaller than
10729, and the smallest star that can be described is about
Ryux ~ 102°75 ~ 10715 m. Now, if one assumes M = 1 kg
then 1 < 108 < 1/& so that £ < 1078, and one can have
Rax ~ 1087 . For Stellar mass objects, then M/Mg~1so0
that one would need £ < 1073%. While mathematically
possible, this will lead to stars with a density 10738 smaller
than the Solar density, hence smaller than 1073 kg/m?,
which is indeed unrealistic. Notice that since £ has to be
very small for our model to make sense, all the objects
described by this model will have a small portion of their
mass carried by the bulk interior, while most of their mass
will be carried by thin shell. This is a consequence of the
consistency condition (4.8).

These orders of magnitude show that one can easily set 1
to the order of the Planck scale and describe a Planckian
relic with the present model, but stellar massive compact
objects cannot be modeled in a realistic manner within this
construction. In turn, this restriction on the range of
applicability of the model ensures that while the bounce
takes place above or at the Schwarzschild radius, it still
occurs in a high curvature regime as these Planckian relics
exhibit already very high curvature at the horizon scale.
Finally, notice that within the range of masses discussed in
the above examples, the Planckian relics satisfy the con-
ditions M/Mpyanek >> 1, which ensures the validity of the
effective equations even for such extremely small mass
and small size objects. See Ref. [78] for a discussion on
this point.

The present model is obviously highly simplified, and
the objects described by this construction are not realistic.
However, this exercise allows one to investigate the
different challenges one has to face when constructing a
mathematically consistent model of bouncing compact
object based on the most simple scenario of matter collapse
instead of eternal vacuum black hole interior.

C. Comparison with other models

As a final step, let us compare our model to previous
constructions. The main outcome of the present construc-
tion relies in the fact that the bounce occurs at a radius
above or at the Schwarzschild radius. As such, the quantum
corrections are not confined to the deep interior, but they
are triggered at least at the horizon scale, or even on larger
scales depending on the choice of the parameter 4 (and
therefore, R_.). This provides a major difference with
current black-to-white hole bounce models recently dis-
cussed in the LQC literature, where quantum effects are
modeled such that they become dominant only in the deep
interior region. A lesson of the present construction is that
depending on the assumptions of the model, the scale at
which the quantum effects become non-negligible shall not
be set a priori but should be dictated by the internal
consistency of the construction. In the present case where
we consider dynamical matter collapse, consistency
imposes that quantum gravity effects are actually relevant
above and at the Schwarzschild radius. This appears as a
kinematical condition in the thin shell construction. A
major lesson from this model, and in particular of the
constraint (2.36), is that if a consistent model of black-to-
white hole bounce has to be built from a matter collapse
scenario, quantum gravity effects can be confined to the
deep interior only if this model allows the formation of an
inner horizon. From this point of view, the above result
suggests that the recent models discussed in [30,31], which
focus on the vacuum Schwarzschild interior and do not
exhibit an inner horizon, are missing a crucial ingredient. If
matter is included, such additional structure turns out to be
crucial to keep quantum gravity effects confined in the deep
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interior. A concrete realization of this scenario has been
presented in Ref. [69].

However, notice that in the present construction, even if
the bounce occurs above the Schwarzschild radius, it does
not imply that quantum gravity effects are triggered at low
curvature. As we shall see in Sec. IV B, the compact objects,
which can be consistently described by this model, are
constrained by the conditions (4.5). This restriction of the
parameters of the model ensures that only very small mass
and small size objects, such as Planckian relics, can be
described while macroscopic stellar objects are excluded. As
it turns out, such Planckian relics already exhibit huge
curvature even outside their Schwarzschild radius, and
therefore, the bounce can consistently occur athigh curvature
regime for such objects, even outside the would be horizon.

As a final remark, let us also point that the present model
uses a regularization of the interior geometry based on the ji
scheme commonly used in LQC. This is another difference
with the current polymer constructions of regular eternal
black hole interiors. Indeed, the recent constructions [30,31]
implement a modified u,-scheme regularization. However,
such a choice is somehow not consistent with the standard
improved dynamics used in the cosmological framework,
and it would appear more natural to adopt the same strategy
both for the loop regularization of cosmological and black
hole backgrounds. From this point of view, our model
provides such a minimal construction using the standard
LQC techniques based on the ji-scheme regularization.

V. CONCLUSION

Building on the effective construction presented in our
companion article [63], this work has presented a new
physical model for a bouncing compact object based on a
quantum extension of the seminal OS model. This simple
model of gravitational collapse, based on the thin-shell
formalism, turns out to provide an ideal framework to
bridge bouncing cosmological models to the description of
bouncing compact objects. Let us summarize its main
ingredients and its major outcomes.

First, the singularity resolution inside the interior of the
star is obtained by replacing the classical closed FL
universe by its LQC version based on the connection
regularization [64,65]. This loop regularization provides
a concrete proposal for how the would-be singularity is
replaced by a singularity free effective quantum geometry.

Then, our construction includes the matter sector. This
allows us to go beyond current polymer approaches, which
largely focus solely on the vacuum spherically symmetric
gravity ]B)hase space to discuss effective black-to-white hole
bounce.” Moreover, our model provides also an alternative

3See however Ref. [58] for a study including matter in the
Kawtowschi-Sachs model and Refs. [59-62] for few investiga-
tions regarding covariant matter plus gravity systems in inho-
mogeneous polymer models.

to matter collapse compared to the firework model, where
matter is encoded in a self-gravitating null shell. In our
construction, even if highly idealized, the dust field
provides a simpler and more physical matter content,
and allows one to work with a timelike thin shell. This
difference is crucial and is at the heart of our no-go result on
the formation of a trapped region. Indeed, with a null shell,
one would not derive the expression (2.35) for the lapse at
the surface of the star. This explains the radical difference
between our conclusions and those of the firework model.

The timelike thin shell is crucial for the internal consis-
tency of our approach. Indeed, it encodes part of the quantum
effects and leads to a generalized version of the OS mass
relation. The key constraint, given by Eq. (2.30), ensures the
consistent matching of the conserved quantities of the
exterior and interior geometries. From the general solution
of the junction conditions presented in Ref. [63], we have
discussed the behavior of the energy and pressure profile of
the thin shell associated to a LQC bouncing interior geom-
etry. As expected, quantum corrections become large near the
bounce and vanish far away for it. The classical limit of the
model, which consists in the OS model with a nonvanishing
thin shell, is well approximated at a large radius.

The surprising outcome of our construction is that
replacing the singular classical interior geometry with a
bouncing geometry prevents from formation of a trapped
region. Hence, in such a UV complete gravitational
collapse model, there is no formation of black hole. This
provides a major deviation from the classical OS descrip-
tion of the collapse. We emphasize that this conclusion
descends from (i) demanding the continuity of the induced
metric across the timelike thin shell and (ii) modeling the
exterior geometry with the Schwarzschild geometry, which
exhibits a single horizon. Relaxing this assumption and
using an exterior geometry with an outer and inner horizon
would allow the collapsing matter to form a trapped region
and bounce inside the inner horizon. The present con-
struction suggests therefore that the formation of an inner
horizon is needed to build consistent black-to-white hole
models based on matter collapse in which quantum gravity
effects remain confined to the deep interior, in a high
curvature regime.

Let us now summarize the phenomenology of our model.
Since the interior geometry enjoys both a UV cutoff, i.e., 1
descending from the loop regularization, and an IR cutoff
R., which encodes the energy density of the star prior to
collapse, the compact object follows therefore cycles of
collapse and expansion, with two consecutive distinct
bounces. A novelty of the present construction is that
the IR cutoff R. is now a free parameter of the model,
contrary to the classical OS model, where it is fixed once
the mass and maximal radius are chosen; i.e., once (¥, ¥o)
are fixed. This freedom allows us to explore new compact
objects, which are much denser than the one described in
GR, although not forming black holes. As it turns out, the
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energy scale at which quantum gravity becomes non-
negligible is encoded in the ratio 1/R,. Hence, at fixed
7, shifting the minimal energy of the compact object
encoded in R, allows us to shift the scale at which quantum
gravity becomes dominant. Finally, we have shown that the
no-go result associated to this model, which translates into
the constraint (4.5) onto the parameters, implies that this
construction can be applied only to compact objects like
Planckian relics but not to standard macroscopic stellar
objects. This restriction of the range of applicability
reconciles the no-go result presented in our companion
paper [63] with the expectation that a quantum bounce, as
the one considered here, shall occur only in a high
curvature regime. Moreover, it is worth pointing out that
one can exhibit examples of such Planckian relics, which
satisfy the condition M/Mpy,,c > 1, such that the effective
equations used in the present construction are still valid.
This shows that, despite the rather surprising no-go result
imposing the bounce above or at the Schwarzschild radius,
the present highly idealized model can still be used to
consistently model some range of Planckian relics.

In conclusion, this model provides a highly idealized
model of bouncing compact object within the LQC
framework which allows one to realize several crucial
ideas introduced in the initial Planck star model in Ref. [1].
This construction should serve as a minimal setup for
further explorations regarding the modelization of bounc-
ing compact objects using LQC techniques. In particular, it
would be interesting to compute the characteristic time of
bounce associated to such Planckian relics and discuss its
scaling with respect to the mass of the object. Additionally,
it would be interesting to investigate the stability of such
object, as an initial inhomogeneity would grow during the
oscillation and the compact object would most probably
follow only a finite number of cycles before being out of the
range of validity of the present model. Finally, several
simplifying assumptions of the present construction might
be generalized to consider black-to-white hole bounce for
macroscopic stellar objects, such as introducing an inner
horizon structure in the exterior geometry. We shall present
some results in this direction in future works [69].
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APPENDIX A: SCALING PROPERTIES OF
THE PHYSICAL QUANTITIES UNDER
RESCALING OF R,

This Appendix investigates the scaling properties of the
various variables of the model when we rescale the free

parameter R,.. First of all, we recall that this parameter,
which encodes the spatial curvature of the closed universe,
can be safely set to unity without loss of generality when
dealing with the cosmological solution alone. However, it is
not true anymore when one glues this interior geometry to
an exterior one since then it plays a key role. As explained,
it is related to the minimal energy of the compact object
through

3

—. Al
87GR? (A1)

Pmin =

We have pointed out in Sec. I C that because of the thin
shell, this minimal energy is no more determined by the
mass and size (Rj, R.) of the compact object prior to
collapse as in the OS model. Now, one is free to split
the total energy of the object between the interior bulk
region and the thin shell. This freedom allows one to play
with the density of the bulk interior region and this freedom
is reflected in the free parameter p,,,, or equivalently, R,.
It is therefore interesting to investigate how each
quantity behaves under a rescaling of R.. Consider the
transformation,

R, — e‘R,, or equivalently, ppin = € *pmin,  (A2)
where ¢ is a constant positive real number, and let us fix

once and for all, the UV cutoff 1. Then, the different scales
of the problem transform as

RmaX - eeRmaX (A3)
R, — ¢°R, (A4)
A= e €A (AS)

Therefore, the total mass of the object Ry =2GM gets
rescaled as well as the effective UV cutoff 4 of the model.
Then, using the different definitions of the dynamical
physical quantities entering in the model, we have

R — ¢°R, p— e ¥p, c— e o, (A6)
while the rescaled surface energy X = 87GR.c and the
quantum correction ¥; remained unaffected,

PIED Y- ¥, (A7)

Notice that the quantum correction ¥, in (3.13) is defined
after a rescaling of the Hubble parameter b — R_.b, which
cancels the rescaling of the effective UV cutoff 4 entering in
its argument. Equipped with these transformations, we can
now check the transformation property of the junction
condition. After such rescaling, it is direct to show that
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A

M= () (R
(e*R%) (e°R,) l—a
—_—— ¥ -2 +—Y A8
2G(e*R?) (e°R) coszo=+ @ ! (A8)
4 R} 2R, l-a
=e |:?pR3—2GR%{Z— R COS)(02+7T1}:|
(A9)
= e‘M, (A10)

which shows the consistency of the quantum corrected
junction condition with the expected scaling of the mass of
the object (A3) as well as its invariance under this trans-
formation. This indicates that a rescaling of the minimal
energy density of the compact object prior to collapse at
fixed UV cutoff 1 implies a rescaling of the total mass of the
object. Now, it is well known that in spherically symmetric
general relativity, the total mass is canonically conjugated
to the asymptotic Killing time; see Ref. [73] for details.
Therefore, if one requires that the symplectic two-form
associated to the system be invariant under such rescaling,
one has to perform an additional rescaling of the asymptotic
Killing time variable.

APPENDIX B: ON THE ANALYTIC
RESOLUTION OF THE
INTERIOR DYNAMICS

Consider the equations dictating the interior bouncing
dynamics presented in Sec. III C 1. Using the auxiliary
fields (u, X) defined in Eq. (3.21), the dynamics are given
by the system (3.22)—(3.23) together with the constraint
(3.25). Now, let us introduce the new time coordinate,

d7 = cos (4b)dz. (B1)

Notice that the lapse d7/dz now changes sign during the
dynamics. With respect to this new time and upon using the

scalar constraint, one can turn the system (3.22)—(3.23) into

dui ~

G T uwiJus —1 (B2)
dx, . 3 u\/ug —1
R PR S) R

A

where = means that we have used the scalar constraint
(3.25), and u,. corresponds to the ambiguity in the choice
of sign when taking the square root of the scalar con-
straint as

Xi —lui = i]//lui\/ u, — 1,

that was used to simplify the rhs of Eq. (3.23). The first
equation is easily integrated to give

(B4)

-1
=7 4 arctan up—1=F(¥-c),

(BS)

Uy

where c is a constant of integration while X, is given, from
Eq. (B4), by

Xy =Aur[l £y\/ug—1],

and one can check that Eq. (B3) is satisfied. Unfortunately,
there is no obvious way to invert expression (B5) to get
uy(r). This justifies the numerical integration of the
interior dynamics presented in Sec. III C.
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