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Singularity avoidance in quantum-inspired inhomogeneous dust collapse
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In a previous paper, some of us studied general relatiisticogeneous gravitational collapses for dust and
radiation, in which the density profile was replaced by aedaife density justified by some quantum gravity
models. It was found that the effective density introducesetiective pressure that becomes negative and
dominant in the strong-field regime. With this set-up, thetia singularity is replaced by a bounce, after which
the cloud starts expanding. Motivated by the fact that indlassical case homogeneous and inhomogeneous
collapse models have different properties, here we extemg@vious work to the inhomogeneous case. As
in the quantum-inspired homogeneous collapse model, &ssichl central singularity is replaced by a bounce,
but the inhomogeneities strongly affect the structure eftitbunce curve and of the trapped region.

PACS numbers: 04.20.Dw, 04.20.Jb, 04.70.Bw
Keywords: Gravitational collapse, black holes, naked sty

I. INTRODUCTION collapse is removed and replaced by a bounce. The expand-
ing phase that follows the collapsing phase after the bounce

General relativistic gravitational collapses have beerd-st ~affects the structure of trapped surfaces in the senseftaat t
ied for many years since the pioneering work by Oppen£vent horizon of the Schwarzschlld.spacetlme (_joes not fpr_m,
heimer, Snyder and Dait|[1] showed that a spherical matteP€ing replaced by an apparent horizon that exists for a finite
cloud collapsing under its own weight leads to the formationtime. These results appear in accordance with other studies
of a black hole (BH). In this simple model, where the mat-carried out along the same line in several contexts (seefor e
ter is described by homogeneous dust (i.e. pressureless) pa@mple [9E14)).
cles, the horizon forms at the boundary of the collapsingdlo  In the case of the gravitational collapse of an astrophysica
before the formation of the central singularity. The systempbject such as a star, the homogeneous dust model is highly
eventually settles to a Schwarzschild BH and the singylarit unrealistic. Here we attempt to extend the analysis devel-
remains inaccessible to far away observers. Since then, a loped in Ref.[4] to the more realistic case of inhomogeneous
of work has been done in order to understand the genericitgust. Since already in the fully classical case the strectur
and possible limitations of such a model. Singularity theo-Of trapped surfaces and singularity is drastically altebgd
rems by Hawking and Penrosé [2] show that under reasonabtbe introduction of inhomogeneities, it is worth investigg
requirements for the matter content (i.e. energy condijion What happens in the quantum-inspired model. The presence
if trapped surfaces do form then a singularity must form a®f inhomogeneities in the classical case allows for the cen-
well. Still they do not provide any information about how and tral region in which the singularity forms to be visible ta fa
when these singularities form. Further investigationsxgtb ~ away observers. This suggests that the structure of theckoun
that for certain matter profiles that satisfy standard cios ~ and of the trapped surface will be also altered in the quantum
the singularity can form at the same time of the formation ofinspired framework. We note that numerical studies of inho-
the trapped surfaces and can thus be visible to far away olinogeneous gravitational collapse of scalar fields with LQG
servers (see e.dJ[3] and references therein for an ovenfiew inspired corrections were reported in[15-17].
relativistic collapse). The two most important featureatth  In cosmology, one may expect that the inhomogeneities
arise from the study of the complete gravitational collapfse arise from fluctuations at the quantum level of the gravita-
a massive cloud within the theory of general relativity dre t tional field and the introduction of similar inhomogenestie
trapped surfaces and the singularity. in LQC models can be very difficult. Attempts to study in-

It is usually thought that the appearance of spacetime sinrhomogeneous LQC models have been carried out by several
gularities is a symptom of the break down of classical genauthors[[18=21]. On the other hand, when we deal with the
eral relativity, to be fixed by unknown quantum corrections.collapse of a massive object such as a star, we start with a
In Ref. [4], such a possibility was explored and the homogematter distribution where inhomogeneities can be destdrite
neous collapse of dust and radiation was re-analyzed in tha purely classical level. Therefore we can consider arainiti
light of corrections that might arise in the strong field regi ~ configuration given by a classical inhomogeneous dust ball
as obtained within some Loop Quantum Gravity (LQG) ap-that collapses under its own weight and consider the quantum
proaches [5-7]. The procedure is similar to the one followedjravity effects at a semiclassical level only toward the ehd
in models of Loop Quantum Cosmology (LQC) [8]. The main the collapse.
result obtained in[[4] is that the singularity at the end & th  The paper is organized as follows. In Secfidn II, we briefly

review the formalism for the relativistic collapse of inhoge-

neous dust matter. In Section l1l, we analyze how the retativ

tic picture is altered once quantum corrections in the gfron
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brief summary and discussion. In this paper, we use units imhere curvature invariants such as the Kretschmann sdalar d
whiche¢ = Gy = 1 and absorb the fact@r in the Einstein  verge. The curve,; (r) that describes the apparent horizon is
equations into the definition of the energy-momentum tensorgiven by the conditiol — F//R = 0, which corresponds to
a(r,tan(r)) = r>M(r,tan(r)), and it represents the time at
which the shell labelled by becomes trapped.
Il. CLASSICAL COLLAPSE

Here we assume that the collapse is spherically symmet- A. Homogeneous dust collapse
ric. Then the most general line element describing collapse
comoving coordinates can be written as The simplest possible model that one can obtain from the
o above set of equations is that of homogeneous pressureless
ds? = —e2ae? + R—dr2 1 R2d0? (1) ~ matter. From the conditiop = 0, using Eq.[(B) we get
G M = M(r). From the requirement that the density is homo-

whered0? represents the two-dimensional metric on the unitg€nNeous, namely = p(t), we gethl = My = const.. Then
Eq. (4) impliesr = v(t) and by a suitable reparametrization

two-sphere. The metric functiongr, t), G(r,t), andR(r, t) . . : .

are related to the physical density and pressures appe’earingOf the time we can set = 0. This Iead; t> = 01in Eq. E)_

the energy-momentum tensor via the Einstein equations. THEOM which we g_etG = f(r). The M|sner_-Sharp mass in
energy-momentum tensor in the comoving frame is diagon g.([@) can_be_wrltt_en as an equation ofzmot_lon and we see that
and for a perfect fluid source depends only on densiityt) omogeneity implies thaf(r) = 1 + kr®, with k = const.

and pressurg(r, ¢). The Einstein equations can be written as The system is then fully solved once we integrate the equatio
of motion [8) written as

3M +rM’ @)
P= "S5 > M.
@a+ra) Q=—\ 21k, 7)
M a
P=———=5, Q) . .
a“a In the simple case of marginally bound collapse (correspond
o= P’ 4) ing to particles having zero initial velocity at radial irifiy)
 p+p’ given byk = 0, we obtain the solution for the scale factor
. v'ra
G=2 G 5
pariE )

3 2/3
a(t) = (1 — 5«/M0t) , (8)
where we have absorbed the facgar into the definition of

density and pressure. The scale factor, ¢) is a dimension-  \here the integration has been performed with the initiakco
less quantity describing the rate of the collapse and isdive  gition o(0) — 1. The singularity at the end of the collapse
R = ra. The functionM (r, t) is related to the Misner-Sharp s simultaneous and occurs at the tite= 2/3+/M,, while
mass of the systeri” = R(1 — g, V*RV"R) (describing  the apparent horizon curve is given by, = ¢, — 2r3M,/3.

the amount of matter enclosed within the shell labelled BY  The horizon forms at the boundary of the cloud at the time
the timet) via F' = r° M and is given by tan(rp) < t, and the singularity is therefore covered at any

time.
1—
M=a ( QG + eQan) . (6)
r

Given the freedom to specify the initial scale, we choose
the initial time¢; = 0 such thatR(r,0) = r, which im-
pliesa(r,0) = 1. Matching with an exterior Schwarzschild The introduction of perturbations in the classical dengity
or Vaidya spacetime is done at the comoving radiusor- IS equivalent to consider a mass profilé that varies withr.
responding to the shrinking physical area-radiigt) = Inhomogeneous models were first studied by Lemaitre, Tol-
R(ry,t) [22]. man and Bondi [23]. From the Einstein equations, we obtain
The addition of an equation of state for the matter con-againy = 0 andG = f(r) = 1+ r?b(r). The equation of
tent that relatew to p provides the further relation to close motion becomes
the system of the Einstein equations. If no equation of state
is provided, one is left with the freedom to specify one free
function, still satisfying basic requirements of regulaand
energy conditions. One usually assumes that the matter con-
tent satisfies standard energy conditions (e.g. the weak eand the scale factor for the marginally bound collapse case
ergy conditions given by > 0 andp + p > 0) and are becomes
regular and well behaved at the initial time at all radii. In 2/3
this case, it is easy to prove that the singularity is rea¢bed a(r,t) = <1 B g\/mt) .

B. Roleof inhomogeneities

+0(r) , 9)

a = 0 and it is a strong shell-focusing curvature singularity, (10)
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Now the singularity is not simultaneous any more. The timewhereTﬁf,f — T}, in the weak field limit and/},,, is the clas-

at which the shell labelled by becomes singular is given by sical energy-momentum tensor for dust. The specific form of
the curvet,(r) = 2/3y/M (r), while the apparent horizon Tf“f,f will depend on the specific approach to quantum grav-
curve is given byt,, = t,(r) — 2r*M(r)/3. We now see ity. Of courseV, Ty = 0, but this is automatically satisfied
that, depending on the behavior of the free functidn the  in our approach because we will use the Einstein equations,
structure of the singularity and of the apparent horizowesir  which imply the Bianchi identity, and we will not overcon-
can be very different. Given the continuity requirementt th strain the theory by imposing specific requirements for the
we must impose oM, it is reasonable to assume that close tomatter content. We just demand that the standard framework

the center the mass profile behaves like is recovered in the weak field limit and we will chealpos-
) teriori if a reasonable interpretation for the matter content is
M(r) = Mo+ Mar® + ... (11) possible in the strong field regime. It is often believed that

asymptotic freedom will play an important role at high den-
Sities in a way such that the gravitational interaction il
minish the density increases and infalling particles geset.
One way of modeling this behavior at a semiclassical level is
to assume a variable coupling teiy (that in the classical

) ) scenario is Newton'’s constant), wh will depend onp.
atthe time;(0) = 2/3+/M, and outer shells become singular ) whetiey P v

at later times. The behavior of the apparent horizon near the A S|.m|lar approa(_:h_|s used to construct boun.cmg cos-
center is also determined by the value\é$. For M> < 0, the mological models within L.QG' A hqmogeneous Frledmann_-
apparent horizon forms at— 0 at the same time of tr;e for- Robertson-Walker model is altered in such a way that the big

mation of the singularity and the outer shells become trdppe!Oangl singularity is replaced by a bountk [8]. In cosmolog-

afterward. In this case, it is easy to prove that the cenimal s ical modelsz one expect.s.that the Iarge_sgale structures for
gularity can be visible, at least locally, to far away obsesv frof“ small inhomogeneities that are 0r|g|ne}ted in the (_aarly
(meaning that there exist families of null geodesics eseapi Universe at a quantum level. Nevertheless, introducing-inh

from the singularity). Also, given the nature of dust cotiap mogeneities at a quantum level is not an easy task and there

(i.e. the absence of pressures), the boundary of the claud C(,%re difficfulties ?ue to th.? factt thgt \f[vr? dothnotrf)os;efs a viablle
always be chosen at will thus making any locally naked sin-I eory of quantum ngaV| é/ yet t'n ?jother' '?nl ’ totrdaa (;Ot
gularity also globally naked [24-28]. apse scenario, as already mentioned, the initial statbe

Whether such naked singularities can practically affeet obSystem can.be considered as purely cIas;!c_aI f%”d all thg quan
servations in a realistic scenario is an entirely differaatter. tum corrections can be neglected at the initial time. The-nh

In fact, toward the last stages of collapse, if nothing hagpe mﬁﬁene'tﬁs tdh_a’: yk\)/et_con5|d§r are macrt(;scotplc perturtsit'l[on
to deviate from the classical relativistic picture, grgndom- In the matter distribution and appear in the Stress energy te

inates and densities are so high that for any practical m&po sor, Where the cIasscal_depends or. We then follow the

the radiation emitted from a collapsing object forming aethk evplutlon of a classical mhomogeneous du.st collapse to the
singularity will be undistinguishable from that emittedrfn point where quantum corrections bec_ome important a_md we
an object forming a BH [29]. On the other hand, if quantumtreat these corrections at a semiclassical Ieyel modiftlileg
effects were to modify the picture of collapse close to the fo stress energy tensor _shell by ;hell : Folloyvmg .RB‘ [4F w
mation of the singularity, the fact that such a region of thedSSume that the effective density can be written in the form

spacetime is not trapped behind an horizon might bear impor-

To have a physically viable model that describes a realisti
object, we would expect that the density is radially dedreps
outward. This implies that the parametef; in Eq. (11) is
negative.

In the inhomogeneous case, the singularity forms at 0

tant implications for the future development of the cloud. =) (1 — L) . (13)
pcr
1. QUANTUM-INSPIRED COLLAPSE Here p., plays the role of a critical density associated with

the minimum scale of collapse and can be related to the limit

The introduction of inhomogeneities in the classical dustn Which the gravitational attraction vanishes. The presen
collapse drastically alters the structure of the singtytaand  Of the correction term in the effective energy density wil i
of the trapped surfaces. It is thus reasonable to ask whethétice an effective pressure in the dust collapse scenario tha
inhomogeneities will play an important role even in our Will become negative as the collapse approaches the ¢ritica
quantum-inspired model. There are different ways to in-Stage. This effective pressure describes how the system ap-
troduce quantum corrections to the classical collapseén thProaches asymptotic safety. In the same manner, the mass
strong field regime. Here we shall make use of a semiclasfunction M (r), which is related to the total Schwarzschild
sical treatment by assuming that the corrections to the Einmass measured by far away observelis;, = 7 M (r,)/2,
stein tensor due to quantum effects can be taken into accoul replaced by a variable effective masg*™(r, t) that de-
by replacing the matter source by an effective matter sourcéreases as the collapse progresses. Then following the stan

Therefore we will write the usual Einstein equations in thedard matching conditions for classical general relatizie
following form can perform the matching at the boundary with a radiating

Vaidya exterior, which again has to be understood in the ef-
G =T (12)  fective picture.
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A. Homogeneous case

A model for homogeneous dust collapse inspired by the
LQG corrections was investigated in Réf. [4] (see also[Bjg. 1 ter
With the initial conditiona(0) = 1, one finds the following

solution for the scale factor QG
SUAT \ 2 1/3
(I(t) = agr + ( V 1- agr - 9 Ot) ‘| ) (14) t

where we have definedf, = 3M;/p.,. It is easy to see that
as the critical density goes to infinity we retrieve the dlzes
homogeneous dust collapse model.

For the homogeneous semiclassical model, all
the shells bounce at the same comoving time
tee = 23/1—a3,/(3y/My). Therefore, as a conse-
guence of the homogeneity, we have a simultaneous bounce
replacing the simultaneous singularity. The apparent

horizon is again defined as the curvg,(r) for which o ) ]
a(r,tan(r)) = r2M°(r, ton(r)). In the homogeneous case FIG. 1. Schematic illustration of the homogenous bouncemay-
one can see that the apparent horizon initially behaves “k%]g coordinates. The collapse follows the classical moai the

. . L : - met at which the quantum gravity regime becomes important. The

in the classical case, reaches a minimal radiuat the tlme_ semiclassical apparent horizon (continuous thick linpasates from

te = ter(1—/3ad,//1 — af;) and then re-expands Crossing the cjassical one (dashed thick line), reaches a minimurat the

the boundary again before the time of the bounce. At th@ime¢, and then diverges. All the shells bounce at the same time

time of the bounce, we reach the asymptotic freedom regimgefore the classical time of the singularity

in which the gravitational force vanishes. Aftey,, the

cloud re-expands following a dynamics that is symmetrical

to the collapsing case. Another trapped region forms iBy expanding all the functions in the vicinity of = 0, we

the expanding phase due to the fact that the gravitationalre able to reduce the system of five coupled partial differen

attraction grows as the system leaves the asymptotic safil equations given by Eq$.J(2)}(6) to a system of two codple

regime and eventually the whole cloud disperses to infinity. ordinary differential equations. Using E@l (2) for the difin
tion of the effective density in EJ._(IL3), we obtain the effiex
mass function/*® (r, ) that can be expanded in powersrof

B. Inhomogeneous case as

e M

eff . eff eff 2
An exact procedure to deal with inhomogeneities at the M= (ryt) = M= (t) + M= (t)r™ + ..., (15)

level of quantum gravity is presently not known. Luckilyrfo \ith
the purpose of studying a gravitational collapse we can con- I
sider a cloud that is already inhomogeneous in the weak field Mgff = M, (1 — _3) , (16)
and thus begin with classical inhomogeneities as described ag

in Section[dIB. The only guidelines we keep in mind when
we introduce inhomogeneities are that we want to recover the
classical case when the critical density goes to infinity and i
we want to recover the homogeneous case when the densifjhere we have definell = 3Mo/p.. and expanded the scale
perturbations go to zero. Nevertheless, even with thesat grefactor as

simplifications, treating the problem analytically canyedo _ 2

be E)o difficult. In Whgat folﬁ)ows, we shzil thu)s/ rest\irziI::t our alryt) = ao(t) + az(B)r” + ... (18)
attention to the vicinity of the center of the cloud, by per- In order to write the equation of motion for the scale factor
forming a Taylor expansion of all the relevant quantitieame up to the second order, we need now to solve the full sys-
r = 0. This is possible due to the regularity of the functionstem of the Einstein equations in the effective picture. The
involved even close to the classical singularity. We stteas  dependence on of the effective mass function will induce

in this way we are not assuming the existence of a bouncghe presence of a non-vanishing effective pressure thabean
replacing the classical singularity. Indeed the same amro expanded ag®® = pg + psr? + ..., where

is used to study the formation of singularities in the cleasisi

K K
MST = M,y (1 - 2—3) +3My—2 (17)
) )

case, where one can describe the collapse up to the critical peft = _ MoK (19)
. 6 ’

time t., [3]. Here we use the same strategy and eventually we ag

found a bounce: thanks to the regularity of the solutéapps- et = 6MoK n 18 MoK as (20)

teriori we can say that the model holds even after the bounce. 2 ab ab



From the remaining Eq](4) arld (5) we get 0.14r
et 0.12f
_ 2 R r
v=1ort 4. = ngerSHr + oy (22) 0.1c
G =0b(r)e*", (22)  o.08f
. . a r
with A defined by 0.06[
: ) 0.04"
S L - (23) i
a+ra 0.02]
If we restrict ourselves to the marginally bound case given b ¢ | ]
b =1, we can expan@ asG = 1+2A4,r2 +... and we obtain 064 065 066 t 067  os6e
M2 3(12
2K 37 — ur
vy = 5 Moo (24) _ _ _
a} — 2K FIG. 2. The scale factor in the classical case (dashed linghe

% homogeneous semiclassical case (thin line) and in the ingem
oy neous semiclassical case for a fixed small value ¢thick line,
Ay = 2/ VQQ_Odt' (25) r = 0.01). The following numerical values have been chosen:
0 Mo = 1, My = —0.1, and3Mo /pex = 0.0001.
Assuming that higher order terms are negligible, we finally
get the expansion of the equation of motibh (6) written order

by order in the effective picture as the general casél/, sets the scale for the collapse scenario,

Mgﬁf = ao(—245 + a(2)> 7 (26) a_nd this Iappr(f)]\ﬁimati(;)n brgzliks (;lov:lln atha (I;erFair; ratlj_i(qu fy)][ an
of .9 . .9 given value of\/, andp..,. Classically, the limit of validity o

M5™ = az(~2A2 + dg) + 2a0 [dodz — v2dg] . (27) the smallr approximation is determined by, only. An-

In the limit for K = 0 (corresponding tg.. going to infin-  other important issue concerns the possibility of shelbsfo

ity), we retrieve the classical inhomogeneous collapseahod ing singularities. The latter are weak curvature singtiesi

while in the limit for M, = 0 we obtain the homogeneous that arise when different collapsing shells overlap [30)e¥

quantum-inspired model discussed in Ref. [4]. When we comare obtained from the curvature scalars when the condition

bine the above equations with Eds.](16) and (17), we get the + ra’ = 0 is satisfied, but they do not signal geodesic in-

two equations of motion that need to be solved in order to obcompleteness of the spacetime, which can be indeed extended

tain the expansion of the scale factor in the inhomogeneoui§rough them. Shell crossing singularities do not appetiren

quantum-inspired model. From the first one we get case of the classical dust collapse if the energy densit§igpro
is homogeneous or radially decreasing outward. Neverhele
02— Mo 1_ K 124 (28) for other density profiles and whenever pressures are gresen
07 qp a3 2 in the cloud one needs to check that no shell crossing singula

_ . o . ities occur during the collapse. In the quantum-inspires sc
which, after we derive again with respectitand substitute nario, in general the situation is made even more compticate

for A, gives by the fact that reflected shells will lead to caustics whesrov
lapping with infalling shells, and these will also be indié
iy = - My | 2MyK 4K (% _ ?Wﬂ) . (29) by shell crossing singularities. However, in the model itdd
2a3 ap ag — 2Kag \ Mg here the bounce occurs first at the outer shells and thuslif she

crossing singularities do happen they are confined outbile t
Then the second one leads to regime of validity of our “small” approximation.

. My 2K Moas 4K . One final point to mention concerns the classical physical
2= S0 <1 - a_g) 2424, <1 T a )+V2a0 - (30) " density. We have considered here a classical density giyen b
an expansion wheresatisfies the Einstein field equations. In
Notice that in the inhomogeneous case the scale factor@t zegeneral, it is possible that the classical relativisticresgion
order given byug, as the solution of Eq(28), is different from for p will not hold as the density approaches the critical value.
a in the homogeneous case. This is due to the non linearityhis, in turn, will affect the form of the effective densitg-d
of the Einstein equations that adds the t&ry in Eq. (28), rived in the semiclassical scenario. Since one does not know
which vanishes in the homogeneous limit. This is reflectedn principle how to write the modified density, and since we
in a different time of the bounce for the central shell with re know that forp., going to infinity we must recover the classi-
spect tal., in the homogeneous case, provided that the systeroal case satisfying classical field equations, it makesesens
is normalized with the same scaling at the initial time (seeconsider = par + €(t), wherepgr is the relativistic energy
Fig.[2). density given by Eq[{2) andt) is an arbitrary function that
Our analysis is valid in the limit of sma#i, for which we  depends op., and accounts for such modifications. The form
can assume that all the higher order terms are negligible. Inf ¢ will then depend on the specific approach to the inhomo-




1000C : .
2.0- 1 [
I 8000
1.5 ] L
ol 6000,
1.0/ ] P
] ] 400¢
0.5 ] 2000}
OO:\ I I I I Il I I I I Il I I I I Il I I I I Il I I I I Il I I \; 07 '
060 061 062 t 063 064 0.65 0.60

FIG. 4. Energy density in the classical scenario (dasheg),liim
the homogeneous semiclassical case (thin line) and in ti@vio-
geneous semiclassical case for fixed small value @thick line,

r = 0.01). The following numerical values have been chosen:
My = 1, My = —0.1, and3M0/pcr = 0.0001.

FIG. 3. The bounce curve.(t) in the inhomogeneous case. The fol-
lowing numerical values have been chosétiy = 1, M> = —0.1,
and3Moy /per = 0.0001.

geneous system in quantum gravity. Neverthelessust be

negligible in the weak field regime (i.e. close to the initial causing caustics, shell crossing singularities and a ek

time) and must go to zero as the critical density goes to |nf|n-0f the model.

ity. It seems therefore reasonable to assume at first instanc The fact that,, is not constant implies also that the mini-

thatthe effect (.)E(t.) is negligible at any time. For this reason, mum value for tfclre scale factor is different for every coliags

?nr?] f?rf'?]pt“huty’r:n lor(ije\rl\}o ?'C'm'ﬁe thi ?ugiz(r)cg f;ﬁ,‘e P& shell, and we thus have, (r) with the smallest value obtained

tﬁ eﬁ‘? d € a_a)I/ss Iet' a eSclo_se tho | 3 gt for the central shell. A consequence of this fact is that fhe e
€ whole dynamical evolution. >otving the coupled SySteig ;,q density does not vanish everywhere at a specific, time

of equations given by (28) anﬂ:ﬂ30) analytically could Prove,q opposed to the homogeneous case in whi¢h= 0 at

to be impossible but we can still understand the behavior o he time of the bounce (see FG. 4). Nevertheles€, de-

collapse near the center by solving the system of equation(}sreases as we approach the bounce and the effegt die-

numerically. comes more important than the effect of the inhomogeneity
Mo, in this limit. This is reflected in the equations in the fact
that the profile for the energy density goes from being desrea
ing radially close to the initial time to being increasindially
close to the time of the bounce.

Because of the presence of inhomogeneities, the behavior Similarly to the classical inhomogeneous collapse model,
of the collapsing cloud is affected “shell by shell”’, andst i the structure of formation of the trapped surfaces is given b
easy to see that the time of the bounce is different for evthe curvet,,(r) that represents the time at which the shell

ery shell. We can define the “bounce curvg(r) from the  |apelled byr becomes trapped. This is given implicitly by
bounce condition

C. Bounceand trapped surfaces

a(r, ton(r)) = r2Meft r tan(r)) . 32
i tur(r)) = 0. (31) (r, tan(r)) (r,tan(r)) (32)
In the classical inhomogeneous case with < 0, the hori-
The crucial element that distinguishes the bounce from theon forms initially at the time of formation of the singuliri
homogeneous case is that(r) (or inverselyrc.(t)) isnota  and then “propagates” outward meeting the event horizon at
constant (see Figl 3). the boundary at a later time. Once we consider the semicelassi
This means that the asymptotic freedom regime is achievegh picture, the singularity is replaced by a bounce, thiact
at different times for each shell and thus the gravitati(a’lal of gravity is diminished approaching asymptotic freedor an
traction does not vanish entirely at a specific time. An im-the formation of trapped surfaces is delayed. The inverse of

portant consequence of the presence of the bounce curve ﬁig,h(r) can be obtained from Eq_{82) by solving the quadratic
that the outer shells (still considering only shells claséhe  equation

center) bounce before the inner shells, as opposed to the cla

sical scenario where the singularity forms initially at tre:- rAMST 42 (MEE —ay) —ap=0. (33)

ter whenMs < 0. Then shell crossing singularities are not

present near the center of the cloud. Nevertheless, thdire wit is easy to see that sineg has a minimum the apparent
be a certain radius at which the approximation for small horizon will not pass through the shell= 0 at any time.
ceases to be valid. Expanding shells coming from the bounc€&herefore, like in the homogeneous case, we see that the ap-
will intersect the outer shells that still follow classicallapse  parent horizon behaves like the classical one in the weak fiel



regime while it reaches a minimum valug at the comoving  which the collapse leads inevitably to the formation of a BH,

timet, given byr,,(t.) = 0. Then by numerically evaluating such a final outcome can be prevented when one deals with the

the timet at which the central shell bounces we can see thasemiclassical corrections that are thought to arise inttoag

t, > t and therefore, close to the center, the bounce curve ifield regime. The singularity at the end of the collapse does

not trapped inside the horizon (see Y. 5). not form and instead the collapsing cloud bounces and enters

a phase of re-expansion. Let us notice that the non-formatio

- of an event horizon, and therefore of a BH, can be understood

o in the effective framework as arising from the fact the exter

QG spacetime is not described by the Schwarzschild solutiain, b

? by a Vaidya-like spacetime, with an effective infalling flak

‘ negative energy (see e.g. the discussioflin [9]).
When we consider a homogeneous dust cloud, the bounce
occurs simultaneously (in the comoving frame), thus readiz
) P an instant of complete asymptotic freedom where the gravita
7 tional force vanishes. In the homogeneous picture, a tidppe
Bt = region forms before the bounce and even though the timescale
t]- = | == of the process for the comoving observers is short, of orfler o
- = the dynamical scale of the systeWf.,, for observers at spa-

N’/ tial infinity the process appears much slower and the object

QG N can “mimic” a classical BH for a long time.

2 Introducing inhomogeneities at a semiclassical leveltdras
cally alters the scenario in the strong field regime (mucé lik
inhomogeneities can alter the structure of trapped susface

r classical collapse). The bounce is not simultaneous angymor

and the cloud never reaches a stage of complete asymptotic

freedom, since different shells reach the critical deresityif-

- - - — 2 _ _
*
=} - - -
o

FIG. 5. Schematic illustration of the inhomogenous boumcthe ferent times. Interestingly, close to the center of the d/dhe
comoving frame. Collapse follows the classical model inweak : g,

field. The strong field region is achieved at the center at aieea outer shellg bounce before the inner ones and the bounce is no
time with respect to the boundary. The classical singylatirve ~ @CcOmpanied by the formation of any trapped surface. Any
t<(r) does not occur. The semiclassical apparent horizon (apntin classical apparent horizon that might form near the boyndar
ous thick line) is close to the classical apparent horizasifed thick  of the cloud in the weak field regime is then bound to be swept
line) near the boundary in the weak gravity regime. Near #1® ¢ away by the expanding inner shells after the bounce. As a con-
ter the semiclassical apparent horizon reaches a minimuat the sequence the high density region in which quantum gravita-
timet, and then re-expands. Shells bounce at different times &nd th[iona| effects become important is not covered by the horizo
bounce curvé.(r) (continuous thin line) is decreasing near= 0. this case. The possible observational consequences of th
We do not know the behavior of the bounce curve in the quantuMayistence of exotic compact objects in the Universe have bee
gravity region for large- (inside the dotted-dashed line fer> ) a matter of great interest in recent years (see for exalﬁle 3
and we do not know the behavior of the cloud at late times #fier 37)). Th K h f -
bounce when the expanding shells meet the collapsing ones. D. e pr_esent wor su_ggests t ‘."‘t quantum € ects can &
ter the classical BH formation paradigm thus leaving open th
possibility for the existence of a window on new physics in
astrophysical phenomena.
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