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Abstract In this paper we study the gravitational collapse applying methods of loop quan-
tum gravity to a minisuperspace model. We consider the space-time region inside the
Schwarzschild black hole event horizon and we divide this region in two parts, the first
one where the matter (dust matter) is localized and the other (outside) where the metric is
Kantowski—Sachs type. We study the Hamiltonian constraint obtaining a set of three dif-
ference equations that give a regular and natural evolution beyond the classical singularity
point in “r = 0” localized.

1 Introduction

Quantum gravity, the theory that wants to reconcile general relativity and quantum mechan-
ics, is one of the major problems in theoretical physics today. The lesson of general relativity
is that also the space-time is dynamical, then it is not possible to study the other interaction
on a fixed background. The background itself is a dynamical field.

One of the more widespread theory of quantum gravity is the theory called of “loop
quantum gravity” [1-5]. This is one of the nonperturbative and background independent
approach to quantum gravity (another nonperturbative approach to quantum gravity is called
“asymptotic safety quantum gravity” [6]).

In this paper following [7-9] we apply ideas suggested by full loop quantum gravity to a
particular minisuperspace model that we obtain imposing symmetries on the full metric. In
our model as in [7-9] it is possible to implement the Dirac quantization program following
the fundamental ideas of loop quantum gravity.

Some interesting results in this theory are related to the problem of space-like singular-
ity. In fact it was shown in [10-15] that it is possible to solve the cosmological singularity
problem and the black hole singularity problem by using the ideas developed in full loop
quantum gravity theory. In [16, 17] the problem of black hole singularity has been analyzed
also under the contest of “asymptotic safety quantum gravity”; in that paper authors showed
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that nonperturbative quantum gravity effects give a much less singular Schwarzschild met-
ric.

In this paper we study the gravitational collapse of a dust sphere inside the event horizon
following the paper [18]. We consider the phase of the gravitational collapse when all (dust)
matter has crossed the Schwarzschild radius. In this phase the symmetric reduced metric is
homogeneous and it is possible to study the quantum Einstein equations for the minisuper-
space model. In particular we have two regions (Region 1 and Region 2), the first one is
where the matter is localized (Region 1) with a Friedmann—Robertson—Walker type metric
and the other one outside the matter (Region 2) where the metric is of Kantowski—Sachs
type [19]. We summarize the model in ADM variables following the paper of Nambu and
Sasaki [18]. After this we will pass to Ashtekar variables. In Ashtekar variables we quantize
the system following ideas suggested from full loop quantum gravity [1-5]. The technology
used in this paper was developed in the preview papers [13-15, 20, 21, 23].

The paper is organized as follow. In Sect. 2 we briefly recall properties of the gravitational
collapse in ADM variables inside the event horizon, r <2M Gy, [18]. As well known, here
the temporal and spatial (radial) coordinates exchange their role and so it is possible to
study an homogeneous space-time. In Sect. 3 we recall the Ashtekar formulation of general
relativity in terms of the gauge connection A and of the density triad E¢. In particular
we recall the form of the Ashtekar connection and of the density triad inside the event
horizon. For the symmetric reduced connection we introduce the holonomy and we define
the classical Hamiltonian constraint in terms of holonomies and of the volume operator.
At the end of this section we define the boundary conditions on the S? separation sphere
(between Region 1 and Region 2 of above) in terms of holonomies. In Sect. 4 we recall
the polymer quantization scheme and we introduce the kinematical Hilbert space for the
gravitational collapse. In Sect. 5 we study the dynamics identifying the degrees of freedom
and deriving a set of difference equations that give a regular and natural evolution beyond the
classical singularity [34-36]. Throughout the paper we use the units: ¢ = 1 and k> =87 G y.

2 Gravitational Collapse in ADM Variables Inside a Black Hole (Classical Theory)

In this section we recall the results of [18] in ADM variables. We consider the space-time
region inside the black hole horizon and we study the collapse of a dust sphere. The metric
inside the matter for a co-moving observer is described by a closed Friedmann universe
which is homogeneous and isotropic,

dst = —N}(t)dt* + R*(t)(dx* + sin® x (d6* +sin*0dp?) O0< x < xo). (1)

The motion of dust matter is given by: R(n) = Ry(1 +cosn)/2 and t () = Ry(n +sinn)/2,
(0 < n < m). Where Ry and o are related to the initial radius R; of dust sphere in
Schwarzschild radial coordinate and to Schwarzschild mass Mgchy by: R; = Rpsin xo,
Msepw = Ry sin® Xo/2. In Fig. 1 and Fig. 2 is illustrated the collapse. We define Region
1 the region inside the matter and Region 2 the exterior. The metric in Region 2 is the
Schwarzschild metric. Hence, if we use co-moving coordinates in Region 1 and Schwarz-
schild coordinates in Region 2, we obtain that the hypersurfaces becomes homogeneous in
any region inside the event horizon. The homogeneous metric outside the collapsing star is
of Kantowski—Sachs type [19]

ds? = —N}(t)dt* +a*(t)d x> + b*(1)(d6* +sin*0dp?)  (xo < x < 00). )
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Fig. 1 Spatial section for the 7T
. .. KS ‘\
gravitational collapse inside the s .
. . FRW / \
event horizon for the particular ’ Y
value of the radial coordinate Xp=7/2 r s |
Xo=m/2 ' \ ; \
o, ¢ :‘ g, ¢ ‘.‘
x=0 ' |
: b(t);
a(t) = b(t)
T8ch = 2M GN

Fig. 2 Penrose diagram for the
gravitational collapse inside the
event horizon (Region 1 and
Region 2) and outside the event
horizon (Region 3). This is a
schematic causal diagram of
expansion and collapse of a dust
sphere. Region 1 is described by
a Friedmann—Robertson—Walker
metric and Region 2 by a
Kantowski—Sachs metric.
Region 3 is described by the
external event horizon
Schwarzschild metric

"

region 3

AN

We have assumed the 3-surface is described by the same radial coordinate x also in the

exterior of the dust matter region

The action in ADM variables using (1) and (2) is

1
S=5- / ExNVRKEKE — (K9? +9 R = 26 paug)

VIR[ 6 (R 2+N 6 )
= -—(= — — 2K Paus
% | N \R AV

+V2ab2 1 ) )
N>

2K

2+4az} +2N2
ab »2 |

3

where V| =4x [ dxsin’ x, Vo =4nL fx’: dy =4 L(x1 — xo) and k¥ = 87 G y (the index
a,b=1,2,3). I introduced £ for dimensional reason ([£] = L) in Vi, and y; is a cut-off
on the space radial coordinate. The spatial homogeneity enable us to fix a linear radial cell
and restrict all integrations to this cell [10, 11]. To simplify notations we restrict the linear
radial cell to x; — xo = 1. In (3) following [18] we have not considered the ambiguous term
| N ViR at the junction point x = xo.
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The Hamiltonian corresponding to the action (3) is

H = pgR + paa+ pyb — L

2 2
Kk pr 3V, 2K DaDb  ap; V,
=N - L — —— R+ My | +N2| — | — ——al,

‘( v, Rk T d““>+ 2[V2 w T ) @

where Maut = V1R pause i the constant total dust matter and the momentum conjugate to
the 3-metric g, is

L- sinfdiag(2R sin” x, 2R, 2%) if x < xo:

1 %N,
Iy = ——(Kj; — Khy)) = . o )
2 —5en; Sinfdiag (%2, a + ¢, B2y if x > xo.
The momentum conjugate to the variables R, a, b are
6V1 . 2V2 . 2V2 . .
=———RR, w =———>bb, =———(ab+ba). 6
Pr KNy P kN, Pe kN, (@b +ba) ©)

To obtain a correlation between Region 1 and Region 2 we have to take into account the
momentum constraint (H' ~ 17"} = 0) on the S%-sphere junction surface that is in x =
Xo localized. The 6 and ¢ component of the momentum constraint are trivial because the
spherical symmetry. The x component of the momentum constraint is identically zero for
X # Xo, but when we impose the condition Hl’;" =0 for x = xo we obtain the following
unambiguous junction conditions [18]

_ prsin® x _ Pa
3V, Vv,

P, = Rsinyy—b=0.

P, =0,

@)

We can express the first of the relations (7) in terms of R, R, b, b and we obtain the new
constraints set

. RRsin?yo  bb
N N,
P, =Rsinyxo—b=0.

Py =0,

®)

The gravitational collapse inside the horizon in ADM variables is completely defined by the
following four constraints [18]

2
k pr 3V,
H=———tR 2 R Muu=0,
T
2% (_papy  ap;)_Va
H="|- a)_24=0,
2 V2< a sr)
. ©)
p o PrSx0 _Pa

3V, Vv,
P, =Rsinyy—b=0.

Solving the constraints equations (9) we obtain the known results for the classical dust matter
gravitational collapse [18].
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3 Gravitational Collapse in Ashtekar Variables

In this section we study the gravitational collapse in Ashtekar variables [22]. In particular
we will express the Hamiltonian constraint inside and outside the matter and the constraints
P and P; in terms of the symmetric reduced Ashtekar connection [23-28].

3.1 Ashtekar variables

In LQG the fundamental variables are the Ashtekar variables: they consist of an SU (2)
connection A’ and the electric field E¢, where a,b,c,... = 1,2,3 are tensorial indices
on the spatial section and i, j, k, ... = 1,2, 3 are indices in the su(2) algebra. The density
weighted triad E¢ is related to the triad ¢/, by the relation E¢ = %e‘”’“e,- kepek. The metric is

related to the triad by g, = €’ e'g d;j. Equivalently,
det(q)q** = E{ E}5". (10)

The rest of the relation between the variables (Afl, E¢) and the ADM variables (qq5, Kap) is
given by

A, =T, +yKanE}s", (11)

where y is the Immirzi parameter and I’ is the spin connection of the triad, namely the
solution of Cartan’s equation: dgej, + €}, I7,ej =0.
The action is

1 . ;
S=— dt/ d*x[-2Tr(EA,) — NH — N“H, — N'G;], (12)
Ky =

where N¢ is the shift vector, N is the lapse function and N' is the Lagrange multiplier for
the Gauss constraint G;. We have introduced also the notation Ep;; = E9, = E¢t'9, and
Apy = Audx® = Al tidx®. The functions H, H, and G; are respectively the Hamiltonian,
diffeomorphism and Gauss constraints, given by

H(E{, Al) = —4e™ ' Tre(Fu E“E®) — 2¢7' (1 + v} E{ E’K| K},
Hy(EL, AL = E4F), — (1+y)K.LG;, (13)

Gi(E{, Al) = 0,E + €, AL EY,

where the curvature field strength is F,, = 9,A, — 9, A4 + [A4, Ap] and the determinant is
e= det(e;) = ,/|det(Ep)sgn(det(Epy) [12].

In the rest of the paper we will consider only the first term of the Hamiltonian constraint
to simplify the model. The second term will be essential to study a realistic gravitational
collapse with real Immirzi parameter y.

3.2 The Hamiltonian Constraint Inside the Matter
In this section we recall the Ashtekar variables for an homogeneous and isotropic space-time
of topology R x S3 [23]. For this space the Ashtekar’s connection and the densitized triad

are

A, =coy8;,  Ef =pX{s], (14)
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where ! are the left-invariant one-forms and X are the left-invariant vector fields fulfilling
o' (X)) = 85. The Hamiltonian constraint in terms of the variables (c, p) is

12
H = HI(ERW) +Hy= ?c(l —co)sgn(p)y/|pl+ Hy, (15)

where H®" is the Euclidean part of the Hamiltonian constraint inside the matter and Hy, =
M, is the Hamiltonian constraint for the dust matter. I recall that the metric of the space-
time in the region where the matter is localized is

ds? = —dt* + a*(t)(d x* + sin® x (sin® 0d > + d6?)). (16)
The volume operator for the space section inside the matter in Ashtekar variables is

. 3 3
VEW) =27 (%0 — cos xosin x0)|p|2 = V(x0)|pl2. (17)

The classical theory is define by the symplectic structure {c, p} = y«/3 [23].

Holonomies and the Hamiltonian Constraint Inside the Matter ~We introduce the holono-
mies for a space-time homogeneous and isotropic in the direction /

REW) = b0t = cos(e8,/2) + 21; sin(c8y/2), (18)

and we express the gravitational part of the Hamiltonian constraint in terms of the
holonomies [23, 40]

gewn_ 8
E 2y 83V (x0)
X 3 K TR R R T R R R Ry (1)

1JK

3.3 The Hamiltonian Constraint Outside the Matter

We recall that outside the matter but inside the horizon we have a Kantowski—Sachs type
space-time. An homogeneous but anisotropic space-time of spatial section X of topology
¥ =R x §? is characterized by an invariant connection 1-form Aqy of the form [24-30]

A =AM wdr + (A ()1 + Ay (1) 12)d6 + (A1 ()T — Ay ()T)) sinfd ¢

+ 13c0860d¢. (20)

The t; are the generators of the SU(2) fundamental representation. They are related to the
Pauli 0; matrix by t; = — %Uzw On the other side the dual invariant densitized triad is
0 1 2 I 1 2 9

En=E®T s1n95 +(E O+ E(H1) s1n0£ +(E On-—FE (f)Tl)ﬁ- 21

The coordinate r is related to the coordinate x used in the first section by r =Ip .

We are interested to the Kantowski—Sachs space-time with space section of topology
R x S?; the connection Aqpy is more simple than in (20) with A, = A, and in the triad
(21) we can choose the gauge E> = E' [37]. There is a residual gauge freedom on the
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pair (A, E'). This is a discrete transformation P : (A, E') — (—A;, —E"); we have to fix
this symmetry on the Hilbert space. The Gauss constraint is automatically satisfied and the
Euclidean part of the Hamiltonian constraint is

I _87Tlp«/§sgn(E)
ET T VIENEY

We recall that the relation between the metric and density triad formulation and that the
volume of the space section X' are

[2AEAE' + (2(A)? — D(EMHY. (22)

2 El 2
%thiag<%,|E|,|E|sin29>, V =4721p/|E||E"]. (23)

The phase space consists of two canonical pairs A, E and A;, E' and the simplectic

structure is given by the Poisson brackets, {A, E} = 4?[/}, and {A,,E'} = % [14, 15].

The coordinates and the momenta have dimensions: [A]= L', [A;]=L°, [E]=L? and
[E]] =1L.

Holonomies and Hamiltonian Constraint Outside the Matter The elementary configura-
tion variables used in LQG are given by the holonomies along curves in the spatial section
R x S? and the fluxes of triads on a two-surface in R x S2. Because of symmetry reduction,
it is sufficient to consider a set of functions that is sufficiently large to separate points of the
reduced phase space. We restrict our attention to three sets of curves. More precisely, we
consider only spin networks [1-5] based on graph made just of radial edges, and of edges
along circles in the 0-direction or at & = v /2. Considering graphs of this type, we can omit
the term “t3 cos@d¢” of the connection in the “¢” direction.

We introduce the fiducial triad °e = diag(l, 1, sin”! 6) and co-triad "a)é = diag(1, 1,

. a idx? io, lo,a, J_ .
sin®), and define the holonomy: h = e/ Alll = e/ Atladx" = o/ Au“Gr Tidh = of A} @a ¢ju’nidi —
i 0 a d .
el Ap'ndh where 4yt = ‘% = (3—;, %, ﬁ) and u’ = °w!u®. The holonomy along a curve in

the direction “/” is given by
hy :exp[ A"lr,«dx1 =explAnolpt3],
hy = exp / AjTidx® = expl A1 po(ta + )], (24)
hy = eXPf Altidx® = exp[A1po(r, — T1)],

where A} = (0,0, A), A5 = (A}, A;,0) and A, = (—Ay, Ay, 0). The connection in (24) is
integrated in the direction “I”; wolp is the length of the curve along the direction r, g is
the length of the curve along the directions # and ¢ [12].! The length are defined using

1Working without considering full LQG theory it comes out that j( is a quantization ambiguity. But in
full LQG there is a minimum (non zero) area eigenvalue and we can use this result to fix g and 8p (18).
When we define the field curvature F,; we consider the holonomy around a loop to determine the integral
of F,p, on a surface of area ag = /3y /41%,. At this point we can fix the value of the parameters (), 5o
(removing the ambiguity) comparing the area spectrum in minisuperspace models to the area spectrum in full
loop quantum gravity. Comparing the area minimum eigenvalue from LQG with the minimum eigenvalues in
minisuperspace models we obtain pg ~ 8o ~ 1 (in particular pg # 0 and §g # 0) [12, 14, 15].

@ Springer



364 Int J Theor Phys (2008) 47: 357-373

the fiducial triad °¢%. Introducing the normalized vectors n, = (0,0, 1), n), = %(1, 1,0),
n’3 = %(—1, 1, 0) we can rewrite the holonomy /; in the direction “/” as
A A,
hy —exp(A,n T;) = COS > +2n T; sin 5 )
Aol Apol
hy = cos Ho'r 4273 sin Ho'r ,
2 2
N N =
2A 2A
hy, = cos(Tlm)ﬁ-«/E(rz + 1) sin(Tmo),
2A 2A
h; = cos M +«/§(rz — 1) sin M ,
2 2
where A;_| = Alp o and Ay =A;3= AIMO\/Q.
We now write the Hamiltonian constraint (22) in terms of holonomies [40]
_ lérm 1K 1,-1
Hi = 3 Ze Trlhihyhy " hy hynhy Yhi, VI, (26)
KyMO 1JK

where hy;; = exp(— MOC,,I;) = cos(pLOC”/Z) — 213 sm(,u%C,,/Z) and C;; = 8,835 —
83,625.

3.4 Boundary Conditions in Ashtekar Variables

In this section we recall relations between the Ashtekar and the ADM variables. In Region 1
where the matter is localized the relations are [31]

1 a
=—(1-y—), =d>. 27
¢ 2( VNI) lpl=a 27

In Region 2 instead the relations can be obtained comparing the Hamiltonian constraint
written in terms of ADM variables and in terms of Ashtekar variables. From this analysis
we obtain

ib a*b>
, E|=b?, EY =", 28
N |E| (EY) > (28)

Introducing (27) and (28) in (8) obtaining

VIp1@2e = 1)sin® xo — 2| E|A; = 0. (29)

We can express (29) in terms of holonomies using (18) and (24) and we obtain

. a
A:l—, Alz
N,

1 1
%MMT«MRW)T.) + 8] sin’(xo) — %\/2|E| Tr{/a(t2 4+ 7)1+ O(1t0) = 0. (30)

Introducing the explicit form of holonomies in (30) we obtain the following finally form for
the boundary conditions (8)

|p|[4sm< (28 )—i—&)] sin?(xo) — —2\/2|E sn(

0] =0,
G )—i— (o)
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€2V

Viplsin(xo) — VIEI =

4 Quantum Kinematics

We want to quantize the collapse inside the horizon using techniques from loop quantum
gravity. Now we build the kinematical Hilbert space Hy, [38]. We define a graph I" as a
countable number of triple of points (¢;, lgi, Lg1;), Where ¢;, g;, Lg1; € R. We denote by
Cyl,- the vector space of functions f(c, A, A1) (f : R? — C) of the type

ipje | ingilpA kg1 Al
[ AA)=Y fipe 2 T T T (32)

ij.k

where ¢, A, A € R, ¢;, ugj, g1y €R, fijr € C and i, j, k run over a finite number of in-
tegers (labeling the points of the graph). We call the function f(c, A, A;) in Cyl, cylin-
drical with respect to the graph I". We consider all possible graphs (the points and their
number can vary from a graph to another) and denote by Cyl the infinite dimensional
vector space of functions cylindrical with respect to some graph: Cyl = | Cyl,-. Thus,
any element f(c, A, A;) of Cyl can be expanded as in (32), where the uncountable basis
X . in . Aq

e ® emEgPA R e E«/é is now labeled by arbitrary real numbers (c, g, g1). A ba-
sis in Cyl is given by |, g, up1) =) @ |[(tg) @ |p1). Introducing the standard bra-ket
notation we can define a basis [12] in the Hilbert space via

. i A
ipc inglpA et ol N

(cln) @ (Alpe) @ (Arlug) =e2 Qe 7~ e V2 . (33)

The basis states (33) are normalizable in contrast to the standard quantum mechanical rep-
resentation and they satisfy

<.u'7 HE, LET |1), VE, VE1> = (S[L,US/LE,UESMEI Wplt (34)

The Hilbert space Hyi, is the Cauchy completion of Cyl or more succinctly Hyi, =
LQ(R%W, d o), where Rpopr is the Bohr-compactification of R and d . is the Haar measure
on Réohr.

We can quantize the theory using the standard quantization procedure {, } - — —[ ]. We
recall the fundamental difference from the standard Schrodinger quantization program. In
the ordinary Schrodinger representation of the Weyl-Heisenberg algebra the classical fields
¢, A and A, translate in operators. In loop quantum gravity on the contrary the operators
c, A and A1 do not ex1st [32 33]. We can not promote the Poisson brackets to commu-
tators [¢, pl = iyl3/3, [ [A, E] —l]/lp/47T and [A,, E "1=iylp/16m; rather, the quantum

fundamental operators are ¢, E, E', h;. The momentum operators can be represented on the
Hilbert space by
2 d n Ip d . Ip d
[ A N A L (35)
3 dc 4w dA 16w dA;’

It is easy to calculate the spectrum of these two momentum operators on the Hilbert space
basis. This is given by

2
6P|M,ME,MEI>,

P, WE, g1} =
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A weyl;
Elp mes pp) = —g— Plu, we, wp), (36)
A~ upylp
E'p, pp, ppr) = iy e fpt).
B e 167+/2 £ e

We have to fix the residual gauge freedom on the Hilbert space outside the matter. We
consider the operator P I, kg, hg1) = |, Lg, — 1) and we impose that only the in-
variant states (under P ) are in the kinematical Hilbert space. The states in the Hilbert space
are: %[W, WE, Wg1) + |, g, —pg1)] for pg # 0 and the states |u, wg, 0) for g =0.

The holonomy operators h; in the directions r, 6, ¢ of the space section R x S? outside

A ~( A . . . .
the matter are: hi“ E ), hZME v and h;ME 1), where pglp is the length along the radial direction r

and pu g, is the length along the directions 6 and ¢ (all the length are define using the fiducial
triad °e{). Inside the matter the holonomy operators are szR M where w is the length along
any direction x, 6 or ¢ inside the matter. The holonomies operators act on the Hilbert space

Hyin by multiplication.

5 Hamiltonian Constraint and Quantum Dynamics

In this section we are going to study the dynamics of the model. The general strategy to
quantize a system with constraints was introduced by Dirac. To implement the Dirac strategy
we must impose the classical constraints at the quantum level to obtain the physical space.
This strategy define the quantum Einstein’s equations that in general are define by (for y =1i)

HIY) = [—4e™ Tr(Fup E“E?) + Hy ) =0,
Hy|) = [ESFJ, + Hall¥) =0, (37)
GilY) = [B.E{ + €, ALE{ + Guill¥r) = 0.

In the case of our minisuperspace (homogeneous) model the second and the third con-
straints are identically zero then to obtain the physical space we have to solve the first scalar
constraint. In this paper we want to quantize the model following the full loop quantum grav-
ity ideas. To this aim we have expressed the Hamiltonian constraint in terms of homogeneous
holonomies and we have introduced the polymer representation of the Weyl algebra. At this
point we have all the ingredients to study the Hamiltonian constraint inside and outside the
region where the matter is localized and to impose at quantum level the boundary condition
introduced in Sect. 3.4.

As in non-trivially constrained systems, we expect that the physical states are not nor-
malizable in the kinematical Hilbert space. However, as in the full loop quantum gravity
theory, we again have the triplet

Cyl C Hyin C Cyl* (38)

of spaces and the physical states will be in Cyl*, which is the algebraic dual of Cyl [1-5].
A generic element of this space is

W=D Vg o e gl (39)

WHE R E]
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The quantum version of the Hamiltonian constraint outside the matter can be obtained
promoting the classical holonomies to operators and the Poisson brackets to the commuta-
tors. Using the relations in (25) we can express the quantum version of the Kantowski—Sachs
Hamiltonian constraint (26) as

I:IE = —126—]72[4 sin(2x) sin(2y)(sin(y)‘7 cos(y) — cos(y)V sin(y))
HoVitp
+ 2(cos(8) sin? 2y) — sin(8)(sin2(2y) +2cos(2y))) 40)

X (sin(x) 14 cos(x) — cos(x) v sin(x))],

where we have introduced the following notations: x = Aglp/2, y = v/2A 1o/2 and § =
145/2.

Using the exponential form for the trigonometric function we can calculate the action
of the Hamiltonian constraint on the Hilbert space basis (33) [14, 15]. At this point we
can impose the Hamiltonian constraint outside the matter to obtain a first relation for the
coefficients ¥, i, in the (39). The constraint equation He|y) =0 is now interpreted as

an equation in the dual space (1ﬁ|ﬁ T from this equation we can derive a relation for the
coefficients ¥y iz u
(‘/ILE*ZH«OJJ-EI =30 T V.U»E*ZI/«O»H«EI *MO)I/II’»»H«E*ZMOJIEI —2u0
+ (VHE+2MOsMEl—MO - VME+2M0»ME1 —3M0)WM,ME+2M0~ME| —2p9
+ (VME*ZM()-LLEMLMO - VME*M()#El +H0)WM-ME*2H0,H51+2ﬂo
+ (VME+2M0,ME1+MO - VHE+2M0»ME1+3M0)wﬂaﬂE+2H0~,ﬂEl+2M0

sin(u2/2) — cos(13/2)
+ ) [(VHE+M0.H51 —4no VME—H()v#E] —4H0)1/IM,ME-M51 —4uo

- 2(VME+MOW«E1 - VME—HOqMEl )wﬂvﬂEvﬂEl

+ (VME+/LOvlLEl+4MO - V.U'E*MO;MEI+4MO)I//.HYHE«,MEI+4.U'O]

— 2sin(ug/Z)[(VuEwo,MEl72#0 - Vuruo,uEﬁZ;to)\”M,ME,MEl72#0

+ (VME+H0»HE] +2pm0 VME—MOsMEl +2uo)1/’u$u5,u51+2;to] =0, (41)

where the volume eigenvalues are defined by

Vi, e, gt) = Vg [0 e g1,
(42)

yi

=L""P /

VME,ME] = 4\/§ |ME||ME1 |

The other constraint that we must to impose on the state (39) is the Hamiltonian con-

straint inside the matter. If we introduce the holonomies (18) in (19) we obtain the following
trigonometric form of the operator

5 RW) _ 6(1 —1i) i crol+d
£ V(xo)l3y ik

X [—i +2(1+ i)' 4 20 4 2(1 4 i) H0 — jetero
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+ eiCM% —2(1+ l')eimo(uoﬂ)

_ 26[0/1.0(/1.0+2) _ 2(1 + i)eiclto(/l.o+3) + efCMO(MOJr“)]

x| sin{ Q)P EW cog( SO ) _cos( SEC )Y EW i (RO . 43
2 2 2 2

(the operator c is not defined but the exponential and trigonometric operators are defined on
the Hilbert space). We have simplified the notation using the identification 8y = 0.
The action of the operator (43) on the basis (33) is

y(RW
HE N, g, wer)

3(1+1) .
= W(V;Hruo - ‘/[L*/J,())[_l |M - PLO(/LO + 4)7 MHE, /‘LE1>
P 0

+2(1 4 )| — oo +2), e, wp) + 20l — g, . )
+2( 4+ D — polpo —2), e, wp1) — il — polpo —4), e, p1)
+ 4 polpo =4, pg, pr) — 201 + i)+ po(bo — 2), g, mpt)
— 24 pd, g, ppt) — 201+ )|+ po(eo +2), e gt
+ 1l — molpo +4), ke, p1)l- (44)
We have all the ingredients to calculate the action of the Hamiltonian constraint inside the
matter on the state (39). From equation (/|(H\"™ 4+ Hy) = 0 (W | Hy = (¥ | Mausi, Vit # 0

and (¥|Hy =0 for m = 0 [39]) we obtain another recursive relation for the coefficients

stMEvMEI

_i(V#+M0(M0+5) - Vu+uo(uo+3))wu+uo(uo+4),u5,u51
+ 201+ D Vit uguot3) — VMHLO(/MVl))‘/’/t+uo(xto+2),u5,ﬂE1
+ 20 (Vi uo+1) — VMJFHO(HO*I)>¢}1+/L6,/L5,/L51
+2(1+ i)(Vu+uo(M0—2) - VM+M0(M0—3))ww—uo(uo—l)ququl
- i(VM+l/«0(l/«0—3) - V#+MO(MO—4))1/,#+MO(MO—4)«#E«#E]
+ (Vufuo(uo*S) - VM*MO(M0*3))w#*MO(MO*‘U,ME,HEI
=20+ DV g (uo-3) — VM*MO(MO*|))wM*/to(H0*2)vlLEvl‘—El
= 2(Vu—puo(uo-1 — VM—M()(M()H))wu—;L%,HE,uEI
=201+ D Vipguo+) = Viemnoao+3) Yi—poao+2) g a1
+ (VM—MO(H0+3) - Vu—uo(uo+5))wu—ﬂo(ﬂo%),nﬁ,uEl

Y136V (o) g

+ 3G +1)

Mduleu,uE,uEl :07 (45)

where we have introduced the volume eigenvalue inside the matter
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VED i, g, ppn) = Vil e, g ),
3
YIE\Z 5
VMEV(X0)<?P> ]2

The other constraints to impose are the boundary conditions in (31). The first of the two
conditions assumes the following operator form

(46)

Vipl [4sin<ﬂ)+uo] sin(ro) — 221 sin(A"“’): 0, @7
Mo 2 o V2

and the action of the operator (47) on the state (39) impose another condition on the physical
state for the gravitational collapse

[l — pol | =+ ol . |l )
< ?wu—ﬂo,ﬂg,#y_ fl//;ﬁ-ﬂo,ug.uy_lﬂo ?wﬂ,ﬂg,uy sin”(Xo)

/el

o (wllul‘rEvlLEl —no wu,uf,ub-lﬂto) =0. (48)

The last constraint to impose is the second of equations (31). When we apply this con-
straint on the candidate physical state (39) we obtain

Y WIplsinG) = VIEIW g, s e, 151)

W E g1

= ). [\/ % sin(xo) — 4/ %}%M.MEI i, s pepr) =0. (49)

W E B gl

From (49) we obtain that the gravitational collapse wave function ¥, ., ., depends only

on the two parameters p and p 1. For sin(xo) =3 /4w we obtain

Vingnp = Vi - (50)

We conclude this section summarizing the quantum dynamical results. In this section we
have imposed the quantum Einstein equations and we have obtained that the gravitational
collapse wave function must satisfy the difference recursive equations (41), (45), (48) and
then we must impose in the result the constraint (50). An important result in our simplified
analysis is that all the coefficients in the difference equations (41), (45) and (48) are regular
in 4 =0 and in ug = 0 where the classical Schwarzschild singularity is localized. We can
conclude that we have a regular and natural evolution beyond the classical singular point. In
the next paragraph we will show the consistency of the difference equations obtained in this
section.

5.1 Physical States

In the previous paragraph we have calculated four difference equations (41), (45), (48) and
(50) that the wave function for the gravitational collapse must satisfy. Now we analyze this
system introducing the boundary conditions in the dynamics. We write the physical state
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|) in a tensor product form for the Region 1 and Region 2
W=D 0l ® D gy i gl (51)
" HEK gL

At this point to simplify the problem we follow the following steps.

1. The first difference equation is (45), this equation gives a relation for the coefficients
@, introduced in (51); we recall (45) using the simplification po = 1 and introducing integer
values for the independent variable ., u =mug=m (m € 27 %)

_i(Vm+6 - Vm+4)§0m+5 + 2(1 + i)(Vm+4 - Vm)(pm+3 + 2i(Vm+2 - Vm)(pm+l
+20+ D Viuot = Vi)t = i(Vinoz = Viu—3) @3 + (Vinra — Vinr2) O3
- 2(1 + l)(Vm+2 - Vm)¢m+1 - Z(Vm - Vm72)(pm71 - 2(1 + l)(Vm72 - V/n74)(pn173

Y136V (x0)

Vm— _Vm— m— .
+ (Vs 6)¥m—s + 3G 1 D)

Mdust(/)m =0, (52)

this difference equation can be solved for ¢, ;s introducing the following initial conditions:
Omo—5> Prmg—3> Pmo—1> Pmo+1 and @y, 13 (Mo € 27Z). The component ¢, that is the even com-
ponent in (52) can be calculated using the constraint (48) with g = 0 as we will stress at
the point 3. of this paragraph.

2. The second equation is (41) with wo =1, 1 =2n and ug =2l withn,l € Z

(Var—220-3 — Va—2.00-1)®2-220-2 + Varr2.20-1 — Varr2.20-3) 92142202
+ (Var—22n43 = Va—2.2041)P2-2.2042 + (Vart2,2041 — Varr2,2043) P2i2.2042
+ (sin(pg/2) — cos(ug /2N (Varr1,2n-4 = Vai—1,0-4) P21 204
= 2(Varr1.00 — Var—1.20) 021,20 + (Vart1,2n044 — Vai—1,2044)P21.204+41/2
=2 sin(uﬁ/Z)[(VMHLO,MEI 20 — Vai—1,20-2) 021,202
+ (Vart1.2n42 — Var—1,.2042) 92120421 = 0. (53)

We can solve this difference equation to obtain ¢y, giving the boundary conditions:
D—219,205 P21y,20 Y1 AN P21 200 —2> D21,200—2> D21,200» P21, 20042 V1.

3. The last equation is (48) with sin’( Xo) = 3/4m (this is useful to simplify the notation),
in this equation we introduce pgr = 2/ and p g1 = 2n as in the previous equation

B/4m)(VIm = Ugu_1 — v/ Im + U@ui1 — i/ |m|@0n) P2 24
— V3IU/7 O (D21,20-1 — D21,2041) = 0. (54)

(a) For I =0 we obtain a relation to express ¢,, in terms of ¢, and ¢,,_;. In particular
introducing the initial conditions @,,,—; and ¢,,,+ (that are the same initial condition
introduced in (52)) we can obtain ¢,,, from equation

A% |m0 - 1|§0m0—1 Y |m0 + ]|(/)mo+l - i\/ |m0|§0m0 =0. (55)

It is possible repeat the same analysis for the components with m € 2Z + 1.
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At this point we have the even component ¢,,, useful to solve at the same time equation
(52) and (55) (see point 1).
We observe that if we introduce m = 0 (and obviously / = 0) in equation (54) we obtain
¢_1 = @1, o decouples from the difference equation; this means that not all the initial
boundary conditions @5, Qmy—3, Pmo—1s Pmg+1> Pmy+3 are independent; there is one
consistency relation between the five initial conditions.

(b) For [ # 0 we insert the solution ¢,, of (52) in (54) and we obtain a second order differ-
ence equation for ¢, », in the variable n. Using the constraint (50) for Sinz( Xo) =3/4m
we can evaluate equation (54) on m = g = 2 to obtain

B/4m)VIm — Neu—1 — VIm + 1@ue1 — i |m|@n) =202 20
— 31U/ 7 O =21 (@21,00—1 — $21,2041) = 0. (56)

Introducing the initial condition ¢ 2,,—1 VI and ¢y 2,, VI (this second condition can be
obtained from equation (53)), we can calculate ¢ ,,+1. This observation implies that

in the variable “n”, from equation (53) we can calculate the even components ¢y; 2, and
from (56) we calculate the odd components ¢y; »,+1 of the wave function.

We conclude the section summarizing the results about physical states. Using the news
notations we can write the physical states in the following way

W=D onm ®Y a2 nl, (57)
m Ln

where ¢,, is calculated using the two difference equations (52) and (55), and ¢,;, can be
obtained from equations (53) and (56).

6 Conclusions

In this paper we have studied the gravitational collapse in Ashtekar variables following the
paper [18]. We have studied the gravitational collapse when all dust matter has crossed the
event horizon. In this particular region the metric is homogeneous and we have applied
the technology developed in “loop quantum cosmology” and in “loop quantum black hole”
papers [12, 14, 15, 31]. We have divided the space-time region inside the event horizon in
two parts, the firs one where the matter is localized and the other one part outside the mater.
The space-time metric inside the matter is of Friedmann—Robertson—Walker type and the
metric outside the matter is of Kantowski—Sachs type with spatial topology R x S2.

The quantization procedure is induced by full “loop quantum gravity”. We have intro-
duced homogeneous holonomies and we have expressed the Hamiltonian constraint in terms
of such holonomies in all the region inside the event horizon. The main result is that the
Hamiltonian constraint gives a regular difference equation for the coefficients of the phys-
ical states which are defined in the dual space of the dense subspace of the kinematical
Hilbert space. We can summarize this result recalling that the quantum Einstein’s equations

(Y| Hg(h, V) =0, 5
WICHRY RV VRV £ Ay) =0,

and the boundary conditions are regular in r = O where the classical singularity is localized
(h,V and h®Y VRV are respectively the holonomy and the volume inside and outside the
matter).
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An important consequence of the quantization is that, unlike the classical evolution, the
quantum evolution does not stop at the classical singularity and the “other side” of the singu-
larity corresponds with a new domain where the triad reverses its orientation. In this simply
model we have imposed the quantum Einstein’s equations obtaining recursive consistent
equations for the coefficients ¥, . ., of the physical states

Wl= > Vg, (o bes g |- (59)

Bl gL

We can interpret ¥, .., as the wave function of the gravitational collapse, after the matter
has crossed the event horizon. We have also showed the consistency of the four difference
equations. In a future paper we will study the difference equations (41), (45), (48) to obtain
a numerical solution of those equations for a particular value of the boundary condition on
the wave function.

We hope that the analysis performed here will shed light on the problem of the “informa-
tion loss” in the process of black hole formation and evaporation. See in particular [41] for
a possible physical interpretation of the black hole information loss problem.
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