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Phenomenological loop quantum geometry of the Schwarzschild black hole
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The interior of a Schwarzschild black hole is investigated at the level of phenomenological dynamics
with the discreteness corrections of loop quantum geometry implemented in two different improved
quantization schemes. In one scheme, the classical black hole singularity is resolved by the quantum
bounce, which bridges the black hole interior with a white hole interior. In the other scheme, the classical
singularity is resolved and the event horizon is also diffused by the quantum bounce. Jumping over the
quantum bounce, the black hole gives birth to a baby black hole with a much smaller mass. This lineage
continues as each classical black hole brings forth its own descendant in the consecutive classical cycle,
giving the whole extended spacetime fractal structure, until the solution eventually descends into the deep
Planck regime, signaling a breakdown of the semiclassical description. The issues of scaling symmetry

and no-hair theorem are also discussed.
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L. INTRODUCTION

It has long been suggested that the singularities in gen-
eral relativity signal a breakdown of the classical theory
and should be resolved by the quantum effects of gravity.
Loop quantum gravity (LQG) is one of such candidate
theories of quantum gravity and its application to cosmo-
logical models is known as loop quantum cosmology
(LQC) (see [1] for a review). The comprehensive formu-
lation for LQC has been constructed in detail in the spa-
tially flat and isotropic model with a free massless scalar
field [2—4], showing that the quantum evolution is deter-
ministic across the deep Planck regime and the cosmologi-
cal singularity is replaced by a quantum bounce for the
states which are semiclassical at late times. This construc-
tion was extended to k = *1 Friedmann-Robertson-
Walker models to include intrinsic curvature [5,6] as well
as Bianchi I models to include anisotropy [7-10], affirming
the resolution of cosmological singularities and the occur-
rence of quantum bounces, either in the fundamental quan-
tum theory of LQC or at the level of phenomenological
dynamics.

To further extend this formulation and enlarge its do-
main of validity, the next step is to investigate loop quan-
tum geometry of the black hole and to see whether the
black hole singularity is also resolved. The simplest step is
to consider the interior of a Schwarzschild black hole, in
which the temporal and radial coordinates flip roles and
thus the metric components are homogeneous with the
Kantowski-Sachs symmetry. Thanks to homogeneity, the
loop quantization of the Schwarzschild interior can be
formulated as a minisuperspace model in a similar fashion
to LQC. This has been developed in [11-13] and its phe-
nomenological dynamics studied in [14] shows that the
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black hole interior is extended to a white hole interior
through the bounce, which resolves the singularity.

The analysis in [14] is based on the original quantization
strategy (referred to as the “‘u, scheme” in this paper)
used in [12], which, as a direct transcription of the original
LQC construction in [2], introduces a fixed parameter
to impose fundamental discreteness of quantum geo-
metry. However, it has been argued that the u,-scheme
quantization in LQC leads to a wrong semiclassical limit in
some regimes and should be improved by replacing the
discreteness parameters with adaptive variables which de-
pend on the scale factors [4]. Two improved strategies
(called “i scheme” and i’ scheme” in this paper) for
loop quantization of the Schwarzschild interior were in-
vestigated in [15] at the level of phenomenological
dynamics.

However, the results of [15] are not easily compared
with the bouncing scenario of LQC as some details are still
missing. For instance, the exact condition for the occur-
rence of the bounce has yet to be pinpointed. To have a
better understanding of the extended Schwarzschild solu-
tion, more effort is needed to investigate the quantum
corrections on the horizon and the evolution of the parame-
ters (e.g., mass of the black hole) that characterize different
classical phases across the quantum bounce.

In order to bridge the gap between the loop quantum
dynamics of cosmological models and that of
Schwarzschild black holes, a cosmological model of
Kantowski-Sachs spacetime with a massless scalar field
has been studied in [16] at the level of phenomenological
dynamics. The study of [16] not only sets a new cosmo-
logical model of LQC with inclusion of both intrinsic
curvature and anisotropy but also facilitates a methodology
to study the details of loop quantum geometry of
the Schwarzschild interior. By exploiting the methods
introduced in [16], we are able to articulate the geometrical
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interpretation of the extended Schwarzschild solution and
refine some observations obtained in [15].

Based on the same semiclassical approach of [16] to
incorporate loop quantum corrections, the phenomenologi-
cal dynamics of the Schwarzschild interior is investigated
in this paper with two improved quantization strategies (i
and i’ schemes). In the & scheme, the classical singularity
is resolved and replaced by the quantum bounce, which
bridges the black hole interior with the interior of a white
hole. On the other hand, in the @&’ scheme, the classical
black hole singularity is resolved and the event horizon is
diffused by the quantum bounce, across which, the classi-
cal black hole gives birth to a baby black hole with a
decreased mass in the consecutive classical cycle. This
lineage continues, giving the extended spacetime ““fractal”
structure, until eventually the triad variable p, grows ex-
ponentially while the other triad variable p,. descends into
a deep Planck regime, signaling a breakdown of the semi-
classical description.

As in the Hamiltonian framework for homogeneous
models, we have to restrict the spatial integration to a finite
sized shell J X S? to make the Hamiltonian finite. This
prescription raises the question whether the resulting dy-
namics is independent of the choice of I. It can be shown
that the phenomenological dynamics in the &’ scheme is
completely independent of the choice of I as is the clas-
sical dynamics, while the phenomenological dynamics in
the & scheme reacts to J and thus, in the language of the
“no-hair”’ theorem, one extra parameter (mass of the con-
joined white hole) is required to completely characterize
the extended Schwarzschild solution.

In addition to the issues related to the dependence on 7,
the phenomenological dynamics also reveals interesting
scaling symmetry, which is suggestive that the fundamen-
tal scale (area gap) imposed for the spatial geometry may
give rise to a fundamental scale in temporal measurement.

This paper follows the steps in [16] as closely as possible
and uses the same notations thereof.! In Sec. II, the
Ashtekar variables with the Kantowski-Sachs symmetry
are introduced and the classical geometry of the
Schwarzschild interior is solved in Hamiltonian formalism.
The phenomenological dynamics with discreteness correc-
tions of loop quantum geometry is constructed and solved
in Sec. III for the @& and &’ schemes, respectively. The
scaling symmetry and related issues are discussed in
Sec. IV. Finally, the results are summarized and discussed
in Sec. V. For comparison, the phenomenological dynam-
ics in the u, scheme is also included in the Appendix.

II. CLASSICAL DYNAMICS

In this section, we first briefly describe the Ashtekar
variables for the geometry invariant under the

! Assiduous readers are encouraged to look at [10,16] to see the
close parallels.
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Kantowski-Sachs symmetry [12]. In the Hamiltonian
framework, we then solve the classical solution in terms
of Ashtekar variables for the interior of a Schwarzschild
black hole.

A. Ashtekar variables with the Kantowski-Sachs
symmetry

The metric of homogeneous spacetime with the
Kantowski-Sachs symmetry group R X SO(3) is given by
the line element:

ds* = —dr? + g (1)dx* + goo(T)dQ?
= —Nt)*di* + g, ()dx> + g4o(1)d0* + g 44 (1)dp?,
2.1)

where 7 is the proper time, N(f) is the lapse function
associated with the arbitrary coordinate time ¢ via
N(t)dt = dr, and dQ)? represents the unit 2-sphere given
in polar coordinates as

dQ? = do? + sin>0dp>. (2.2)

The topology of the homogeneous spatial slices is 2 =
R X S2, which is coordinatized by x € R, 6 € [0, 7], and
¢ € [0,27].

As in any homogeneous cosmological models, on the
homogeneous spacelike slice 3, we can choose a fiducial
triad field of vectors “e¢ and a fiducial cotriad field of
covectors °w!, that are left-invariant by the action of the
Killing fields of X. (Note e¢’w} = 84.) The fiducial 3-
metric of % is given by the cotriad ° wi:

(2.3)

o — 0,00,
Gup = ‘05" 03,8,

In the comoving coordinates (x, 6, ¢), we can choose °q
to have

°q pdxdx? = dx* + d6* + sin*0d ¢?, (2.4)

which gives °g := det’q,, = sin.

In connection dynamics, the canonical pair consists of
the Ashtekar variables: the densitized triads £¢,(¥) and
connections A,(X), which satisfy the canonical relation:

[AJ(), B ()} = 87Gydioha i — ), (25)

where 7 is the Barbero-Immirzi parameter. In the case that
connections and triads admit the Kantowski-Sachs sym-
metry R X SO(3), A,' and E“, after gauge fixing of the
Gauss constraint are of the form [12]:

A=A, Tdx"

= ¢13dx + b1,d0 — bty sinfd¢ + 75 cos0dp, (2.6)

E= Eai'Tiaa = ﬁCT?) Sin08x + [?b’Tz Sin089 - ﬁb713¢,
2.7)

where b, ¢, p,, and p, are functions of time only and
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T, = —io;/2 are SU(2) generators satisfying [7;, 7;] =
/7 (with o; being the Pauli matrices).

The symplectic structure on the symmetry-reduced
phase space is given by the complete symplectic structure
[as in (2.5)] integrated over the finite sized shell J X S?:

1 3 i(y La (3
G jmz PxdA, (@) A dE ()
L -
= E(d(? Adp, +2db Adpy),
where the integration is over 6 € [0, 7], ¢ € [0, 27] and
restricted to x € I := [0, L]; the finite interval 7 is pre-
scribed to circumvent the problem due to homogeneity that
the spatial integration over the whole spatial slice R X §2
diverges. (We will see that this prescription does not
change the classical dynamics but might have effects on
the quantum corrections.) The reduced symplectic form
leads to the canonical relations for the reduced canonical
variables:

{b, p,} = GyL™!,

and {b, & = {p,, p.} = 0. It is convenient to introduce the
rescaled variables:

€;

0 =

(2.8)

{& p.} =2GyL™! (2.9)

b:=b, c:=L¢ p,:=Lp,  pci=p. (2.10)
which satisfy the canonical relations:
{b. ppy =Gy, {c p=2Gy. 211

The relation between the densitized triad and the 3-

metric is given by
qq"" = SUEE", (2.12)

which leads to

2
p
Gur = =52

=gz 213

200 = 8op = &¢oSiIN°0 = p,,
Let S.4, Scg, and Sy, be the three surfaces of interest,
respectively, bounded by the interval I and the equator, J
and a great circle along a longitude, and the equator and a
longitude (so that Sy, forms a quarter of the sphere § 2. It
follows that the physical areas of S,4, S,9, and Sy, are
given by

Ay = Ay =27L\/8w80a0 = 27Dy,

(2.14)
Agy = T80 = TP,
and the physical volume of T X §? is
V =47L\gw8a0 = 47py\/D.- 2.15)

This gives the physical meanings of the triad variables p,,
and p,.2

*More precisely, in (2.14) p, and p, should be |p,| and |p,|
[12]. With the gauge fixing p, > 0, the opposite sign of p,
corresponds to the inverse spatial orientation, which we do not
need to consider in this paper.
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B. Classical solution

The vacuum solution of Kantowski-Sachs spacetime is
identified with the interior of a Schwarzschild black hole
(as will be shown in Sec. II C). The Hamiltonian constraint
of the Schwarzschild interior is given in terms of Ashtekar
variables as

N Py
H=—-——|2b + (b + 2—].
ZGyz[ N

(2.16)
This can be derived from the Hamiltonian constraint of the
full theory of LQG. (See [12] or Appendix B of [16].)

To solve the classical solution, we can simplify the
Hamiltonian by choosing the lapse function N =
Pp+/Pe = V/47 and thus introducing the conformal time
variable df’ = (p;,,/p.)”'dr. The rescaled Hamiltonian is
given by

/

1
= _W[zbcphpc + (* + yH)pil (2.17)

The equations of motion are governed by the Hamilton’s
equations:

oH'
% ={c, H'} = 2Gy oo —2y~'cbp,,  (2.18)
dp, oH' _
d’;/ = {pc, H'} = —2G’)/¥ =2y lpcbpb’ (2.19)
db oH' _
= {b,H'} = Gya—pb = —by '(bp, + cp.) — YPb,
(2.20)
d oH' _
e Y= =Gy =y bpy + o),
2.21)

as well as the constraint that the Hamiltonian must vanish:
H' = 0= 2bcp,p. + (b* + y*)p3; = 0. (2.22)

Notice that substituting (2.14) into (2.19) and (2.21) gives
us

Yy dp. d
b= =v--Jga0

= 2.23
2/p. dr dr ( )
c— Y dpy _ ¥p» dpc _ i(pb)
pé/z dr ng/z dr dr \\/p.
d
= ')/E(L\/gxx)r (224)

which tells that, classically, the connection variable b is the
time change rate of the square root of the physical area of
S? [up to constant (477) "' y] and c is the time change rate of
the physical length of I (up to constant 7).
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To solve the equations of motion, first note that combin-
ing (2.18) and (2.19) gives

%(pcc) =0 = p.c=vyK_.is constant, (2.25)
t
and on the other hand, (2.20) and (2.21) yield
d .
%(Kb) = —p? with p,b=: yK,(?). (2.26)
The Hamiltonian constraint (2.22) then reads as
2K, K. + K; + pi = (2.27)
By (2.26) and (2.27), we have
dK
dt,b = 2K, K, + K3, (2.28)
the solution of which is given by
2K (' —1)
K,(f) = —2K, 2 (2.29)

14 ae?k'—1)

with a being a dimensionless constant specified by the
initial state:

K, (1)

L 2.30
K, () + 2K, (2:30)

o=

In terms of K,(¢') and the constant K, (2.19) and (2.21)
now read as

lLdp._ V dp.
St Fmp a2 @3D
1 d V d
=P TP k() + K. (2.32)
py di'  dap, dt
the solutions to which are given by
N — N — , a-+1 2
pelt) = g0a() = pt)( ) @33)
and
. , eK((t/—t(’))
po(t) = py(tp)a + 1)m- (2.34)
Consequently, we have
2 2
P P () g
R
and
V() = dmpy/pe
K.({'—1)
— / / 2 € 0
47pr(t0) pc(t())(a + 1) (anK(.(l'*I(/]) + 1)2
(2.36)

It should be noted that, by (2.31) and (2.32), the time
reversal ¢’ — —1' corresponds to the sign flipping of K, —
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—K_ and K,(f') — —K,(—¢') simultaneously. For conve-
nience, we fix the convention K. > 0 for black holes and
K, < 0 for white holes. For a black hole, the Hamiltonian
constraint (2.27) then yields K,(#') <0 and consequently
a>0.

With the help of (2.27) and (2.30), it can be shown from
(2.34) that p, reaches the maximal value

— / o + l —

pb,max ph(to) 2\/5 Kc (237)
at the epoch ¢ = 1], satisfying a exp(2K (t},.x — 1)) =
1. That is, the constant 277K, can be interpreted as the
maximal value of the area A,y = A,y = 27p,,.

The solutions of K,(¢'), p,(¢'), and p.(¢) all approach to
constants asymptotically as ¢ — *oo. The solutions at the
epochs of particular interest are listed as follows:

—2K,. ast — oo,
K,() =10 as t' — —oo, (2.38)
—K, ast =1t
0 as t/ — *oo
t ={ ’ 2.39
pb( ) pb,max = KC as t/ = t;nax’ ( )
0 ast' — oo,
pt)=1 p(t))(a+ 1) =4G*M? ast'— —oo,

Pelthna) = pe(t)(a + 12 /A=G*M? ast! =ty

(2.40)
Notice that the constant

+ 1)

pc(tﬁnax) = G2M2 = Pc(t{))%
= I ——— 2.41

Kb(tlo)Kc 2
= (2 05) (2.42)
0 pb(t6)2

is independent of 7 [this can be shown by taking the
derivative of the right-hand side of (2.41) with respect to
1, with the help of (2.28) and (2.31)]. In the next section, we
will identify the constant p.(#))(a + 1)* as 4G*M? with M
being the mass of the Schwarzschild black hole (i.e., the
area of the horizon is given by 167G>M?).

Additionally, the asymptotic behavior of g,, is given by

N Joo ast — oo
et ={y WL T, e
and that of V is
V({)=0 ast — *oo, (2.44)

The behaviors of the classical solution are depicted in
Fig. 1. In Sec. IIC, we show that the epoch # = —o0
corresponds to the event horizon of the Schwarzschild
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FIG. 1 (color online).

5. X 107¢2, and p.(th) = p(tha) = G*M? = 4. X 107€3, (€p :=

(b) g:x(t'). (©) V(). (d) Kp(f).

black hole and # = oo corresponds to the black hole
singularity.

Notice that, by (2.14), (2.15), and (2.24), V, p,, and ¢
depend on the choice of the interval I and scale as V, p,,
¢ « L, while p, and b are independent of J. As a result, the
constants of motion K, as well as the function K,(¢') both
scale as o L. The ratios K,./V and K,/ V are nevertheless
independent of J; hence (2.31) and (2.32) tell that the
differential equations for p;'dp./dr and p,'dp,/dr in
terms of the proper time 7 are both independent of I.
Therefore, the classical dynamics is completely indepen-
dent of the finite interval J we choose to make sense of the
Hamiltonian formalism. (However, the independence of
the choice of I is not necessarily retained when quantum
corrections are taken into account.) Furthermore, the black
hole mass M is also independent of I as can be seen on the
right-hand side of (2.41).

There are 4 degrees of freedom in the phase space of p,,
Pe» b, and c. Imposing the Hamiltonian constraint and
taking into account the irrelevant choices of the finite
interval J and starting time ¢, we end up with only 4 —
3 =1 genuine degree of freedom. This affirms the ‘“no-
hair theorem,” which states that, in the case of the vacuum
solution without angular momentum, stationary, asymp-
totically flat black holes are uniquely characterized by
one parameter of mass. At the level of phenomenological
dynamics with loop quantum corrections, the no-hair theo-
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Classical solution: The initial condition is given at 7§ = t},,, (and thus a = 1) with p, () = ppmax = K. =

VGh is the Planck length). (a) p,(¢') and p.(¢') = gaa(?).

rem remains unchanged for the &’ scheme but requires one
extra parameter (due to the dependence on ) in the
fo scheme, as will be studied in Sec. IIT A.

C. Interior of the Schwarzschild black hole

The standard expression of the Schwarzschild metric in
terms of spherical coordinates is given by

-1
ds* = —(1 - —2GM)dt2 + (1 - 2GM) dr* + r?dQ?,

r r

(2.45)

which is asymptotically flat (i.e., as r — oo, the metric
components approach those of Minkowski spacetime in
spherical coordinates.) Inside the horizon, the temporal and
radial coordinates flip roles. To reflect this, we rename the
coordinates (r,7) as (f, L7 'x) with an arbitrary scaling
factor L. The metric of the Schwarzschild interior now
reads as the form of (2.1):

ds®> = —N(1)?dt> + g, (Ddx*> + gaa(t)dQ?
-1
—<—2GtM - 1) dr + £-2<—2GtM - 1)dx2

+ 2dQ?,

(2.46)

where t € [0,2GM], x € R, and M is the mass of the black
hole. The black hole singularity corresponds to ¢+ = 0 and
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the event horizon corresponds to t = 2GM. Note that
different values of L correspond to different scalings of
x and, thus they all give equivalent metric.’

To show that the solution we get in Sec. IIB is the
Schwarzschild interior, we first identify goq = #>. The
solution in (2.33) then yields

g p(tp)
2Kl 1) — a*(—l o+ DI 0) (2.47)
and
4K .a(a + 1)? i
_ / ¢ 2K (1 —1) g4 —
p(t}) (@® ) 1 1)} e odt = 2tdt. (2.48)
Consequently, (2.35) reads as
4K? (a + Dy/p.(1)
gxx = 2 / 2( - 1) (249)
L2p (t)(a + 1) ‘

and the solutions of (2.33) and (2.34) give

pb([6)2 ((CY + l)zpc(té)))dtz

dr* = N()%di* =
) 4K2ap (th) \(atD/p() 1
t

_ ((a + 1) pc(t(/))

-1
; - 1) dr* =: N(1)’dr?,  (2.50)

where (2.37) has been used.
If we identify the constant of motion p.(t},,,) in (2.41) as
G*M?, we then have

N2(7) = <2GTM - 1)71 2.51)
and
el = (o) (o -1) @

which are identical to those in (2.46) with L =
L(GM/K,).

III. PHENOMENOLOGICAL DYNAMICS WITH
LOOP QUANTUM CORRECTIONS

In the fundamental loop quantum theory with
Kantowski-Sachs symmetry [12], the Hamiltonian con-
straint incorporates two main sources of corrections:
First, the connection variables » and ¢ do not exist and
should be replaced by holonomies; second, the discreteness
of quantum geometry also modifies the cotriad component

w. = pp//Pc = L\/gx such that the eigenvalues of @,
are finite and significantly different from the classical value

3As far as the interior is concerned, £ remains arbitrary.
However, if the exterior is also taken into account, there is a
canonical convention to fix £ = 1 such that t = £ 'x in (2.45)
coincides with the proper time in the asymptotically flat regime.
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near the singularity, at which p,/./p, diverges. In the
semiclassical description, it is realized that the modifica-
tion on the cotriad w, is less important. At the level of
phenomenological analysis, following the procedures
adopted for the isotropic cosmology [17] and the
Bianchi I model [10], we will ignore the correction on
o. by simply keeping the classical function w. =
P/ /Pc and take the prescription to replace b, ¢ with

Lsin(ah)  sin(co)
IL_Lb ' /:Lc '

b (3.1

introducing the variables fi;, and . to impose the funda-
mental discreteness of loop quantum geometry.* The heu-
ristic argument for this prescription can be found in
Appendix B of [16] from the perspective of the full (un-
reduced) theory of LQG.

With the prescription of (3.1) adopted and the cotriad
component w, unchanged, by choosing N = yp,./p. and
di' = (ypp/pc)~'dr, the (rescaled) classical Hamiltonian
(2.17) is modified to serve as the effective Hamiltonian for
the semiclassical theory:

1 {2 sin(i,b) sin(ji.c)
- - - p
2Gy Ay M

sin(jii,b)\2
+ (7_ b ) plz7 + yzpi}.
Mp

/
I3 bFc

(3.2)

The phenomenological dynamics is then solved as if the
dynamics was classical but governed by the new effective
Hamiltonian. This treatment is however only heuristic and
its validity is still questionable; a more rigorous under-
standing of the fundamental quantum dynamics would
require more sophisticated refinement. Nevertheless, the
fact that the phenomenological theory could provide an
accurate approximation (for the case where the backreac-
tion is negligible) has been evidenced in the isotropic
cosmology [4,17-19] and also affirmed in the Bianchi I
models [20].

As for imposing the fundamental discreteness of LQG
on the formulation of homogeneous spacetime, the original
construction (u, scheme) is to take f, and f . as constants
(referred to as up, w¢ in the Appendix and 6 in
[12,14,15]). However, it has been shown in both isotropic
and Bianchi I models that the w, scheme can lead to the
wrong semiclassical limit® and should be improved by a
more sophisticated construction (4 scheme) in which the
value of discreteness parameters depends adaptively on the
scale factors (e.g., @ o 1/ /P is used in [4]) and thus

“This prescription is sometimes referred to as ““polymeriza-
tion” or “holonomization” in the literature.

SFor the Schwarzschild interior, due to the absence of matter
content, it is not obvious whether the w, scheme gives rise to the
wrong semiclassical behavior. For completeness, the phenome-
nological dynamics in the u, scheme is presented in the
Appendix.
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implements the underlying physics of quantum geometry
of LQG more directly [4,10].

For the case with Kantowski-Sachs symmetry, there is a
variety of possibilities to implement the f-scheme dis-
creteness. Two well-motivated constructions (referred to
as the @ scheme and i’ scheme) are focused on in this
paper:

(i) @ scheme:

fe=4= (3

(ii) @' scheme:

By =+ e = (3.4

Here A is the area gap in the full theory of LQG and A =
237 y€3, for the standard choice (but other choices are
also possible) with €p; = JGh being the Planck length.

Either scheme has its own merits and until more detailed
physics is investigated it remains arguable which one is
more sensible. In particular, the & scheme (in the version
for the Bianchi I model) is suggested in [7], since in the
construction of the fundamental loop quantum theory the
Hamiltonian constraint in the & scheme gives a difference
equation in terms of affine variables and therefore the well-
developed framework of the spatially flat and isotropic
LQC can be straightforwardly adopted. However, it is
argued in [21] that the & scheme may lead to an unstable
difference equation. On the other hand, the &’ scheme does
not admit the desirable affine variables but it has the virtue
over the &2 scheme that its phenomenological dynamics is
independent of the choice of I as will be seen (although
this virtue is not necessarily required when quantum cor-
rections are taken into account). To explore their virtues
and ramifications, we study both the & scheme and the
A’ scheme at the level of phenomenological dynamics in
Secs. Il A and III B respectively. (Motivations for both
schemes and more comments on them can be found in
Appendix B of [16].)

Before going into detail, we can get an idea where the
quantum corrections become appreciable by estimating the
quantities fi,b, fi.c, etc., which indicate how significant
the quantum corrections are (quantum corrections are neg-
ligible if a,b, fi.c, etc. < 1). Plugging the classical
solutions (2.29), (2.33), and (2.34), into (3.3) and (3.4),
we have

K, K, o ast — o
[l = (7, — = Al/zi—) ’
& pb =y, b, Y 2710 asi— oo,

b p
(3.5)
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K. K. 00 as t' — o0
0 = v —¢ = yAl/2 2 ’
M Ve Pe ’}/A pg/2 {QAGZZZWI? as ' — — 00,
3.6)
and
1 — o Db 1286 | as 1/ — oo,
Rob =y =4 vA { as ' — —oo,
(3.7)
as t' — oo,

o ast — —oo.

(3.8)

Therefore, in the & scheme, the quantum corrections are
significant near the classical singularity and negligible on
the horizon provided that

8G3M?

YA '

which can always be satisfied if we choose J small enough
for a given M. On the other hand, in the &’ scheme, both
the classical singularity and the horizon receive quantum
corrections.

K. < (3.9)

A. Phenomenological dynamics in the fi scheme

The phenomenological dynamics in the & scheme is
specified by the Hamiltonian (3.2) with f,, fi. given by
(3.3). At the level of phenomenological dynamics, the
equations of motion are governed by the Hamilton’s equa-
tions and the constraint that the Hamiltonian must vanish;
these are

dc oH"
— ={c,H}=2G £
- {c, H} T
_[3sin(@.c)  ccos(ip.c)[sin(i,b)
= _2')/ — - — Dy |
20, 2 i,
(3.10)
dp, oH'.
in(a,b
=2 pecoste[ 05, G
Mp
db oH".
— ={bH,} = Gy—~L
le { ,u} Y 8pb
_ _771[3 sin(@,b) bcos(,abb)]
24, 2
sin(,b) sin(ji.c)
x[FRER 4 SRS, Ty, Ga2)
Mp Me
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dp, / oH
— = ’H ==
dt =1 J=-Gy ab
sin(jii,b) sin(fc)
=7 'p, COS(Mbb)[ gt pc]’
Ap M
(3.13)
as well as
H, =0
sin(fi,b) sin(f.c)
2 — - PrPc
M Me
. —_ b 2
n [(M) + 72]1?% =0 (314
M

[Note that in the classical limit g,b, fi.c — 0, we have
sin(@,b)/f, — b, sin(fcc)/fi. —c and cos(@,b),
cos(ft.c) — 1. By inspection, it follows that (3.10),
(3.11), (3.12), (3.13), and (3.14) reduce to their classical
counterparts (2.18), (2.19), (2.20), (2.21), and (2.22) in the
classical limit.] Also notice that (3.11) and (3.13) lead to

in( & 1 d
s1n(iu,bb) _ : 0% pc’ (3.15)
b cos(fi.c) 2pl/? dr
sin(cc) _ 1 Y dpy 1 Ypy dp.
i, cos(@pb) pl/? dr  cos(ficc) 2pi/? dr’
(3.16)

which are the modifications of (2.23) and (2.24) with
quantum corrections.
Combining (3.10) and (3.11), we have

3sin(@.c) ¢ cos(,ucc)] dp,
_l’_
[ lec ) dt 7 Pe COS(/"LCC)
d sin(j.c)

which, in accordance with the classical counterpart (2.25),
yields the constant of motion:

p A _ g (3.18)
P
Similarly, (3.12) and (3.13) lead to
3sin(@,b) b cos(,ubb)] dp,,
+
[ 2/1[7 2 dr’ P»C Os(lu‘hb)
d sin(f,b)
= W[ i ] —¥pj, cos(fuyD). (3.19)

In accordance with the classical counterpart (2.26), we
define

sin(,b) _
Py — YR (1).
My

(3.20)

The Hamiltonian constraint (3.14) now reads as
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2K,K, +K: +p3 =0 (3.21)
and K, satisfies the differential equation:
% = cos(a,b) 2K, K. + K3). (3.22)
t

Substituting (3.18) and (3.20) into (3.11) and (3.13) yields

1 dp, V dp, _ _

_ = =2 K,, 3.23

p. di'  4mwp. dt cos(fc0)Ky ( )
1 dp, V dp, _ _
— = - b[K, + K] (3.24
= = cos(m bRy KL (24)

Note that, as in the classical dynamics, it follows from
(3.22) that the flipping K, — —K_ gives rise to K, (') —
—K,(—1') and thus corresponds to the time reversal ac-
cording to (3.23) and (3.24).

Equations (3.23) and (3.24) are the modifications of their
classical counterparts (2.31) and (2.32). Notice that the
presence of the cos(- - -) terms gives rise to the repulsive
behavior of gravity as the evolution departs from the
classical solution. More precisely, in the g-scheme phe-
nomenological dynamics, p. and p;, get bounced whenever
cos(@.c) or cos(,b) flips signs, respectively. To find out
the exact moment of occurrence of the bounces, we inves-
tigate cos(i.c) and cos(i,b) in more detail.

By (3.18) and (3.20), we have

i 2KZAT1/2
cos(aee) = £[1 = sin2a, ]2 = = 1Y p3,C ,
(3.25)
i 2R2ZAT1/2
cos(jipb) = =[1 — sin®f@,b]"2 = =[ 1 - Y 3b '
- Py A
(3.26)

Consequently, p. and p, get bounced, as cos(i.c) flips
signs in (3.23) and cos(ja,b) flips signs in (3.24) respec-
tively, whenever

pe = (V*K2A)'? < 4G M2, (3.27)

= (Y’ K20)'3 = (492K20)'/3 < 4*3G*M?, (3.28)
where we have used (3.9) and exploited the fact that K;, —
—2K, as the classical solution is close to the singularity.

To sum up, the classical black hole singularity is re-
placed by the quantum bounce, which makes both p,. and
pp bounced at the (different) epochs when the conditions
(3.27) and (3.28) are met, respectively. [Furthermore, with
the cos(ji,b) term in (3.22), K, becomes flat (dK,/dt’ =
0) exactly at the same time when p,;, gets bounced.] Across
the quantum bounce, the evolution tends to be classical
again [as cos(ji,b), cos(ii.c) — —1 eventually]; as a re-
sult, the classical solution is connected with another clas-
sical solution through the quantum bounce.

064040-8
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Notice that the constant K, remains the same throughout
the evolution. However, this does not mean that the pa-
rameter used to parametrize the classical evolutions on
both sides of the bounce remains unchanged, since the
physical meanings of p,b and p.c are changed before
and after the bounce according to (3.15) and (3.16). In
order to characterize the classical behaviors of the evolu-
tion in different classical periods, we define the “effective
K. as

Y dpy
pe* dr

d
effective K, i= ! pc< VP pc)

2p3/2 dT

1 sm(MCC)

=y~ ' cos(@,b)p,
+ v~ cos(ia,b)
sin(i,b)
Ay
= cos(a,b)K, + [cos(@,b) — cos(n.c)IK,
(3.29)

— cos(fa.c)lpp ———

and similarly the “effective K" as

Y dpc)
2pi‘/2 dr

effective K, := ’y_lpb(

sin(f,b)
Ay

=y~ cos(.c)pp, ———

= cos(ji.c)K,. (3.30)

In the classical regimes, cos(fi,b) = cos(ji.c) = =1 and
we have

effective K, = K, 3.31)

effective K, = £K,,. (3.32)

That is, on the other side of the bounce, both (classical) K,
and K, flip signs and consequently the quantum bounce
bridges the interior of a classical black hole with that of a
classical white hole and vice versa.

To know the mass of the white hole, in accordance with
(2.42), we define the “‘effective mass” as

\/p_c

effective mass 1= G~} leffective K ||effective K,|.

(3.33)
Note that effective K, approaches +2K,. right before and
after the bounce, leaving the factor

leffective K, ||effective K.| unchanged; however, the ratio
\/P</ Py is not fixed and thus (3.33) yields unequal masses
before and after the quantum bounce. Therefore, for a
given black hole mass M, generally, the mass of the con-
joined white hole (denoted as M) is different from M. The
exact value of M’ depends on the detail of the initial
condition, which involves the choice of I.
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It is noteworthy that, in contrast to the classical dynam-
ics, the phenomenological dynamics in the & scheme is
dependent on the choice of the finite sized interval J. In
particular, M’ depends on I; moreover, (3.27) and (3.28),
which indicate occurrence of the bounce, are not invariant
under rescaling of I (recall p, « L, p. = L°, and K, « L).
For this matter, one might think that the fi-scheme quan-
tization is simply ill defined and should be discarded.
However, it would be premature to dismiss the fi scheme
immediately as it is a common phenomenon that a quan-
tum system reacts to macroscopic scales introduced by
boundary conditions (for instance, the well-known ‘“‘con-
formal anomaly” as a “soft” breaking of conformal sym-
metry). From the perspective of the full theory of LQG, the
inhomogeneous degrees of freedom, which have been
ignored in the symmetry-reduced minisuperspace formu-
lation, could give rise to a macroscopic scale and thus
account for the dependence on I. (In the lattice refining
model of [21], this is indeed the case that, depending on the
details of the refining procedure, the characteristic size of
the lattice may leave imprints on the coarse-grained homo-
geneous description.) This suggests that the choice of I is
not merely a gauge fixing but reflects the underlying phys-
ics of quantum inhomogeneity and thus has a physical
consequence. In the language of the no-hair theorem, this
physical consequence dictates that one extra parameter M’
(or equivalently, say K ) is needed to completely character-
ize the extended Schwarzschild black hole, even though
the information of M’ is hidden by the horizon and inac-
cessible (at least semiclassically) to the external observer
(cf. the apparent problem of dependence on J is absent in
the phenomenological dynamics of the iz scheme as will be
seen in Sec. 111 B).

For given initial conditions, the equations of motion can
be solved numerically.® The numerical solution is depicted
in Fig. 2. Note that the bounces of p. and p,, occur at the
moments exactly as indicated in (3.27) and (3.28). Also
notice that p,, is perfectly symmetric about the bounce,
since (3.22) and (3.24) are independent of p. and ¢ and, as
a result, the evolution of p,, is unaffected by the varying of
p. (but not vice versa).

B. Phenomenological dynamics in the &' scheme

The phenomenological dynamics in the @i’ scheme is
specified by the effective Hamiltonian (3.2) with f;, i,
replaced by i}, . given in (3.4). To simplify the equa-
tions of motion, we choose a different lapse function N =

SThe common numerical methods (e.g., the Runge-Kutta
method) encounter numerical instability at some point if we
directly solve the coupled differential equations (3.10), (3.11),
(3.12), and (3.13). To bypass this problem, which is only a
numerical artifact, we solve the reduced coupled equations:
(3.22), (3.23), and (3.24) for three variables: K,, p., and p,,.
The variables b and ¢ can be obtained afterward via (3.18) and
(3.20).
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FIG. 2 (color online). Solution in the fi-scheme phenomeno-
logical dynamics: With the same initial condition as given in
Fig. 1 and the Barbero-Immirzi parameter is set to y =
In2/(+/37). The conditions of (3.27) and (3.28) are indicated
by dashed lines, at which p, and p, get bounced, respectively.
The quantum bounce bridges the classical black hole (on the left
side) with the classical white hole (on the right side). The
asymptotic values of p, are different on both sides, indicating
that the black hole mass M and white hole mass M’ are different.
On the other hand, p, is symmetric and, in particular, the peaks
on both sides are of the same height, affirming that K. flips signs
but its magnitude is unchanged as suggested in (3.31).

(py~/P2) " associated with the new time variable di’ =
Pp+/DcdT. With the new lapse, the Hamiltonian (3.2) is
further rescaled to the simpler form:

[/—

!

1 . _ . _
b= 375 2 s

2
+ sin2(,b) + AV—}. (3.34)

C
Because | sin(ic;)| = 1, the vanishing of the Hamiltonian
constraint H;_i, = 0 immediately implies
= 'y2A >
|12 sin(@}b) sin(fal.c) + sin?(i@,b)|

2
y

. Z_A.
Pl 3

(3.35)

This suggests that p. is bounded below.

To know the detailed dynamics for each individual p,
and p,, in addition to the Hamiltonian constraint, we study
the Hamilton’s equations:

¢t HI} =26 My
dr" > Mg Y ap,
__cpgcos(pce)sin(ayb)
YAp.
| by cos(pyb)lsin(@i,b) + sin(ce)] |y
YAp, P2
(3.36)
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dp oH",
c — ,H/—I/ = -2G M
g~ e Hyld Y
_ 24l cos(@l.c)sin(),b) (3.37)
yA ’ '

" — — . —
bt 11y = Gy T R cos\Ae)sin(sb)
dr" # Py YAp,

(3.38)
dpy, _ — aH;‘i/
W = {Pbr H;—:/} = =Gy ab
_ Byeos(agp)sin(yh) + sin(ae)] oo
A ) )
Note that (3.37) and (3.39) give us
sin(,b) 1 y dp.
— P 3.40
&, cos(fic) 2pl/? dr (40
sin(fee) 1 Yy dpy 1 YPy dp.
il cos(ayb) pl/? dr  cos(@ic) 2p¥? dr’
(3.41)

which are the modifications of (2.23) and (2.24) with
quantum corrections.
Inspecting (3.36), (3.37), (3.38), and (3.39), we have

d
& (pec—pyb) = L.

3.42
o » (3.42)

In accordance with the constant K, and the function K,(¢')
used for classical solutions in (2.25) and (2.26), introducing
the time-varying function f(#), we set

p.c =y, + f(")) (3.43)
and
pub = y(K} (") + f(i")), (3.44)
where K/, satisfies
dK!  dK!
Pipeit =7 = ~Pi (3.45)

which is to be compared with the classical counterpart
(2.26). Starting in a classical regime, we set K, =
v~ !'p.cand f = 0.

Substituting (3.43) and (3.44) into (3.34), we have the
complicated expression for the Hamiltonian constraint
H", = 0:

I
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2 sin(\/%(lﬂ7 + f)) sin(\/%(lfc + f))

Ay?
K, +
(R, f))

+ sin?

A 2
- - (3.46)
pe

which reduces to

2K)K. + K2+ p2 =0 (3.47)

in the classical limit as pjp, > Ay’Kj ~ Ay*KZ ~
Ay?K3 . and with f = 0.

As discussed earlier, in the @& scheme, the quantum
corrections take effect both near the classical singularity
and the event horizon. Thus, it is expected that the classical
singularity is resolved and replaced by the late time quan-
tum bounce and the event horizon is diffused by the early
time quantum bounce. Across the quantum bounces, we
would guess, the evolution becomes classical again; as a
result, the late/early time quantum bounce bridges one
cycle of classical evolution with the next/previous classical
cycle.

As in the i scheme, the constant K, remains fixed
throughout the evolution but since p,b and p.c have
different physical meanings before and after the quantum
bounce according to (3.40) and (3.41), analogous to (3.29),
(3.30), and (3.33), we define

Y dpy _
pj,/z dr

d
effective K, := y—lpc( YPb Pc)

2p:2/2 dr
_ _ sin(fil.c)
=y ‘COS(Mﬁ,b)pCT

c

+ v~ [cos(@a},b)

b
~ costjite)]p, SNELD), (3.48)
Mh
. . - _y dpc
effective K, 1=y IPb(chl/z dT)
sin(@’ b)
=y COS(,LLCC)pb¢
b
(3.49)

and

=G~ 1\/2)_5-

effective mass : leffective K _||effective K|

(3.50)

to characterize the classical evolution in different classical
periods.

Starting with f = 0 and p.c = yK, in a given cycle of
classical phase, we would guess f varies widely when it
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undergoes the bounce but anchors to a nonzero constant
(such that effective K. = K. + f) in the consecutive clas-
sical cycle when it jumps over the bounce. (The numerical
analysis shows that this indeed is the case.) At the epoch
right before the late time bounce, we have effective K, =
K., effective K;, = K;, = —2K_, and p;, = 0; immediately
after the late time bounce, we then have effective K, =
K, + f, effective K, = —2K, + f, and p;, = 0, which
should satisfy the classical Hamiltonian constraint (2.27)
and thus give

2(—2K. + )(K. + )+ (—2K.+ f)>=0. (3.51)

This yields f = 0 or f = 2K, and consequently implies
that the effective K, is altered to be K. + f = 3K, and
effective K, = K, + f = 0 right after the late time
bounce. Similarly, starting with effective K. = K_, effec-
tive K, = K;, = 0, and p, = 0 at the epoch close to the
early time bounce, we can infer that f =~ —2K,/3, effec-
tive K, = K, + f = K,/3, and effective K, = K, + f =
—2K,/3 immediately across the early time bounce. We
then conclude that the quantum bounce resolves the black
hole singularity and bridges it with the diffused horizon of
another black hole (not white hole); the parameter K, in
one cycle of classical phase is shifted to 3K, in the next
classical cycle and to K./3 in the previous cycle.
Schematically, the varying of the effective K, is summa-
rized as
. 13(2 b(ou_nc)eK? b(ou_nc)e ch(ou_nc)e3 bounce32 K
To find out the precise condition for the occurrence of
quantum bounces, by substituting (3.43) and (3.44) into
(3.37) and (3.39), we study the differential equations:

1l dp. _ 'V dp,
p. di' 4ap, dt

2 ZA
_, \/pbpc COS( \/ v

(K’ +f)

(3.52)

(K, +f))

X sm

(3.53)

ldpbz

Pb dt/

vV _dpy
47rp, dt

I;%IZ COS<\/IZ?A:(KL + f))
X I:sin<\/lﬁ(12;7 + f))
s 220+ )

These are the modifications of the classical counterparts
(2.31) and (2.32).

(3.54)
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Similar to the case of (3.23) in the & scheme, p. gets
bounced once the “cos(- ) term in (3.53) flips signs.’
This happens when

,YZA _ ’pbpc
cos( Pch(K +f)) 0=K.+f= A
(3.55)

Assuming p, also gets bounced roughly around the same
moment,” at which (3.55) is satisfied, we have the approxi-
mation:

2
sin( 72 A (K} + f)) = sin(% +
»Pc

Py
’ A
= cos 7/2—(K§7 — KC)>

A
L4 (K;,—Ka)

1 72A 1
~1- K, — K.)?+—
2! p2p. ( AT
2AN2
><<72 )(K;,—Kc)u
»Pe

(3.56)

Taking (3.55) and (3.56) into (3.46), we have

6 )

pbpc

0=2 —
AI: 2pbc

2
pbpc[ YA 2
+ |- (K, — K,)
y2A 2ppp. "¢

ZA 2
+4‘( )(K’ Kc)4:| +pi4-,

X (K} — Ky]

(3.57)

which, provided that p,, p.>> y*A when the bounce
occurs,9 leads to the condition for occurrence of the bounce

in p,.:

"The numerical result further shows that once the cos(- - -)
term in (3.23) or (3.24) flips signs from +1 to —1, it quickly flips
back to +1. Both cos(.c) and cos(f,b) flip twice during the
bouncing period. This concurs with the previous finding that the
quantum bounce bridges the black hole with another black hole
(instead of a white hole). By contrast, in the & scheme, cos(f.c)
and cos(fz.c) flip from +1 to —1 only once and thus the
quantum bounce conjoins a black hole with a white hole.

8This is because (3.53) and (3. 54) are coupled through V=
4mpy/p.. We can see that this is indeed the case in the
numerical solution.

“We will see that this is true until p, eventually descends into
the deep Planck regime in the far late time.
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YA _26-45)

ppe (K, — K.)
N {2(39 K;/_) for the late time bounce in p,,
23 ‘/_) for the early time bounce in p..

(3.58)

Here, we have exploited the fact that (2.28) and (3.45) are
formally identical and therefore K/ remains almost con-
stant (I?;7 ~ K, — —2K_ or 0) close to the late/early time
bounce even when quantum corrections take effect later.
(In the bouncing period, the quantum effect varies f dra-
matically but modifies K/, only slightly.)'®

Similarly, p, gets bounced once the cos(--*) term in
(3.54) flips signs. Following the same argument above, we
conclude that the big bounce of p;, happens when

YA \2
o~2p”p‘[ - T2 k- K2+ ( )
A 2pb Pe bpc
(& — Kc)“] N pbzic P, (3.59)
Y

which leads to the condition for occurrence of the bounce
in py:

v*A _ 6
pype (K, — K.
2 for the late time bounce in Ph
~ {35‘2‘ . T (3.60)
Fe for the early time bounce in p,,.

Since the Taylor series of cosx = 1 — x?/2 + x*/4! +
- converges very rapidly, the approximation made above
is fairly accurate if

A
x| = ,/Yz—mg —Kl<m
Phpc

which is satisfied for both (3.58) and (3.60).

Knowing the conditions for occurrence of bounces, we
are able to estimate the black hole mass in different clas-
sical cycles. Let M be the mass of a given classical cycle
with the constant K; (2.42) then tells us

_ pC(;ﬂ)(%:(ilzl/L)gC)z

where we denote the epoch of the late time bounce in p,. as
7" and the instant right before 7/ as 7/, at which the
quantum effect is still negligible and the evolution is
classical enough so that K,(#/) — —2K,. On the other
hand, let )¢ be the mass of the black hole in the next
classical cycle after the big bounce; (2.41) then gives us

(3.61)

PF) (3.62)

2002
oM Pyt

Do not confuse K/ with effective K. The former remains
constant through the bounce while the latter is offset by f.
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FIG. 3 (color online).

Solution in the @&’-scheme phenomenological dynamics: With the same initial condition as given in Fig. 1 and

the Barbero-Immirzi parameter is set to y = In2/(~/37). 7 is the proper time and 7, = 7(¢}). The event horizon is diffused by the early
time bounce and connected to another black hole of a larger mass. The classical singularity is resolved and replaced by the late time
bounce, which bridges the black hole with another black hole of a smaller mass. The vicinity of the early time bounce is zoomed in in

Fig. 4 and that of the late time bounce in Fig. 5.

M
K, )2 ~ Pc(t+) (3.63)

GZ%Z — i(// < _ ,
Pc( +) Kh(t” 4

1)+ 2K,

where we denote the instant right after 7/ as #//, at which
the evolution is classical enough and thus K,(#]) — 0.
Meanwhile, at 7, (3.58) also tells us

YA _26-3)
X T

Assuming that 7, 7, , and 7_ are fairly close to one another

so that p.(fy) = p.(i-) = p.(f) and py(7) = py(i-), we
can infer from (3.62), (3.63), and (3.64) that

(3.64)

9 13 (y*AM\1/3
S ~
D (M) (32(3—\/5)) ( G? )
2
~ 0.605(7 (?ZM)I/B. (3.65)

While this analysis gives a very good estimate with small

error due to approximation, the detailed numerical solution

gives the more precise result

Y:AM
G2

1/3
EIR(M)zO.524( ) =~ 1.161(m3,M)'3, (3.66)

where mp, := 4/li/G is the Planck mass. As a result, the
effective mass is tremendously decreased by the late time
bounces until it eventually approaches ~mp); schemati-
cally, the varying of the effective mass is summarized as

DR () T () R M R )
PREEMERM)) - <+ (3.67)

The differential equations (3.36), (3.37), (3.38), and
(3.39) can be solved numerically for a given initial condi-

tion. The numerical solution is shown in Fig. 3, which
depicts both the late time and the early time quantum
bounces. The vicinity of the early time bounce is zoomed
in in Fig. 4 and that of the late time bounce in Fig. 5. The
early/late time quantum bounce bridges a classical phase
with another classical phase in the previous/next cycle.
Contrary to the & scheme, the epochs of bounces in p,
and p,, are very close to each other (see footnote 8). Toward
the future, the effective K. becomes larger and larger while
the effective mass becomes smaller and smaller. As can be
seen in Fig. 5, the semiclassicality is less and less estab-
lished and eventually p,, grows exponentially (with respect
to 7) while p,. asymptotically descends to a constant in the
deep Planck regime, in which the quantum fluctuations
become essential.

Although the validity of the semiclassical analysis might
break down when the solution descends into the deep
Planck regime,'" it is still instructive to know the asymp-
totic behavior within the same phenomenological frame-
work. To find out the asymptotic solution, we assume
Pe = De» Py = Dpe”™ with constants p., p,, and k. By
(3.37) and (3.39), we have

1 dp 2

— —°=0=—=cos(tl.c)sin(a}b), 3.68

o dn /Y (@gc)sin(ay,b) (3.68)
1 dpb 1 _ . _ . -
— — = k = —— cos(a},b)[sin(f}b) + sin(i’c)],
Db dr ’)/\/—A— My My M

(3.69)
which yield glc = 2n + 1/2)m with n € Z [such that
n particular, the cotriad component w. = L./g. grows

exponentially and the quantum corrections on it have to be taken
into account.
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FIG. 4 (color online).

Zoom in of the early time bounce in Fig. 3: (a) p,(7) and p.(7) = gqqa (7). The epochs of bounces in p;, and p,

are very close to each other. (b) g,.(7). (c) 4/y*A/ (plz7 P.), which signals the occurrence of bounces. The conditions of (3.58) and (3.60)
are indicated by dashed lines. (d) cos(jx},b) and cos(f.c), fairly close to each other; both flip signs twice when undergoing the quantum
bounce. (e) Effective mass, with the constants M and )¢~ (M) indicated by dashed lines. See (3.67). (f) f(7). f = 0 in the classical
cycle on the right and f = —2K,/3 on the left. (g) Effective K., with the constants K. and K,./3 indicated by dashed lines.
(h) Effective K, which becomes 0 on the right of the bounce and —2K /3 on the left. [For (f)—(h), see (3.52) and the text prior to it for

the details.]
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through quantum bounces. The semiclassicality of these cycles is however less and less established; eventually, p. descends into a
deep Planck regime as p. — p,. and p, grows exponentially as p, — p,e*” with constants given by (3.78) and (3.79). (b) g,,.(7).

(©) ‘/'yZA /( pi p.), which signals the occurrence of bounces. The conditions of (3.58) and (3.60) with corresponding effective K, are
indicated by dashed lines. (d) cos(i,b) and cos(f.c), which are close to +1 in classical cycles but oscillate rapidly when the
semiclassicality breaks down and eventually cos(ii.c) — 0 and cos(i},b) — cosf as given in (3.77). (e) Effective mass, with the

constants M, De(M), M(Ve(M)), .. .indicated by dashed lines. See (3.67). (f) f(7), which becomes constant in each classical cycle.
(g) Effective K, with the constants K., 3K, and 32K, indicated by dashed lines. (h) Effective K,,. [For (f)-(h), see (3.52) and the text

prior to it for the details.]
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Zoom in of the late time bounce in Fig. 3: (a) p,(7) and p.(7) = gaa (7). A few classical cycles are connected
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cos(.c) =0, sin(@z.c) = 1], ,b = B being a constant
and consequently

1
Kk = —=cosB(sinB + 1). (3.70)
yVA
Substituting these into (3.36) and (3.38), we have
? =0=b=0b being a constant, (3.71)
T
de  _ [B cosB(sinB + 1) y ]
— = ppe’’ + =c
dr Py yA\/P. 133/2
= ce*” with a constant c. (3.72)

Additionally, 2n + 1/2)7 = il.c = c\/p.A/ p;, yields

_ T\ DP»
c=\2nm+ —) . (3.73)
< 2/ p.A
Taking (3.73) into (3.72), we have
inB +
(2n77 + I)K _ BeosBlsing 1) | ”_JK. (3.74)
Finally, the Hamiltonian constraint (3.34) reads as
A2
L4 (3.75)

ZSin,B + Sinzﬁ + —_ = 0.
p

Summing up (3.70), (3.74), and (3.75), we have
(2n77 + g) cosB(sinB + 1) = BcosB(sinB + 1)

— 2sinf — sin’,

(3.76)
the numerical solution of which is given by
B =2nm — 0.587233, cosB =0.832477. (3.77)
By (3.70) and (3.75), this leads to
P o= 1.24823y*A = 0.0280788€3, (3.78)
and
k= 0371235y ' A1/2 =~ 2.47518¢5,". (3.79)

These precisely agree with the asymptotic behaviors shown
in Figs. 5(a) and 5(d). Also note that (3.78) is fairly close to
the lower bound in (3.35)."?

Finally, as to the issue of dependence on I, (3.40) and
(3.41) imply that the quantities i}, b, f.c depend only on
pytdpy/dr, pZldp./dr and thus are independent of I

121t was claimed in [15] that the fi-scheme phenomenological
dynamics extends a classical Schwarzschild black hole to a patch
of a nonsingular charged Nariai universe, which gives constant
p.. However, a closer look suggests that the extended part is not
a patch of the classical Nariai universe but instead represents the
quantum spacetime which formally exhibits a Nariai-type metric,
as the asymptotic constant p, is in the deep Planck regime ( <

).
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(recall p, « L, p. = L°). Consequently, (3.43) and (3.44)
tell us that K, K,, and f all scale as o« L. Therefore, the
phenomenological dynamics given by (3.53) and (3.54) is
completely independent of the choice of I as is the clas-
sical dynamics. In particular, the choice of I has no effect
on the conditions of bounce occurrence in (3.58) and
(3.60). This is a desirable feature that the & scheme does
not have. (However, if we further impose the quantum
corrections on the eigenvalue of the cotriad operator @,
this invariance is broken again.)

IV. SCALING SYMMETRY

We have noted that the classical dynamics and the
phenomenological dynamics in the i’ scheme are both
completely independent of the choice of the finite sized
interval J, whereas the phenomenological dynamics in the
i scheme reacts to the physical size of J. This can be
rephrased in terms of the scaling symmetry'?; that is, the
classical dynamics and the @'-scheme phenomenological
dynamics are invariant under the following scaling:

b, c— b, lc,
M— M.

Pb Pe = Py, Do
K.— IK,,

.1

(Note that the scaling for K. should be accompanied by the
same scaling on K, in classical dynamics and on K/, as well
as f in the &’ scheme; that is K, K}, f — IK,, IK}, and
[f.) On the other hand, the & scheme does not respect this
scaling. In particular, the conditions for bounce occurrence
given in (3.27) and (3.28) depend on J while those in (3.58)
and (3.60) do not.

This implies that in the & scheme the choice of I has a
physical consequence, and in the language of the no-hair
theorem, one extra parameter (M’ or K,) is required to
completely characterize the extended Schwarzschild solu-
tion. In the &’ scheme, by contrast, the choice of I is
physically irrelevant, and the no-hair theorem holds the
same.

Additionally, the classical dynamics also admits the
symmetries given by

Y—=&Y.  Pu Pe— 1°Pp MPe
b, c — &b, Ec, K, — n’K,, M — nM.
(4.2)

T— N7,

The scaling symmetry regarding y — &y is expected,
since the Barbero-Immirzi parameter y has no effect on

A dynamical system is said to be invariant under a certain
scaling if for a given solution [p,(7), p.(7), b(7) and ¢(7)] to the
dynamics, the rescaled functions also satisfy the equations of
motion (i.e., Hamilton equations and vanishing of Hamiltonian
constraint). For the classical dynamics, the equations to be
satisfied are (2.18), (2.19), (2.20), (2.21), and (2.22); for the
i scheme, (3.10), (3.11), (3.12), (3.13), and (3.14); and for the
' scheme, (3.36), (3.37), (3.38), (3.39), and (3.46).

064040-16
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the classical dynamics. The scaling symmetry regarding
T — 77 is also easy to understand, since there is no tem-
poral scale introduced in the Hamiltonian.'* However, very
surprisingly, the scaling symmetry involving 7 — 77 is
violated for both the @-scheme and the @’-scheme phe-
nomenological dynamics. Curiously, this symmetry is re-
stored if 7 — m7 is accompanied by y — &7y and one extra
scaling is also imposed at the same time:

A — E292A. 4.3)

This intriguing observation seems to suggest, albeit specu-
latively, that in the context of quantum gravity the funda-
mental scale (area gap) in spatial geometry gives rise to a
temporal scale via the nonlocality of quantum gravity (i.e.,
using holonomies) and the Barbero-Immirzi parameter y
somehow plays the role bridging the scalings in time and
space. [This reminds us that, in LQG, the precise value of
the area gap A is proportional to <y, and v is also the
parameter which relates the intrinsic geometry (encoded
by spin connection I'})) with the extrinsic curvature (K,")
via A,/ =T, — yK,'.] Moreover, taking (4.2) and (4.3)
into (3.66), we also have

M — . (4.4)

The above observations for scaling symmetry draw close
parallels to those in [10,16] for the phenomenological
dynamics of LQC in the Bianchi I and Kantowski-Sachs
models. Because of the absence of any matter content,
however, some implications thereof are missing here; par-
ticularly, the occurrence of bounces is no longer indicated
by the (directional) matter energy density. Nevertheless, if
we define “‘energy density” p and “directional densities™

Pb> Pc aS

K2 K2 K2
P 8aGpip. PP 8aGpl PO 8aGpY
(4.5)

then according to (3.27), (3.28), (3.58), and (3.60), the
bounces can still be said to take place whenever energy
density or directional density approaches the Planckian
density pp := (87Gy?>A)~! (up to a numerical factor).
This not only paraphrases the condition of bounce occur-
rence in a universal form as (generalized) energy density
being the indicator for the bounce but also suggests that we
should put the anisotropic shear on the equal footing as

"For the Bianchi I cosmology studied in [10], a different
scaling p; — p; with ¢; — 1~ lc; is chosen to respect the
symmetry regarding 7 — m7. This alternative scaling does not
work in the case of Kantowski-Sachs spacetime, since it violates
the Hamiltonian constraint (2.17). That is to say, the presence of
the spatial curvature [i.e., the y?p? term in the bracket in (2.17)]
ties the temporal scale with the spatial scale; as a result, only the
scaling p,, p. — 1%pp, n°p. (which gives the spatial direction
the same scaling as in the temporal direction) with b, ¢ — b, ¢
preserves the symmetry.
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matter content and take into account the energy density
arising from it.'> From this perspective, the ideas of rela-
tional interpretation of quantum mechanics remarked in
[10,16] can be carried over even without matter content.
Unfortunately, all the scaling symmetries break down in
the detailed construction for the quantum geometry of the
Schwarzschild interior. The fundamental quantum theory
only respects the scaling symmetries at the leading order.
This is due to the fact that the quantum evolution in the
fundamental theory is governed by a difference equation,
in which the step size of difference introduces an additional
scale in the deep Planck regime [12]. In fact, already in the
level of phenomenological dynamics, the scaling symme-
tries are violated if we further take into account the loop
quantum corrections on the cotriad component w... For the
fundamental quantum theory, if we take the aforemen-
tioned symmetries seriously, we should revise the detailed
construction to have the step size in the difference equation
scale accordingly such that the symmetries are respected.

V. SUMMARY AND DISCUSSION

To summarize, we list the important facts for the classi-
cal dynamics, @-scheme, and '-scheme phenomenologi-
cal dynamics in Table I. The conjectured Penrose diagrams
are depicted in Fig. 6. In the following, the main results are
restated and their implications are discussed.

In the @-scheme phenomenological dynamics, the clas-
sical singularity is resolved and replaced by the quantum
bounce, which bridges the black hole interior with the
interior of a white hole. The black hole mass M is different
from the white hole mass M’ in general while the constant
K. flips signs but its magnitude is unchanged.

On the other hand, in the &’-scheme phenomenological
dynamics, the classical black hole singularity is resolved
and the event horizon is diffused by the quantum bounce.
Jumping over the quantum bounce, the classical black hole
with K. and M gives birth to a baby black hole with 3K,
and the decreased mass J)¢(M) in the consecutive classical
cycle. The baby black hole also brings forth its own baby
and this scenario continues, giving the extended spacetime
fractal structure, until eventually p, grows exponentially
and p,. asymptotes to a fixed value in the deep Planck
regime, where the spacetime is essentially quantum me-
chanical and the semiclassical analysis could be
questioned.

15As remarked in Sec. ILB of [16], the dynamics with
Kantowski-Sachs symmetry closely resembles that in the
Bianchi I model, implying that K. and K, characterize aniso-
tropic shear and the Hamiltonian constraint can be understood as
the relation which relates anisotropy with spatial curvature (and
matter energy if any). Moreover, it has been shown in
Appendix B of [9] that the anisotropic shear behaves as a kind
of anisotropic matter: the quantities defined in (4.5) can be
considered as the “‘energy density of the classical anisotropic
shear” (portioned to the specific direction).
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TABLE I

PHYSICAL REVIEW D 78, 064040 (2008)

Summary of the classical dynamics, @-scheme, and @’-scheme phenomenological dynamics.

Classical dynamics

Phenomenology in & scheme

Phenomenology in &’ scheme

27pr = 27TL\/gxngQ = Axd) = AX9

TP = Tgaa = Ayy

— d _ v dp.
b_')’E\/gQQ__/Z dr

— — Y dpp _ ypp dpc
c= 7d7 (L\/gxx) D7 dr T 2,7 dr

pc.c = vK,
pyb = YK, (1)
2K, K. + K; + p7 =0

dK, — V dKy _ _
dr’ 47 dr Py

Pes Ppb— 0

toward classical singularity.

Pe— 4G2M27 Py — 0
toward event horizon.

No quantum bounce.
K, fixed. M fixed.

Symmetry of scaling:
T— T

Y= &y

Po» Pe = 0Py, 0°p,
b, c— &b, léc

K. — In’K.

M — 9M

27pr - ZWL\/gxngQ quS
TP, = Tgaa = Ay

sin(@,b) 1 Yy _ dpe

A cos(ficc) 2pl/? dr
sin(ee) 1 y dpp 1 ypy_ dpe
fe cos(@yb) pl/2 dr cos(@.c) 2p/? dr

De sin(ﬁcc) — ’)’K
P S‘“,ﬂf”’ = vK, ()

2K, K. + K3 + pi =

e — 2 cos(f.c)K,(1')

4
Pe

L = cos(, bR, (1) + K]

dk, _
&k = —cos(@,b)p;

p. bounces whenever = (y2K2A)'/3;

pj bounces whenever

Epochs of bounces in p, and p,
could be very separate.
Classical singularity is resolved by
the quantum bounce, which bridges
the classical black hole with a

classical white hole:
K. —K,, M- M.

Symmetry of scaling:
T—NT
Y= &y
Pbs Pe = M°Pp> NP
b, c— &b, éc
K.— 7°K.
M — M
A — £729%A

~ (4K,

27pr = 27TL\/gxngQ = Axd) = Axo9
TP = Tgaa = Agy

b 1Ly dpe

i, cos(fl.c) zp‘/z dr
sm(u‘t) —_ 1y dp 1 Py dpe
. cos(@yb) pl/2 dr cos(@c) pp2? dr

pec =K.+ f(i")]
pyb = YLK, (") + f(1")]
2sin([ 52K}, + f)) sinG 32K, + )+

sinz(JAzyzb(K;, + /) +22=0

2 e = 2"’?”[)‘ cos(y/ A(K + 1)
X sin(y T, + £)

Lty = [ cos(ERR) + 1)

X [sin( Zii(liz + £)

+ sin( L2 (K. + £)]

dk;}__ 2

ar Py
p. bounces around the moment when
26-3)
YA 2(3 YO 9KZ
pppe  (K—K.)? 26-+3)

Kz
pp, bounces around the moment when
7’A 6~ |3K?

el v
pipe (K=K, %

Py, P bounce roughly around
the same moments.
Classical singularity is resolved
and event horizon is diffused;
quantum bounces conjoin
classical cycles of black holes:

- 3K, oK, o3K, o -,
o MM o M - IN(M) —
Eventually, p. descends into deep

Planck regime while p,
grows exponentially.
Symmetry of scaling:

T—NT
y— &y
Pbs Pe = 1% Py, 0P
b, c— &b, léc
(Ke + f) = In* (K. + f)
M, N — M, pIi
A — £729%A

With regard to the finite sized interval I chosen to make
sense of the Hamiltonian formalism, the phenomenological
dynamics in the & scheme depends on the choice of I.
Particularly, given the black hole mass M, the exact value
M’ of the conjoined white hole depends on I. In the

064040-18

language of the no-hair theorem, two parameters M and
M’ (or alternatively, say M and K,) are required to com-
pletely characterize the (extended) Schwarzschild solution,
although the information of M’ is hidden by the horizon
and inaccessible (at least semiclassically) to the external
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— M, K.

R R

FIG. 6 (color online). (Conjectured) Penrose diagrams: (a) (Maximally extended) classical Schwarzschild spacetime. Region II is the
black hole; region III is the white hole; region I is the asymptotically flat region, external to the black hole; and region IV is the other
asymptotically flat region. The wiggly lines are the black hole and the white hole singularities. (b) Schwarzschild spacetime in the
2 scheme. Both the classical black and white hole singularities are resolved by the quantum bounces (shaded areas), which bridge
black holes with white holes. (c) Schwarzschild spacetime in the @&’ scheme. The classical black hole singularity is resolved and the
event horizon is diffused by the quantum bounce. As a result, jumping over the quantum bounce (shaded area), the black hole gives
birth to a baby black hole with increased K. and drastically decreased mass. This lineage continues until eventually p, grows
exponentially and p, descends into a constant in the deep Planck regime as the spacetime becomes highly quantum mechanical. [The
shaded areas indicate the regions where the quantum effects are significant (the darker the shade, the stronger the quantum effects). The

patches for regions I and IV drawn in (b) and (c) are only conjectural.]

observer. By contrast, the phenomenological dynamics in
the @&’ scheme is completely independent of I as is the
classical dynamics and the no-hair theorem remains
unchanged.

In addition to the symmetry related to the choice of 7,
both schemes admit additional symmetries of scaling,
which are suggestive that the fundamental scale (area
gap) in spatial geometry may give rise to a fundamental
scale in temporal measurement. These symmetries, how-
ever, break down in the construction for the fundamental
quantum theory.

While the i’ scheme has the advantage that its phe-
nomenological dynamics is independent of I, the funda-
mental quantum theory of the Schwarzschild interior based
on the &' scheme is difficult to construct. Both the & and
&' schemes have desirable merits and it is still disputable
which one (or yet another possibility) is more faithful to
implement the underlying physics of loop quantum geome-
try. This issue is in the same status as that in the Bianchi [
[10] and Kantowsi-Sachs [16] cosmological models.
Hopefully, the detailed investigations in this paper on
both schemes would help elucidate this issue. However,
we should keep in mind that the validity of the phenome-
nological analysis remains to be justified. Some initial
attempt has been made in [22] to construct the semiclassi-

cal wave functions in the original w, scheme. It would be
worthwhile to extend the previous work to the improved (i
or ') scheme and compare the results with those obtained
here.

Meanwhile, it has been suggested [23] and recently
analyzed in detail for 2-dimensional black holes [24] that
quantum geometry effects may provide a possible mecha-
nism for recovery of information that is classically lost in
the process of Hawking evaporation, primarily because the
black hole singularity is resolved and consequently the
quantum spacetime is sufficiently larger than the classical
counterpart. It would be very instructive to study the
information paradox in the context of loop quantum ge-
ometry of the Schwarzschild black hole, as both resolution
of the classical singularity and augmentation of spacetime
have been observed at the level of phenomenological
dynamics.

Additionally, in the @&’ scheme, the quantum effects not
only resolve the singularity but also modify the event
horizon. The fact that the event horizon is diffused may
have an impact on the Hawking evaporation process.
However, the homogeneous framework used on this paper
only allows us to study the interior of the black hole and it
is unclear how exactly the horizon is diffused and pieced
together with the exterior (regions I or IV in Fig. 6). In
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order to extend the results to cover the whole spacetime,
the next step would be to apply the techniques described
here to the inhomogeneous formulation of spherically
symmetric loop quantum geometry such as was developed
in [25,26]. This in turn could enable us to study the
collapsing scenario of loop quantum black holes.
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APPENDIX: PHENOMENOLOGICAL DYNAMICS
IN THE p, SCHEME

One of the virtues of the improved strategy (i or
' scheme) in both the isotropic and Bianchi I models of
LQC is to fix the serious drawback in the original strategy
(e, scheme), whereby the critical value of matter density
p ¢ (in the isotropic model) or of directional densities ; (in
the Bianchi I model) at which the bounce occurs can be
made arbitrarily small by increasing the momentum p,, of
the matter field, thereby giving the wrong semiclassical
behavior [4,8,10]. In the case of the Schwarzschild interior,
without the reference of matter content, it is not clear
whether the u, scheme is problematic in regard to semi-
classicality. For comparison, the phenomenological dy-
namics in the w, scheme is presented here.

In the phenomenological theory of the u, scheme, we
take the prescrlptlon to replace ¢ and b with sin(u9c)/u?
and sin(ub)/ uy by introducing the fixed numbers w2 and

o for discreteness. Analogous to (3.2), we have the ef-
fective (rescaled) Hamiltonian constraint:

1 sin(u?b) sin(ulc)
= {2 b PvPc

fooo 26y wp e

sin( 9 b)\2
+ <7,U«0b ) p;+ yzpi}.

b

(AD)

To get an idea where the quantum corrections become
appreciable, employing the classical solution given by
(2.29), (2.33), and (2.34), we estimate the quantities wjb
and ulc:

K, o0 ast — o
01, — 0 ’
mob = yujp P {0 as i — —oo, (B2
K 00 as ' — oo
[ 0o_"C _, 0 ’
MeC = YMc D, {ngﬁi as f — —oo. (A3)

This suggests that the quantum corrections are significant
near the classical singularity and negligible on the horizon
provided that
4G*M?
c K (A4)
Y

K
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which can always be satisfied if we choose I small enough
for a given M.

The equations of motion are given by the Hamiltonian
constraint ), = 0 and Hamilton’s equations:

oH!
d—C, ={c H,}= 2Gy—“"
dt ap.
— 2y 1) s1n(,u;hb) sm(,u,cc)’ (A5)
Hp lu’c
dp. oH',
dl; =P Hy,} = 26y — =
b
=27"pbpccosw2’6)7sm(’f,b ), (A6)
Hp
db oH,,
— ={bH, } =Gy—"°
d[/ ’u” pb
— sin(uyb) sin(ulc)
Comg e
-1 sin(upb) 2
Y Pyl | ~VPwr (A7)
)
dpb aH/
= ) = _G
ar e Yon
=y~ pycos(uf )[ Sm("f,”b) + pe sm(’ffc)],
My Me
(A3)
which follow
%I: smf:;cc)] 0= Csm(/,zcc) — K. (A9)
and
sin( b) dK?
Pe : DyKy(r), d—t’b = —y2p? cos(uyb).
b
(A10)

These are exactly the same as (3.17), (3.18), (3.19), and
(3.20) except that the discreteness variables fi,. and @, are
now replaced by u? and uj.

Therefore, exploiting the close resemblance between the
o scheme and the w, scheme, we can readily repeat the
calculation we did in Sec. III A and obtain the differential
equations [cf. (3.22), (3.23), and (3.24)]:

ki _ cos(ugb)2KKe + K — K3), (Al1)
dr’

1 dp. o N o

E o = 2cos(ulc)Ky, (A12)
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where

1 dpb (2] (0]
P_b v = cos(ugb)[Ky + K], (A13)
cos(ulc) = *[1 — sinu2c]'/?
0K \2T1/2
- i[l—(M)] , (Al4)
Pe
cos(ugb) = =[1 — sin’uyb]'/?
0 KoN2T1/2
_ i[l _ (M) ] , (A15)
Pbp

which give the bouncing solution similar to that given in
the fi-scheme phenomenological dynamics except that the

(1]
(2]

(31

(5]

(6]
(7]

(91
(10]
(11]
[12]

(13]
[14]

PHYSICAL REVIEW D 78, 064040 (2008)
exact conditions at which the bounce takes place are given
differently by [cf. (3.27) and (3.28)]

p. = YK, < 4G*M2, (A16)

Py = YuplKyl = 2yulK,. < 8G*M>. (A17)

The phenomenological dynamics of the u, scheme
closely resembles that of the @& scheme. The classical
singularity is resolved and replaced by the quantum
bounce, which bridges a black hole interior with a white
hole interior. The dynamics also depends on the choice of
I. The exact solution with uj = u? = & can be found in
[14,15].
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