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We numerically investigate the solutions to the effective equations of the Bianchi II model within
the “improved” Loop Quantum Cosmology (LQC) dynamics. The matter source is a massless scalar
field. We perform a systematic study of the space of solutions, and focus on the behavior of several
geometrical observables. We show that the big-bang singularity is replaced by a bounce and the
point-like singularities do not saturate the energy density bound. There are up to three directional
bounces in the scale factors, one global bounce in the expansion, the shear presents up to four
local maxima and can be zero at the bounce. This allows for solutions with density larger than the
maximal density for the isotropic and Bianchi I cases. The asymptotic behavior is shown to behave
like that of a Bianchi I model, and the effective solutions connect anisotropic solutions even when
the shear is zero at the bounce. All known facts of Bianchi I are reproduced. In the “vacuum limit”,
solutions are such that almost all the dynamics is due to the anisotropies. Since Bianchi II plays an
important role in the Bianchi IX model and the Belinskii, Khalatnikov, Lifshitz (BKL) conjecture,
our results can provide an intuitive understanding of the behavior in the vicinity of general space-like
singularities, when loop-geometric corrections are present.

PACS numbers: 04.60.Pp, 04.60.Bc, 98.80.Qc

I. INTRODUCTION

Loop Quantum Gravity (LQG) [1] has recently emerged as a strong candidate for a quantum theory of gravity.
One of the main motivations for such a theory is to provide a solution to the big-bang singularity. Even when the
full theory has still little to say about the initial singularity, a symmetry reduced theory, namely Loop Quantum
Cosmology (LQC) [2-4], has been extremely successful at providing precise answers to that question. The theory
is constructed by applying the methods of LQG to a symmetry reduced sector of general relativity. As examples
of these reduced configurations, several authors have studied cosmological models with a massless scalar field and
geometrically isotropic [5-9], homogeneous and anisotropic [10-13], and some inhomogeneous cosmologies [14]. The
common theme among these models is that they resolve the big bang singularity [15]. The way singularity resolution
occurs is by means of physical observables (in the sense of Dirac) whose expectation values (or spectrum) have been
shown to be bounded [16-19]. These results benefit from uniqueness results that guaranty the consistency of the so
called “improved dynamics” [19, 20].

In a sense, isotropic LQC can be seen as a realization of one of the main objective of LQG, namely, to solve the
big-bang singularity. In this case the singularity is replaced by a bounce that occurs precisely when the matter density
enters the Planck regime. At this energy density, the quantum effects create a repulsive force, the would-be singularity
is avoided and the resulting ‘quantum’ spacetime is larger than one might be led to believe. As has been shown in
detail, when the density decreases, the state very quickly leaves this quantum regime, and the universe returns to
being well described by general relativity [2]. With the final goal in mind of investigating the most general issue of
singularity resolution within LQG, one expects to gain useful insights from results obtained for less symmetric models.
The simplest such model is given by Bianchi I cosmologies [11] where no spatial curvature exists. Even for this case
we do not possess yet a full exact evolution of the quantum equations of motion.

For both isotropic and anisotropic models, a very useful tool has been the use of the so-called effective description,
a ‘classical theory’ (in the sense that it does not contain %) that has information about the geometric discreetness
contained in loop quantum gravity. In isotropic models, the solutions to the effective equations have been shown to
approximate the dynamics of semiclassical states in the full quantum theory with very good accuracy [7-9, 21]. In
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the case of anisotropic models we also expect that the effective solutions play an important role for describing the
evolution of semiclassical states. Thus, we shall adopt the viewpoint that it is justified to study the effective dynamics
for those cosmological models, as a way to learn about the full ‘loopy’ quantum dynamics.

So far, the anisotropic models that have been explored in detail, through the so called effective equations, is the
LQC Bianchi I model [10], the Bianchi IT and Bianchi IX models [22]. In this last work the authors perform an
analytical analisis on a set of observables, namely density, expansion and shear, which allows them to find universal
bounds on these quantities. In this paper we will study the numerical solutions to effective equations obtained
from the “improved” LQC dynamics of the Bianchi II model [12]. The Bianchi II cosmological model represents
the simplest case that posses spatial curvature, from which the Bianchi I model can be recovered when a parameter
measuring the spatial curvature contribution is ‘switched off’. The Bianchi II model possesses another interesting
feature, namely, it lies at the heart of the Belinskii, Khalatnikov, Lifshitz (BKL) conjecture [23-25], which suggest
that, as one approaches space-like singularities, the behavior of the system undergoes Bianchi I phases with Bianchi II
transitions. One question that remains open though is whether this BKL behavior will survive in the effective theory.
That is, will the oscillations between Bianchi I phases occur far from the Planck scale? or will the loop-geometric
effects prevent this ‘mixmaster’ behavior to manifest itself? From this point of view, it is important to study in
detail the Bianchi II solutions. The most natural strategy to gain this intuition is to perform a systematic study of
the solutions to the effective equations, under the assumption that they describe correctly the quantum dynamics.
But even if the effective solutions do not describe correctly the quantum dynamics of the semiclassical states in some
regime, we need to study them in detail in order to compare them to the full quantum dynamics —when available—
and prove their validity. One can also expect that this study will shed some light on the larger issue of understanding
generic space-like singularities in LQG.

The purpose of this paper is to study in a systematic way the space of solutions of the effective equations. The
matter source that we shall consider is a massless scalar field that plays the role of internal time. The objective is to
understand the singularity resolution, the asymptotic behavior and the relation between the Bianchi IT and Bianchi
I models. The strategy will be to take limiting cases and compare them with known solutions. This will allow us
to understand the new insights of the Bianchi IT model. All the information will come from the set of observables
that we define, namely, directional scale factors, Hubble parameters, expansion, matter density, density parameter,
shear, shear parameter, Ricci scalar, curvature parameter and Kasner exponents. With these tools in hand we shall
compare the classical and the effective solutions. Later on, the isotropic limit will offer interesting new insights into
the Bianchi IT dynamics, while the Bianchi I limit will allow us to confirm that our solutions agree with the previous
results of [10, 22]. The symmetry reduction to the Locally Rotationally Symmetric (LRS) Bianchi IT model will give
us a way to find generic solutions with maximal density, at the bounce, larger than the critical density derived in the
isotropic case [7, 18]. Further, the vacuum limit will allows us to study the extreme solutions where all the dynamical
contributions come from the anisotropies and verify the upper bounds found in [22]. Finally, due to the fact that our
work is numerical we will show that our solutions converge and evolve on the constraint surface. The convergence
is an important issue that needs to be shown, because one needs to ensure that the numerical methods are well
implemented, and that the numerical solutions converge to the analytical solutions.

The structure of the paper is as follows. In Sec. II we recall the classical theory in metric and connection variables,
together with the basic observables to be studied. In Sec. III we introduce the effective theory and compute its
equations of motion. Numerical solutions are explored in Sec. IV, where they are systematically studied taking the
classical, isotropic, Bianchi I, maximal density and vacuum limits. We end with a discussion in Sec. V. There is one
Appendix where we study the convergence and evolution of the conserved quantities. Throughout the manuscript we
assume units where ¢ = 1, the other constants are written explicitly.

II. CLASSICAL DYNAMICS

The metric for a Bianchi IT model can be written as
ds? = —=N(7)%d7% + a1 (7)? (dz — az dy)? + ao(7)? dy? + as(7)? dz?, (2.1)

where the parameter « allows us to distinguish between Bianchi I (aw = 0) and Bianchi IT (o = 1) cases. Bianchi I
cosmological solutions are also interesting, since they give information about the asymptotic behavior of Bianchi II.
Classically, the Bianchi I case with a massless scalar field has solutions given by [26],

ds? = —dt® + 251 da? + 292 dy? + 12 422 (2.2)



the so-called Jacobs stiff perfect fluid solutions.! Here, the parameters k; are known as the Kasner exponents satisfying
k1 + ko + ks = +1 (the minus sign is inserted, for future reference, as we want to take into account the change of

direction of the expansion at the bounce) and kf 4 k3 + k3 + k7 = 1. In the literature, a massless scalar field is also

known as “stiff matter”,? and satisfies the equation of state P = p, where P is pressure and p is the energy density.

All these solutions have an initial singularity at ¢ = 0, that can be of four types [26]:

1. Point type singularity. This means that a1,a2,a3 — 0 as ¢ — 0. This happen in the Jacobs solutions when
ki,ko, ks > 0.

2. Cigar type singularity. These occur when a1, a3 — 0 and ag — oo as t — 0. This happens when k1, ks > 0 and
k3 < 0. (cyclic on 1,2,3)

3. Barrel type singularity. Defined by a1,a2 — 0 and as approaching a finite value as ¢ — 0. This happen when
k1,ke > 0 and k3 = 0. (cyclic on 1,2,3)

4. Pancake type singularity. In this case, a1 — 0 and as, asz approaches a finite value as ¢ — 0 (cyclic on 1,2,3).
This kind of singularity is not realized in the Jacobs solutions (nor the Bianchi II with a massless scalar field,
or “stiff” matter) [28]. This can be understood easily. This singularity happens when k; > 0 and ko = k3 =0
(cyclic on 1,2,3) in the Bianchi I case, satisfying the constraint equations: ki + ko + k3 = 1 that gives k1 = 1.
Now, the condition kf + k3 + &3 4 &2 = 1 implies that kg = 0, which means that there is no matter. Thus, this
type of singularity is not possible if there is stiff matter present.

These names for the different types of singularities, introduced by Thorne in [29], refer to the change of the shape
of a spherical element as the singularity is approached. The Jacobs solutions will be useful in our analysis, since
Bianchi II is past and future asymptotic to Bianchi I? (see, for instance [30, 31] and section 9.3 of [32]). Additionally,
Bianchi II is a limiting case for the effective equations of Bianchi II that come from its quantization [12] in the loop
quantum cosmology (LQC) framework. Then, in the classical region, Bianchi I (Jacobs) solutions are limiting cases
for the effective Bianchi II that arises from LQC.

We will now rewrite the classical theory in terms of triads and connections in order to connect with the effective
theory that comes from the quantum theory. To do this we use the fiducial triads and co-triads and introduce a
a

convenient parametrization of the phase space variables, E¢, AY given by

E¢ = p;LiVy /]| %} and Al =L W, (2:3)

without sum over i, where Vo = L1 Lo L3 is the fiducial volume and L; the fiducial lengths with respect to the fiducial
metric %qp := ;%" %W, with co-triads

We = (A7)0 — a2(dy)a, W2 =(dy)a Wi = (d2)a (24)
and triads
() () () ()
with Lie bracket [%s, %3] = —%;,*, with a = 1. A point in the phase space is now coordinatized by eight real numbers
(pi, i, ¢, Dg), with ¢ the scalar field and py its conjugate momentum. The Poisson brackets are given by
{ci, pj} = 87Gy 5 {o.ps} =1, (2.6)

I The metric form (2.2) is taken from [27], where one can find a large class of analytical solutions to spatially homogeneous cosmological
models.

2 In the original article [26], this solution is called “Zel’dovich universe”.

3 This is true when the matter is a massless scalar field. For other matter the asymptotic solutions are different.

4 We are using the notation from [12] and chapter 11 of [33]. Note that this is not the typical choice ([%z2, %3] = %) for Bianchi II. This
choice only implies a change from one invariant set (n1 = 1) of Bianchi II to the other one (n1 = —1), but the physical properties are
the same, given that the equations of motion have this discrete symmetry. For more details see [32—-34].



where v is the Barbero-Immirzi parameter. The Hamiltonian formulation will be complete with the Hamiltonian
constraint, which for a lapse function N = \/|p1paps| reads [12],

1

CH=——
" G2

2 2
ap2p3 b
P1P2C1C2 + Pap3cacs + P1pscics + aepapser — (1+77) < % ) ] - jd) =0 (2.7)
1
where again « distinguish between Bianchi I and Bianchi II, e = +1 depending on whether the frame e is right or
left handed (in our solutions we assume € = 1, i.e. p; > 0). The equations of motion are given by the Poisson brackets
with the Hamiltonian constraint

pr = 7 (p1paca + pipscs + aepaps), (2.8)
P2 = 7 '(p2p1c1 + papscs), (2.9)
Pz = v ' (papric1 + papaca), (2.10)
. _ 1 Qapaps 2
i = —! {pzclc2 + pscics + 2—(1 + 72)(ﬁ) }, (2.11)
D1 b1
. _ 1 « 2
Cp = —y71 [p1cgc1 + p3cacs + aepscy — g(l + 72)( ZQP?’) ], (2.12)
2 1
. _ 1 « 2
¢ = —y71 [p10361 + pac3ca + aepacy — g(l + 72)( ZQP?’) ], (2.13)
3 1
Pp = 0 = pg = constant, (2.14)
b = —py = b=—pyr, (2.15)

where 7 is called the harmonic time (with lapse N = /|p1p2ps|). The last equation shows that the field ¢ can be
used as internal time. The harmonic time 7 is related to the cosmic time ¢ (with lapse N = 1) by the equation

d_ 1 d
dt V/ [p1p2ps] dr

It is with respect to this time that we will define the observable quantities. The derivative respect to the cosmic time
will be denoted by dO/dt = O’, then O’ = O/+/|p1p2ps|. From the equations of motion it is straightforward to show
that the classical solutions posses the constants of motion

(2.16)

c1p1 +c2p2 = iz, (2.17)
cip1 +c3ps =i i3, (2.18)
C3P3 — CoP2 = Q32 = Qi3 — 2, (2.19)

with aq2, aq3 constants. This will allow us to solve analytically equations (2.9) and (2.10),

. _ _ Q13T
P2 = 'pa(pic1 + pacs) =7 'paais = P2 = pJ exp ( S ) , (2.20)

. _ _ Q1T
B3 =7 'ps(pic1 + paca) = v 'psaia = P3 = P exp ( S ) : (2.21)

The existence of this exact solutions gives us the opportunity to compare the numerical solutions with the analytical
ones for ps and p3. Also, we can check that during the evolution, for the numerical solutions, a;s and aj3 remain
constant.

In order to determine how the classical singularities are resolved and how the effective equations evolve, the quantities
that we will study are:

1. The directional scale factors

DjPk

-1
ai:Li s s
%

with i # j # k #4 and p; > 0,4 = 1,2,3. This makes easy the comparison between the classical and the effective
solutions.



2. The directional Hubble parameters
PR )
a;  2\pj Pk D
with i # j # k # i. This quantity tells us when each direction bounces (H; = 0) or if these directions are
contracting (H; < 0) or expanding (H; > 0).
3. The expansion
!/

1%
6= =Hi+Hy+ H.

This quantity gives the total expansion rate and determines when there is a global bounce (6 = 0). An equivalent
quantity is the mean Hubble parameter

0 1

4. The matter density

B n
2V2  2pipaps’

If the singularities are resolved then this quantity must be finite thoughout the evolution. Other quantity that
measures the dynamical importance of the matter content is the density parameter €2, defined by
_8nG p

This parameter is related to the Kasner exponents in Bianchi I by the equation @ = 3k3 = 3(1 — ki — k3 — k3)
(see, for instance [26]).

5. The shear

3
1 1
0% = oo™ = §[(H1 — Hy)? + (Hy — H3)* + (Hy — H3)?] = § H} - 592~
=1

Note that this definition of ¢? differs from the standard definition o2 = %aabaab. Another important quantity
is the shear parameter
9 302 o?

T 202~ 6H? &%)

that measures the rate of shear (i.e. anisotropy) in terms of the expansion. In Bianchi I the expansion satisfies
6 = t~! (using the fact that V = ajasas = t*1+*2+%s = ¢ without putting explicitly the units). Then, the shear

parameter reduces to the relation X2 = 21262 = 3V2¢? = 34502 = 9%, where £} := %JzaG was the shear
parameter used in Bianchi I [10, 11], with a := (ajaza3)"/? the mean scale factor.
6. The Ricci scalar for the Bianchi IT metric, Eq. (2.1), is given by
a’ a! a aa a a ahal a2
R = (1+2+3+ 1% 4% 23)_@2 212' (2.24)
ay as as aias Q1a3 G203 2a3a3

When o = 0 it reduces to the Ricci scalar for Bianchi I. In terms of the new variables (¢;, p;) it has a simple
expression

i " 1"
1
R:&+p72+p73_ .’£2

— 2.2
p1 op2 ps 207 (225)



where z = o, /2283

. This equation can be rewritten in terms of other observables,
1

4
R=20+0°+ 592 — —z?. (2.26)

1
2
This relation provides the easiest way to calculate the Ricci scalar numerically. On the classical solutions 6’ is
given by the Raychaudhuri equation

1
¢ =—=-6%—-0>—16nGp. 2.27
2

One important feature of the Bianchi II model is that the spatial curvature is different from zero. thus, we
can introduce other quantity that give us information about the dynamical contribution due to the extrinsic
curvature, namely the curvature parameter K, given by

3z x?

_ o . 2.2
462~ 12H? (2.28)

Our choice of 2, %2 and K is motivated by the fact that, on the classical solutions for Bianchi II, they satisfy
the equation

Q+¥*+K=1. (2.29)

These parameters have the ‘problem’ that they are infinity at the bounce (6 = 0) by definition, so they are not
very useful to explore that regime. But, since we are interested in its asymptotic behavior for large volume, and
the information they can give us there, this pathological behavior at the bounce is not relevant and does not
reflect any problem with the singularity resolution.

. The Kasner exponents

fy = (2.30)

These parameters are very useful to determine when the solutions have a Bianchi I behavior. We have taken the
absolute value in 6 because we want that different signs in H; specify if the directions are expanding (k; > 0)
or contracting (k; < 0). In order to prove Eq. (2.30) we use that, in Bianchi I, a; = t*L; (using explicitly the
fiducial lenghts), then

L — altt=ki _ ait _ at _ a; Vot _ ayVv _ a,V _H
! L; tkiLi a; a; Vo a; Vo a; V' 0’

(2.31)

with V = a1a2a3 = ‘/ot

One important remark is that all the previous expressions to calculate the observable quantities apply also to the
effective solutions. The only difference is the calculation of #’ in the effective theory, for which it is necessary to use
the effective equations of motion. That will be shown in the next section.

To complete the classical picture we give the relations between phase space variables and metric variables, which
are given by

and

p1 = azazLaLls, p2 = ayazLiL3, p3 = aiasLi Lo, (2.32)
o  a?l?
= ~Lja Hy + ——321 2.33
C1 yLiay il + 2 apasloly’ ( )
« a1L1
— ~LyagHy — = , 2.34
C2 YL2a2 2 asls ( )
(0% a1L1
= ALsasHs — & 2.35
C3 YL3a3113 2 ayLy ( )



assuming a; > 0,p; > 0 and € = 1. Relations (2.32) are satisfied at the kinematical level whereas Eqs. (2.33,2.34,2.35)
are satisfied at the dynamical level, i.e., on the space of solutions. These relations can be shown using the Hubble
parameters (with explicit fiducial lenghts),

| da, ) L S
- Lda :(pup’“—p) (2.36)
a; dt 2\/p1P2p3 \P; Pk Di
da; 1 Dj | Pk Pi)
_ bj  Pr_Di) 2.37
dt 2p;L; (pj Pk Di (237)

with ¢ # j # k # 4. If we put the equations of motion (2.8, 2.9, 2.10) into this expression, we get

dCLi C; . . 1 @ Pap3
= f; i
dt vL; M Slgn(l)?mh Y P

(2.38)

where fsign(i) = —1 if ¢ = 1 and fsign(é) = 1 if ¢ = 2,3. Using the relations between a; and p;, Eq. (2.32), and the
definition of the Hubble parameters we get

day; N
¢ = ’yLid—iffSign(z)Q—piaL%af (2.39)
a L%2a?
= yLja;H; — fsign(i) = —+2— . 2.4
YLaasH: ~ fign(i)§ o (2.40)

These are precisely Egs. (2.33, 2.34, 2.35).

III. EFFECTIVE DYNAMICS

As our starting point we will take the effective Hamiltonian of Bianchi II (Eq. (4.2) in [12]), which was considered
before in [22] to perform some analytical studies. Taking a right-hand frame e? (i.e. € = 1) and the lapse function
N = ,/p1p2p3, the effective Hamiltonian constraint is given by,

P1p2p3 - - N N — —
Cgp=———"—= [ sin fij ¢ sin figco 4 sin figcs sin figcs + sin fizcs sin ulcl}
8TGY2\2
1 a(paps)®/? 2y [ Qp2p3 2 p?s
—(1 —_— ——=0 3.1
+ G2 [ W (1+79) o 5 ; (3.1)

with

T e VY - R Yy (< (3.2)
DP2ps3 p1ps3 P1Dp2

The value of )\ is chosen such that A = A corresponds to the minimum eigenvalue of the area operator in loop quantum
gravity (corresponding to an edge of “spin 1/2”). With this choice the free parameter becomes A = 4\/§7r'yf%1. Since

2 2
sin fi;¢; < 1 the matter density p = 2’;?2 = 2p1p;2p3 satisfies
3 1 [z (1+9%)2? . P2D3
< - th = . 3.3
p= 8T G2 A2 * 8TGy2 {)\ 4 WL TEa 3 (3:3)
The maximum of the expression in square brackets is attained at x = ﬁ ~ 0.83, then
Pmatt 5 1'315pcrit ~ 0~54PP1a (34)

with perit = W ~ 0.41pp; the critical density found in the isotropic case [6] and pp = mpl/ﬁlgsl is the Planck
density. This shows that the matter density is bounded. This bound is higher than the one found in Bianchi I
Pmatt S 0.41pp) and the isotropic case ppaty = 0.41pp;. Furthermore, the density in all the solutions in Bianchi I with
shear different from zero has a bounce density less than its value in the isotropic solution. Then there is an open
question: Are there generic solutions in which the matter density is larger that its value in the isotropic solutions?



We will show that the answer is in the affirmative, which leaves us with another open question: How do we find the
solutions that saturate the matter density? These kind of solutions are shown in section IV D.

If we set o = 0 into Eq. (3.1) we recover the Hamiltonian constraint for Bianchi I [11]. Also, if we take the Bianchi
II case, a = 1, we can recover Bianchi I as a limiting case when x — 0, or equivalently p3 > pops (in metric variables
this condition is expressed as asaz > aq1). It is important to have in mind that the Bianchi I model is a limiting case
and is not contained within the Bianchi IT model.

The equations of motion for the effective theory are given by Poisson brackets with the Hamiltonian constraint,

2
pr = % (sin figco + sin figes + Ax) cos figcy, (3.5)
1
pl
P = —2(sinfi1c; + sin fizcs) cos fizca, (3.6)
Y2
2
Ps = —>(sinfijc; + sin fizca) cos fizcs, (3.7)
TH3
. D2p3 A A A A _— _—
cp = — 27/\2 2(8111 M1C1 SN o Co + sin M1C1 SIN [43C3 —+ sin H2C2 SIN ‘LL363)
+ fi1cy cos fipey (sin figco + sin fizes) — figca €os figca(Sin fiyey + sin fizes)
— [izc3 cos igcs(sin fipcq + sin fiace) + )\2352(1 +7?)
+Axz(fi1c1 cos fiper — sinfigcy) } , (3.8)
. p1p3 - - - - A .
Gy = — A2 2(sin fi1cy sin fioco + Sin figcy sin figes + sin fisco Sin fizcs)
— [i1¢1 cos iy ¢y (sin fige + sin figcg) + fiacCa €OS figca(sin fiycq + sin figcs)
—fi3C3 o8 fizcz(sin firer + sin fiaca)] — A2 (1 ++?)
—Az(fiycr cos fie; — 3sinfigey) ] , (3.9)
. P1p2 - - - - A .
C3 = — 2(sm M1C1 S1N 4o Co -+ sin M1C1 S1N (43C3 -+ sin M2 Co SIN ,U303)

292
- /_141 C1 COS ﬁlcl (sin ﬂQCQ + sin ﬂgCg) — /_LQCQ COS ’[_LQCQ (Sin ﬂlcl + sin ﬂgCg)

+Ji3c3 cos fizes(sin fiy ¢y 4 sin figcs)] — A2z (1 4 ~?)

—Ax(fi1ey cos iper — 3sinfiye) ] , (3.10)

Finally, for the matter we have

Py = 0 = Py = constant, (3.11)
¢ = —pg = ¢ = —pyT. (3.12)

Note that the equations for the matter part are equal to the classical ones, so the field ¢ also plays the role of internal
time. The field momentum py is conserved, and its value coincides with the classical value. From the triad equations
(pi) we can see that the bounce in direction ¢ occurs when cos(fi;¢;) = 0, which can be satisfied at different times for
each direction. These assertions do not imply that there is more than one bounce in the matter density; the density
only bounces one time, which is when the expansion 6 is zero. This is called the global bounce.

We can use the equations of motion to give an explicit formula for 6’ (derivative of the expansion with respect to
cosmic time), which is necessary to calculate the Ricci scalar. It is straightforward to show that

3
1
0 = oY {Z [2sin fije; + cos fije;(sin’ fijc; + sin’ figc)]
RGN ey
)\ / / 3 /
o+ o COS fi1C1 Pp Bs P ) (3.13)
2 P2 P3 D1



where j # i # k # j and sin'(ic;) = cos(jiici)[phei + picl], with g = —j;H;. It would be interesting if one
could rewrite Eq. (3.13) in terms of observable quantities (H;, 6, p,0?), which would represent a generalization of the
Raychaudhuri equation. Also, from the equations for p; and ¢; we get that

C3p3 — C2p2 = (32 (3.14)

is conserved and its value is the same than the classical one, as given by Eq. (2.19). The conserved quantities (pg
and agz) can be used to check that numerical solutions are evolving correctly on the constraint surface.

IV. NUMERICAL SOLUTIONS

In this section we show the numerical solutions for the Bianchi II model. These equations admit different limits
than can be used to check the accuracy of the solutions and explore the new insights that Bianchi II offers. In order
to systematically study the solutions we need to have in mind the following

1. In all the solutions, the constraint (or equivalently py) and ass = c3ps — caps are conserved quantities.
. In the classical solutions a2 and ay3 are conserved quantities.
. When o =0 or x = \/pap3/p} — 0 (with o = 1), Bianchi II reduces to Bianchi I.

. When p; = p2 = p3 and ¢; = ¢o = c3, Bianchi I reduces to the isotropic case.

ot e W N

. In the isotropic case all the solutions to the effective equations have a maximal density equal to the critical

density perit = W ~ 0.41pp;.

6. In the Bianchi I limit we will expect a maximal density less than the critical density.

7. Classical and effective solutions must be equal far away from the bounce. In fact the effective solutions to
Bianchi I must connect two classical solutions with Kasner exponents related by

2 2 2
ki,ka, k ki —=,ko— =, ks — = 4.1
1, K2, k3 —» K1 3,2 373 3 ( )

as was shown by Choiu [10].
8. In the Bianchi IT model we expect a maximal density less than 1.315p¢yit.
9. The classical solutions diverge.

10. The numerical solutions must converge.

Using these facts we shall now explore the Bianchi IT solutions. We start from the classical limit showing that the
effective solutions have a bounce and reduce to the classical ones far away from the bounce. Next, we explore the
isotropic limit included into the Bianchi I limit when there are no anisotropies. Later on, we shall add anisotropies to
the Bianchi I limit and show that they reproduce the known solutions [10]. Then we pass to the Locally Rotationally
Symmetric (LRS) model of Bianchi IT and explore how to find the solutions with maximal density at the bounce.
Finally we study the solutions in the vacuum limit with maximal shear.

To perform the analysis, solutions are plotted as functions of the cosmic time. All the integrations were made using
a Runge-Kutta 4 method®. The units are: A = 1,¢ = 1,G = 1,y = 0.23753295796592, L, = 1,Ly = 1,L3 = 1,e = 1,
the time step used is dt = 5 x 1075, In all figures the density is plotted with normalization p/perit-

5 The program is available by request.
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FIG. 1: Comparison between classical and effective solutions. Here it can be appreciated that near the big bang the classical
solutions have an infinite density because the scale factors go to zero.

A. Comparison Between Classical and Effective Solutions

In figure 1 the density and two scale factors (the third one is not shown for visualization purposes) are compared
for the classical and effective solutions, it is clear that, far from the bounce, the classical and effective solutions agree.
Near to the bounce we can see that the classical density diverges in a finite time while the effective one bounces. This
also happens to the shear (that is not shown in the plot). The finiteness of these quantities is due to the bounce in
the scale factors that now are not going to zero in a finite time (there are solutions where some scale factors do not
bounce and continue approaching zero, but they need an infinite time to do so). This illustrates the manner in which
the classical singularities are resolved.

We understand by singularity resolution in the effective framework the possibility to evolve the solutions for an
arbitrary time and that the solutions remain finite, thus signaling that the geodesics are inextendible. Classically,
for homogeneous and anisotropic universes, the singularities are present when the scale factor goes to zero in a finite
time. This is related with an infinite density (expansion and shear) and incompleteness of geodesics. If the density,
expansion and shear remain finite and can be evolved for any time then we say that singularities are resolved, i.e., the
scale factors are not equal zero in a finite time or, equivalently, the space-times are geodesically complete [16, 19].

The initial conditions for effective and classical solutions at ¢ = 100 are: ¢; = 0.01,co = 0.02,c3 = 0.03,p; =
10000, p, = 2000,ps = 200 (it is evolved back in time), the field momentum p, = 108.9 is calculated from the
Hamiltonian constraint. The initial conditions for the other classical solution at ¢t = 0 are: ¢; = —1.920756x 1073, ¢y =
—7.971627 x 1072, c3 = —19.61028, p; = 15864.53, p2 = 635.5782, p3 = 4.317425 (and it is evolved forward in time).

B. Isotropic Limit

When z — 0 Bianchi IT has Bianchi I as a limit. Furthermore, in this limit when p; = po = p3 and ¢; = ¢ = ¢3
Bianchi I reduced to the isotropic case. Bianchi II solutions near the isotropic limit are shown in figure 2,
where we can see that solutions to the effective equations have a maximal density equal to the critical density
perit [7, 18]. The shear is close to zero (in this case it is less than 1.2 x 107!° in Planck units) and presents
a non trivial behavior because it has four maxima and vanishes when the density bounces. This is the first
solution that is completely different from the known solutions in the isotropic and Bianchi I cases. The shear is
small but not zero because this is not an isotropic solution, but it is only very close to it. One should keep in
mind that the Bianchi I model and, therefore, the isotropic solutions are not contained within the Bianchi II solutions.

In order to have control on the isotropy, we set the initial conditions at the bounce, i.e. when fiyc; = figce =
fiscs = 7/2 (if the solution is isotropic the three directions bounce at same time, but the opposite is not true) and
then evolve back and forward in time, with these relations we only need three additional initial conditions, that can
be either (cy,c2,c3) or (p1,p2,p3) or a combination of them. We take p; = 1 x 10°, py = p3 = 1 x 10® (which
satisfy that x — 0, i.e., p} > pop3) and using the fact that we are starting at the bounce (fi;c; = 7/2) we calculate
c1 = 2.185, ¢y = c5 = 2.185 x 10? and from the Hamiltonian constraint Py = 2.86 x 10°.

10
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FIG. 2: Isotropic limit. The density at the bounce is p/peric = 1; the shear is close to zero; the Kasner exponents are equal and
change from 1/3 to 1/3 —2/3 = —1/3 when they are evolved back in time; the Ricci scalar strongly changes its behavior near
to the bounce and has its maximal value at the bounce.

Note that in this case it is not true that p; = po = p3 and ¢; = c2 = c¢3. Then, one might why is this solution
isotropic? The answer is that c¢; and p; are a rescaling of cz 3 and py 3 that can be translated into a rescaling of the
scalar factors such that the real criteria to say that it is isotropic are that the relations aj/as,as/as, a1 /as remain
constant and Hy = Hy = Hg, which are satisfied by our initial conditions. This can be imagined like an isotropic
universe described by the evolution of a fiducial cuboid. The best way to see that this is an isotropic solution is to
look at the Kasner exponents (Fig. 2), which are the same ki1 = ky = k3 = £1/3. The different signs specify when
the directions are expanding (k; > 0) or contracting (k; < 0).

C. Bianchi I Limit

When = — 0 the Bianchi II model has Bianchi I as a limit, which has been extensively studied [10] and can be
used as a reference point. In this limit we expect a maximal density less than the critical density perit and a non
zero shear with a maximal value at the bounce, also ¥2 and € must be conserved in the classical region (where
%2 4+ Q = 1, since K = 0 in Bianchi I). The Kasner exponents must satisfy the constraint equations for Bianchi I
solutions (k1 + ko + k3 = £1 and k? + k3 + k3 + ki = 1) and must change like k; — k; — 2/3 when evolved back in
time, as was shown in [10]. All these facts are shown in figure 3, which tells us that in the Bianchi I limit, the effective
dynamics of Bianchi II reproduces the know behavior for Bianchi I.

A new and important feature of this solution is that it presents a maximal value of the shear for Bianchi I, as can
be seen in figure 3, where the value of shear at the bounce is 11.57 = ;g;fg , as reported in [22]. Moreover, it can be
noticed that just one direction a; bounces and the other two directions ao,as do not, i.e., Hy, H3 are not zero in a
finite time. This implies that these directions continue going to zero (or infinite) but now they need an infinite time
to reach these values. Note that in the classical region not all the directions are expanding (or contracting). This

11
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FIG. 3: Bianchi I limit. The density and shear have a dynamical contribution (Q # 0, X2 # 0); the shear reaches its maximal
value (for bianchi I) at the bounce; the Kasner exponents change from k; to k; — 2/3 when they are evolved back in time, as
was shown by [10]; one direction is expanding (as), one contracting (a2) and one bounces (a1); the expansion has one zero
(bounce) and it is finite all the time; the Ricci scalar presents a slower changes in its behavior in comparison to the isotropic
limit and it is finite too.

kind of universes have a classical singularity too, but it is a cigar-like singularity and it is different from the one in
which all the directions are contracting (or expanding), called point-like singularity. Our simulations then show that
this kind of singularity is resolved too, with the notion of ‘singularity resolution’ as explained in section IV A.

In this case the choice of initial conditions is: jijc; = 7/2, jiaca = 7/6, jizcs = 5m/6 and p; = 1 x 10, py = 100,
p3 = 100 (which imply that z = +/paps/p} ~ 0). With these initial conditions we get ¢; = 0.069, co = 230.28,
c3 = 1151.39 and py = 5.84 x 10%. The initial time is at the global bounce (6 = 0), from which the solution is evolved
back and forward in time.
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FIG. 4: LRS solution. The density reaches its maximal value when the shear is zero at the bounce, but the shear is different
from zero in the rest of the evolution; the dynamical observables a;, H;, k; for directions 2 and 3 are equal, this shows that it is
a LRS solution; the directional scale factor a; bounces one time and has two turn-around points; the curvature parameter K
is different from zero and asymptotically it satisfies Q + %% + K = 1.

D. Locally Rotationally Symmetric (LRS) Solutions to Bianchi II

These subclass of models are characterized by the directional scalar factors ai,as,as such that as = a3. In
particular, this means that at each point the space-time is invariant under rotation about a preferred spacelike axis.
In our variables this is written as p; = ps and ¢y = c3 (if these equalities are satisfied by the initial conditions then
they are satisfied through the evolution). These solutions will be useful to study the limit when the density is equal to
the maximal density. In Bianchi IT one might expect a maximal density strictly less than 1.315pi in all the solutions
due to the presence of anisotropies. Here we show that this is not the case, and the density can achieve the maximal
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value as a consequence of the shear being zero at the bounce. This is very different from Bianchi I models where the
presence of anisotropies makes the shear at the bounce always greater than zero.

In order to have control on the density to make it maximal we put the initial conditions at the bounce, i.e., when
fi1c1 = fiace = figcs = 7/2 and then evolve back and forward in time. Also, we need to make x equal to the value that
makes the density maximal, namely = = ﬁ ~ 0.83. If we take po = p3 = 1000 (LRS condition) then p; = 113

and using the fact that we are starting at the bounce (fi;¢; = m/2), we calculate ¢; = 64.98,co = ¢3 = 7.34 and, from
the Hamiltonian constraint, ps = 11029.97.

The solution is plotted in figure 4, where it is shown that in fact the solution has a maximal density at the bounce.
The shear is zero at the bounce and has a non trivial behavior, such as two maxima. In the evolution of the Kasner
exponents we can see (looking from left to right) that two directions (az,as3) are contracting and one direction (a;)
is expanding, and the Kasner exponents look like Bianchi I exponents far away from the bounce. This is because
classically Bianchi IT approaches Bianchi I when time goes to infinity [30-32], then in the classical region the Kasner
exponents of LRS Bianchi II have as a limit the Kasner exponents of LRS Bianchi I. In figure 4 we plot the Hubble
parameter Hy, which is the one that presents a new behavior. From the plot it can be seen that the direction a; has
a bounce and two turn around points, which indicates also a new behavior that was not present in the isotropic and
Bianchi I cases. The other two directions (aq, as) bounces just one time for a total of three directional bounces and
one global bounce (§ = 0).

There is a valid question at this point. Why can the density reach its maximal value in Bianchi II and not in
Bianchi I when there are anisotropies? This question arises because in both models there are new degrees of freedom
due to the anisotropies, so in principle they will have a similar behavior respect to the distribution of the energy in
gravitational waves. But the new feature in Bianchi II —not present in Bianchi I- is the nontrivial spatial curvature.
This curvature gives a new degree of freedom with respect to the possible ways the energy density can be distributed.
Now, the dynamical contribution not only comes from the matter density and the shear but also from the spatial
curvature. This fact can be quantitatively understood from the fact that the curvature parameter K is non zero
in Bianchi II. As we can see in figure 4, the plot for (2,22 K) shows that the curvature parameter K is different
from zero. Thus, this provides also a qualitative explanation for the important difference between these two models,
namely that the density can reach its maximal value at the bounce. This behavior must also occur in the Bianchi IX
case [35] where there is spatial curvature as well.

E. Vacuum Limit

Finally we study the solutions in the vacuum limit with maximal shear. As in the previous limiting cases, we do
not want to study the vacuum case (p = 0), but rather we want to study it as a limit approaching Bianchi IT with a
massless scalar field. That is, we shall study the solutions where p — 0 (or equivalently pgy — 0). The problem is that
the density goes to zero when the time goes to oo in all these solutions. Then we need to clarify what the vacuum
limit means. In order to do this, we need to have in mind that the density has a maximal at the bounce, then we
are interested in taking the vacuum limit p — 0 in a finite time (near to the bounce). That is, we want solutions
with density near zero at the bounce or, equivalently, solutions where 2 ~ 0 asymptotically. Among these class of
solutions we select those with maximal shear, this allows us to study the extreme solutions where all the dynamical
contribution comes from the anisotropies.

To obtain the initial conditions we found numerically the values of x and —7/2 < fiycy, fiacs, fiscs < 3mw/2 that
makes the shear maximal with a density near to zero. To do this we use the analytical expression for the shear found in
[22] and the Hamiltonian constraint Eq. (3.1). The values found are: = 1.69, fijc; = 0.5616, fiaco = fizcz = 1.94618.
These values fix 4 initial conditions, namely p1, ¢1, ¢, ¢3, as functions of the other two parameters that are (in some
sense) not relevant for the behavior that we want to study. In our simulations, we take po = 100 and p3 = 100. The
initial time is at ¢ = 0 (vertical line in the plots). The solution is shown in figure 5. The first unexpected behavior is
that the shear is zero at the bounce and reaches its maximal value on one side of the bounce. Moreover, py and p3
have a new behavior because ps and p3 are zero three times, these zeros can be seen in the plot for fi;c;, where fiaco
(and fizcs) cross the /2 line three times. This behavior is not present in Bianchi I nor in the solutions to Bianchi
IT studied in the previous sections. From the density plot we can see that it has a small value at the bounce and
from the plot for the parameters (2, %2, K), it can be appreciated that all the dynamical contribution comes from
the anisotropies, as was expected.
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FIG. 5: Vacuum limit. The shear reaches its maximal value at one side of the bounce and it is zero on the other side (the
zero is not at the bounce); the density is not zero but has a small value (even at the bounce); fi;c; evolve from one classical
solution (fi;c; = 0) to other one (fi;¢c; = 7); p2 and ps are zero three times; all the dynamical contributions come from the shear
Q=0,K =0, DI 1); the Ricci scalar reaches its maximal value at one side of the bounce and a local minimum on the other
side.

V. DISCUSSION

In this paper, we analyzed the numerical solutions of the effective equations that come from the improved LQC
dynamics of the Bianchi IT model [12]. We choose a massless scalar field as the matter source. This effective theory
comes from the construction of the full quantum theory and we expect that it gives some insights about the quantum
dynamics of semiclassical states. The accuracy of the effective equations has been established in the isotropic cases
and thus we expect that they should give an excellent approximation of the full quantum evolution for semiclassical
states.
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Let us summarize our results. We considered the Bianchi II case at the classical and effective level. As Bianchi I
is a limiting case for Bianchi II, we use the previous results for Bianchi I in order to have control on our model. As
we have seen, we recover Bianchi I as a limiting case when 2 — 0 or equivalently p$ > pops. It is important to keep
in mind that the Bianchi I model is a limiting case and is not contained within the Bianchi IT model. The Bianchi I
solutions are interesting by themselves, since they give information about the asymptotic behavior of Bianchi II.

In order to determine how the classical singularities are resolved and how the effective equations evolve, we choose
a set of observable quantities like density, shear, expansion, Ricci scalar, etc., and studied their evolution numerically.
The equations of motion admit different limits that can be used to check the accuracy of the solutions and explore
some new insights that the Bianchi IT model offers. In order to systematically study these solutions, we started from
the classical limit showing the way in which the effective solutions solve the singularities and reduce to the classical
ones far away from the bounce. Next, we explored the isotropic limit included into the Bianchi I limit when there are
no anisotropies. We found that these solutions have a maximal density equal to the critical density pc.it, the shear is
close to zero and presents a non trivial behavior because it has four maxima and vanishes when the density bounces.
The shear is not zero because this solution is not an exactly isotropic solution, but it is a solution very close to it.
Recall that Bianchi I and, therefore, the isotropic solutions are not contained within the Bianchi II solutions. Later
on, we added anisotropies to the Bianchi I limit and showed that they reproduce the known solutions [10]. Here
we have shown that the classical cigar-like singularities are resolved like the point-like singularities, with singularity
resolution understood in terms of geometrical observables being well behaved. We could not show numerically the
resolution of the barrel-like singularities because showing this implies a fine-tuning in the initial conditions, but we
studied the limit of this kind of singularities, and there is nothing that indicates that they are not resolved, too. Then,
we considered the Locally Rotationally Symmetric (LRS) model of Bianchi IT and explored how to find the solutions
with maximal density at the bounce. In this model at each point the space-time is invariant under rotation about a
preferred spacelike axis. Here we showed that the density can have the maximal value as a consequence of the shear
being zero at the bounce. This shear has a non trivial behavior, such as two maxima. The Kasner exponents look like
Bianchi I exponents far away from the bounce, which is consistent with the fact that classically Bianchi IT approaches
Bianchi I when proper time goes to infinity [30-32]. It was then shown that one directional scale factor (a1) can
change its behavior up to three times (it has one bounce and two turn-around points) and the other two directions
(ag, a3) bounce once, for a total of three directional bounces and one global bounce (when the expansion is zero).

We also studied the solutions in the vacuum limit with maximal shear. This allowed us to study the extreme
solutions where all the dynamical contributions come from the anisotropies. These solutions present a small value of
the density at the bounce and unexpected shear and Ricci scalar behaviors because they are asymmetrical, reaching
their maximal value on one side of the bounce. We found that there are generic solutions in which the matter density
is larger that its value in the isotropic solutions, with point-like and cigar-like singularities. Some important solutions
are LRS, such as the one with maximal density and the vacuum limit.

In order to have control over the solutions we found that the best way to do it is to put the initial conditions at
the bounce (or near to it). There are also two important points that we have checked in this numerical work. The
first one is the convergence of the solutions and the second one is the evolution of conserved quantities, additionally
to the physical tests that the program must pass.

Finally, these results can be used as a starting point to study the Bianchi IX model in order to know if the approach
to the singularity of the effective solutions present Bianchi I behavior with Bianchi II transitions, as happens with the
classical solutions in the BKL conjecture. In case of the full LQC dynamics it would be interesting to know whether
the evolution of the semi-classical states reproduce all the new rich behavior that we get from the effective theory.
From this point of view our work can be seen as the first step in this direction, since we already have a systematic
study of the solutions of the effective theory. A similar study for the Bianchi IX model in underway [35].
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Appendix A: Convergence and Conservation

There are two important points that need to be cover when there is a numerical work: one is the convergence of
solutions and other is the evolution of conserved quantities. This means that, additionally to the physical tests that
the program must pass, also must present a convergence of solutions, i.e., numerical solutions approach to analytical
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ones when the accuracy is improved, this say us that we are near to the analytical solution with a small relative
error. Remember that numerical solutions (in general) are never on the analytical solutions, all we can say is that
they converge to them. Numerical solutions must also evolve on the constraint surface and they must preserve the
conserved quantities, this ensures that they are evolving on the physical phase space. In figure 6 it is shown the
convergence of Hamiltonian constraint (Cy = 0) when the time step is reduced, this also show that the constraint (or
equivalently pg) is conserved. The quantities plotted in figure 6 are the relative error for the constraint

|(Crt)init — Cu (1) |(Pg )init — P (t)]
(Cr)imis < (Pg )init ’ (A1)

with different resolutions, and the error functions

Ly = Max|Cpr (1), — Cu(t)1], L = Maxy/|C}(t)z — C3 (1) (A2)

where the subindices in the Hamiltonian constraint mean resolution 2 (with d¢s) and resolution 1 (with d¢;), where
dto = dt;/2. The method used to integrate the equations is a Runge-Kutta 4 (RK4), while the resolutions used for
the convergence tests are dt = 0.01,0.005,0.0025,0.00125,0.000625. The error functions for (¢;, p;) present similar
behaviors. We can define the convergence order as

n— fi— /2
fo— 13’
where f; is any evolved function at resolution ¢, with dt; > dt;11. The convergence factor n for a RK4 must be
n = 2* = 16. We obtain in our solutions n =~ 16.2, which say us that solutions convergence as fast as expected.
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FIG. 6: Convergence of the constraint. The first plot shows the convergence of the solutions and that the constraint is conserved.
The second plot shows the error functions versus the bigger resultion used to calculate their.
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