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In a recent work, we constructed a model consisting of two fields—a canonical scalar field and a
noncanonical ghost field—that sourced a symmetric matter bounce scenario. The model involved
only one parameter, viz., the scale associated with the bounce. For a suitable value of the parameter,
the model led to strictly scale-invariant power spectra with a COBE normalized scalar amplitude and a
rather small tensor-to-scalar ratio. In this work, we extend the model to achieve near-matter bounces, which
contain a second parameter apart from the bounce scale. As the new model does not seem to permit
analytical evaluation of the scalar modes near the bounce, with the aid of techniques that we used in our
earlier work, we compute the scalar and the tensor power spectra numerically. For appropriate values of the
additional parameter, we find that the model produces red spectra with a scalar spectral tilt and a small
tensor-to-scalar ratio, which are consistent with the recent observations of the anisotropies in the cosmic

microwave background by Planck.
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I. INTRODUCTION

The inflationary scenario is the most popular paradigm to
describe the origin of the perturbations in the early
Universe [1-9]. Despite the fact that the recent observations
of the cosmic microwave background (CMB) anisotropies
by Planck have led to unprecedented constraints on the
inflationary parameters [10,11], there exist many models of
inflation that remain consistent with the data [12—15], even
giving rise to the concern about whether inflation can be
falsified at all [16]. In such a situation, it seems imperative
to systematically explore alternatives to inflation.

Classical bouncing scenarios provide an alternative to the
inflationary paradigm for the creation of the primordial
perturbations [17-23]. In these scenarios, the Universe
undergoes a period of contraction before it begins to expand,
and under certain conditions, it is possible to impose well-
motivated initial conditions during the contracting phase in a
manner akin to inflation. The shape of the primordial spectra
generated in such scenarios is largely determined by the
form of the contraction during the early stages. For instance,
the so-called matter bounces are known to generate scale-
invariant spectra, as they are “dual” to de Sitter inflation
[24,25]. For this reason, near-matter bounces can be
expected to lead to nearly scale-invariant primordial spectra,
as is required by the CMB observations.

While it is rather easy to build inflationary models that
are consistent with the observations, it proves to be quite
involved to construct viable bouncing models. The diffi-
culties largely arise due to the fact that the null energy
condition has to be violated near the bounce, which leads to
certain pathologies at the level of the background as well as
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the perturbations (for a discussion on the various issues one
encounters, see, for example, the introductory section of
Ref. [26]). The simplest of the bouncing models are those
of which the scale factors are symmetric about the bounce.
However, it has been found that such models can lead to a
large tensor-to-scalar ratio beyond the current constraints
[27]. Recently, we constructed a model consisting of a
canonical and a noncanonical (as well as ghost) field to
drive a symmetric matter bounce [26]. We showed (both
analytically and numerically) that the model leads to
strictly scale-invariant primordial spectra and a viable
tensor-to-scalar ratio as well as insignificant isocurvature
perturbations. We found that the amplitude of the scalar
perturbations are considerably enhanced during the null
energy condition—violating phase, resulting in a small
tensor-to-scalar ratio after the bounce. In this work, we
extend our earlier model so that it also leads to a scalar
spectral tilt that is consistent with the observations.

This paper is organized as follows. In the following
section, we shall describe the scale factor of our interest and
the sources that can drive such a background. In Sec. III, we
shall discuss the simpler case of the evolution of the tensor
perturbations and evaluate the tensor power spectra prior to
the bounce. In Sec. IV, we shall arrive at the equations
governing the scalar perturbations. In Sec. V, we shall solve
the equations governing the scalar and tensor perturbations
numerically to determine their evolution across the bounce.
We shall also present the essential results, viz., the scalar
and tensor power spectra (evaluated after the bounce) that
we obtain in the model. In Sec. VI, we shall conclude with a
brief summary.

© 2019 American Physical Society
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Let us now make a few clarifying remarks about our
conventions and notations. We shall adopt natural units
such that 7 =c =1 and set the Planck mass to be
Mp, = (82G)~'/?. We shall work with the metric signature
of (=, +, +, +). Note that the greek indices shall denote the
spacetime coordinates, whereas the latin indices shall
represent the spatial coordinates, except for k, which we
shall reserve for denoting the wave number. Also, as usual,
an overdot and an overprime shall denote differentiation
with respect to the cosmic and the conformal time coor-
dinates, respectively. Moreover, we shall also work with a
new time variable that we introduced in an earlier work on
bouncing scenarios, viz., e-N-folds, which we shall denote
as NV [28,29].

II. BACKGROUND AND SOURCES

In this section, we shall construct sources involving
two scalar fields to drive near-matter bounces. We shall
consider the background to be the spatially flat, Friedmann-
Lemaitre-Robertson-Walker (FLRW) metric that is
described by the line element

ds? = —dr* + a*(1)5,;dx'dx/
= a*(n)(=dn® + §;;dx'dx), (1)

where a(7) is the scale factor and » = [ dt/a(r) denotes the
conformal time coordinate. We shall assume that the scale
factor describing the bounce is given in terms of the
conformal time as

2N\ 144
n
an) = ao(1 + K3)1+ — ao<1 +,72> L@
0

where a is the value of the scale factor at the bounce
(i.e., at n = 0), kg = 1/n, is the scale associated with the
bounce,1 and 4 > 0. Note that 1 = 0 corresponds to the
specific case of matter bounce we considered in our earlier
work [26]. As we shall see later, a nonzero but small A (such
that 0 < 4 <« 1) leads to a scalar spectral tilt suggested by
the CMB observations.

We find that the Hubble parameter associated with the
scale factor (2) can be expressed as

Hz_[zko(lm)r{(l 1 3)

ao a/ag)’ (a/a0)5 ’

where y = (3+24)/(1+ 1) and 6=2(2+21)/(1+41).
Recall that, according to the first Friedmann equation,
H? = p/(3M3,), with p being the total energy density of

'To be precise, the energy scale associated with the bounce is
actually given by k/ay. For instance, the amplitudes of the scalar
and tensor power spectra are determined only by this combination
(in this context, see the discussion in Ref. [26]).

the sources driving the background. Therefore, the right-
hand side of the expression (3) suggests that the scale factor
(2) can be driven by two sources described by the equations
of state w; = —4/[3(1 +4)] and w, = (1 —2)/[3(1 + 2)].
Moreover, the second source has to have negative energy
density, a property which ensures that the Hubble param-
eter vanishes at the bounce (i.e., when a = a,). Before we
proceed further to model the two sources in terms of scalar
fields, a couple of points require clarification to allay
possible concerns related to the fact that we are working
with a spatially flat FLRW universe. Note that if a nonzero
spatial curvature is present, at very early times, the
corresponding contribution to the first Friedmann equa-
tion (3) (which behaves as a~?) can dominate the dynamics
of the background. However, at later times during the
contracting phase, these effects will quickly become
subdominant, and the dynamics will be essentially gov-
erned by the first source (the energy density of which
behaves as a~) we have described above. More impor-
tantly, in our discussion below, we shall assume that the
perturbations originated during the phase wherein the
spatial curvature is subdominant. Further, it can be shown
that the presence of spatial curvature does not affect the
evolution of the perturbations around the bounce (in this
context, see Ref. [30]). For these reasons, we believe that it
is consistent to work with a spatially flat FLRW universe.
The two sources discussed above can be modeled in
terms of two scalar fields—a canonical scalar field, say, ¢,
characterized by the potential V(¢) and a noncanonical
ghost field, say, y—that are described by the action

Slpor] = - / 'y TG-X 4 V() + Uox)] (&)

with Uy, and b being positive constants. The quantities X#¢
and X** are the kinetic terms defined as

1
X0 =~ 0,40, (5a)

1
X = — 3 0oty (5b)
The stress-energy tensor associated with these fields can be
obtained to be

T}y = 00,0 = S[-X + V(9)], (6a)
Ty, = —bUo(X#)"~10"x0,y — 8,U,(X#)". (6b)

It should be evident that we have invoked the ghost field
y in order to achieve the violation of the null energy
condition around the bounce. While this is the simplest
method possible, ghost fields are considered to be undesir-
able because they do not permit a stable quantum vacuum.

083523-2



VIABLE SCALAR SPECTRAL TILT AND TENSOR-TO-SCALAR ...

PHYS. REV. D 100, 083523 (2019)

In this work, our primary aim will be to study the evolution
of the curvature and isocurvature perturbations across the
bounce. As we shall see, we are able to circumvent
challenges that arise (due to the presence of the ghost
field) in the evolution of these perturbations through the
bounce.

Let us first consider the behavior of the ghost field y. For
a homogeneous field, it is straightforward to show that

1Y, = -p, = 2b— U, (Ta)
Tl = P, = ~Up(X0)"5), (70)

where, evidently, p, and p, are the energy density and
pressure associated with the y field. Note that p, is negative
for b>1/2 and p,=p,/(2b—1), corresponding to w, =
P, /P, =1/(2b—1).If we setw, =w, = (1-1)/[3(1 +1)],
which corresponds to b = (2 + 1)/(1 — 1), then the energy
density of the field y can be expressed as

2ko(1+4)]2 1
pe == I

a/a0)5'

In this expression for p,, we have chosen the overall
constant such that it corresponds to the second term in the
expression (3) for H? through the first Friedmann equation.

Let us now turn to the behavior of the canonical
scalar field ¢. The nonzero components of the stress-
energy tensor associated with the homogeneous field ¢ are
given by

(8)

Ao

72

Ty =-ps==0 - V(@) (90)

| R |

To lead to the first term in the expression (3) for H?
(through the first Friedmann equation), we require p, to
behave as

2Uo(1+2)]2 1
— 2 0
p¢_3MP1[ do ] (alag)’” (19)
which implies that w, = p,/p, = w; = =4/[3(1 + 1)].

These results and Eqgs. (9) lead to

# =23 2)vw). (1)

3+44
Using Egs. (9a), (10), and (11) and the scale factor (2), it is
straightforward to show that the evolution of the field ¢ can
be expressed in terms of the scale factor a(n) as

$(a) = o =2/ (1 + 4)(3 + 24)Mp,

x cosh™{[a(n) /ac] VP HHN}, - (12)

where ¢ is the value of ¢ at the bounce, i.e., when a = q.
From the above expression for ¢(a) and Eq. (11), the
corresponding potential V(¢) can be obtained to be

V(p) =2(3+44)(1+4) (M;;lko>2

(¢ — o)/ Mp }
2/ A+ )G +22)]

Two points need to be stressed regarding the model we
have constructed. First, note that the potential V(¢) above
as well as the complete system involving the two scalar
fields ¢ and y described by the action (4) depend only on
the two parameters ky/a, and A, as ¢, and U, do not play
any nontrivial role in the dynamics. Second, when 4 = 0,
the action reduces to the model that leads to the matter
bounce scenario that we considered earlier [26].

(13)

x cosh™203+24) {

III. TENSOR MODES AND THE RESULTING
POWER SPECTRUM

The tensor perturbations are always simpler to study
because the equations governing their evolution depend
only on the scale factor that describes the FLRW universe
and not on the nature of the source that drives the back-
ground. In this section, we shall discuss the tensor power
spectrum arising in the near-matter bounces of our interest.
As the scale factor (2) reduces to a power-law form at early
times, i.e., when n < —1), it is straightforward to arrive at
the modes and power spectrum well before the bounce. In a
later section, we shall numerically evolve the tensor
perturbations across the bounce and evaluate the power
spectrum after the bounce. We shall see that, while the
bounce alters the amplitude of the tensor power spectrum, it
does not change its shape.

Let us quickly summarize a few essential points con-
cerning the tensor perturbations. If the tensor perturbations
are characterized by y;;, then the spatially flat FLRW metric
containing the perturbations can be expressed as [31]

ds? = a*(n){—dn* + [5;; + 7:;(n. x)]dx'dx’}.  (14)

The Fourier modes /4 corresponding to the tensor pertur-
bations are governed by the differential equation

!/
W+ 25+ Kk =0, (15)
a

and if we write i, = (v/2/Mp,)u;/a, then the Mukhanov-
Sasaki variable u; satisfies the differential equation
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"
!+ <k2 - %) u, = 0. (16)

The tensor power spectrum evaluated at a specific time is
defined as
k3

Pr(k) = 4o |hu(n) . (17)

and the corresponding tensor spectral index ny is given by

o dlnPT(k)
nr = dink . (18)

During the early contracting phase, i.e., when n < —7,
the scale factor (2) behaves as a(y) o #?(*4). For this
reason, the equation (16) describing the Mukhanov-Sasaki
variable u; reduces to

uy + K-

2(1+/1)§1+2/1) "y 20, (19

n

For modes of cosmological interest, we can impose the
standard Bunch-Davies initial conditions at early times
when ki < —[2(1 +2)(1 4 24)]'/2. In such a case, the
solution to the above equation, which satisfies the Bunch-
Davies initial condition, is found to be

—akn\ /2
) = (Z20) Vet ). 0

where Hﬁl)(x) denotes Hankel function of the first kind,
while v = 3/2 + 24. The tensor power spectrum evaluated
as one approaches the bounce can be expressed as

L] ()

The corresponding spectral index ny is evidently given by

1
27 M %,1

['(v)

PO =20, |16/

nr = —4)«, (22)

which clearly reduces to zero when 4 = 0, corresponding to
the case of the matter bounce. We shall later evolve the
tensor perturbations numerically and compute the power
spectra before as well as after the bounce. We shall find that
the above analytical spectrum matches the numerical
results prior to the bounce and the spectral shape is retained
as the modes are evolved across the bounce.

IV. ARRIVING AT THE EQUATIONS GOVERNING
THE SCALAR PERTURBATIONS

Since we are working with two scalar fields, as is well
known, there will arise two independent scalar degrees of
freedom. In fact, among the four scalar quantities that

describe the perturbations in the metric and the two that
describe the perturbations in the scalar fields, we can
choose to work with any two of them to evolve the
perturbations. The usual choices are the curvature and
the isocurvature perturbations, which are actually a linear
combination of the perturbations in the scalar fields
[32-34]. In this section, we shall derive the equations
governing the evolution of the perturbations in the two
scalar fields, say, 6¢ and Jy. Thereafter, we shall construct
the curvature and isocurvature perturbations for our model
and arrive at the equations describing them. As in our
earlier model [26], we find that some of the coefficients in
the equations governing the curvature and the isocurvature
perturbations diverge as one approaches the bounce. To
circumvent this difficulty, we shall choose two other
independent scalar quantities to evolve the perturbations
across the bounce and reconstruct the curvature and
isocurvature perturbations from these quantities.

A. Einstein’s equations and the equations describing
the perturbations in the scalar fields

In linear perturbation theory, the scalar and tensor
perturbations evolve independently. When the scalar per-
turbations are taken into account, the FLRW line element,
in general, can be written as

ds? = —(1 4 2A)d7* + 2a(t)(9;B)dr dx'
+a*(0)[(1 - 2y)6;; + 2(6,8jE)]dxidxj, (23)
where A, B, v, and E are four scalar functions that describe
the perturbations, which depend on time as well as space.

At the first order in the perturbations, Einstein’s equations
describing the system of our interest are given by [1,3-6]

3H(HA +yr) — %Vz[w —aH(B - aE))]

1
=—-——=(9 op,), 24
2M%,1( p(/)+ p){) ( a)
1
2My,
. . . 1
W+ H(A+3y) + (2H + 3H*)A = S (6py +6p,).
Pl
(24c¢)
o, .
A—y+—-[a*(B—aE)] =0, (24d)
a

where 8p; and 6p;, with I = (¢, y), are the perturbations in
the energy densities and pressure associated with the two
fields ¢ and y. Moreover, the quantities dg; are related to
the time-space components of the perturbed stress-energy
tensor through the condition 6T0( N = —0;(8q;). The final

i
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equation arises due to the fact that the scalar fields do not
possess any anisotropic stress. The components of the
perturbed stress-energy tensor associated with the two
fields ¢ and y can be obtained to be

STy = —Opy = —h 8¢ + AP* = Vyoh,  (25a)
8T, = —0:6qy = —0:($5¢), (25b)
8T, = 8pydi = ($ 5 — AY* = Vyoh)5,  (25¢)
and
8T, ==0p, ==(2b=1)bUo(X%)"~' (8 ~jA). ~ (26a)
8Ty, = —0i6q, = bUo(X)"~ iy, (26b)
i i oy

8T}y = 0p,8; = 526, (26¢)

respectively.

A straightforward way to arrive at the equations of
motion describing the perturbations in the scalar fields
would be to utilize the conservation equation governing the
perturbation in the stress-energy tensor of the fields. The
equation describing the conservation of the perturbation in
the energy density of a particular component is given by
(see, for instance, Refs. [33,34])

dpr + 3H(8p; + 8pr) = 3(pr + pr)r

+ g :
_v2{<u>3+%—(P1+P1)E =0 (27)

On substituting the expressions for the components of the
perturbed stress-energy tensor we have obtained in the
above equation, we find that the equations of motion
governing the Fourier modes, say, d¢, and Jy;, associated
with the perturbations in the two scalar fields can be
expressed as

Spi + 3HSPy + Vpp0i + 2V Ay — D(A + 34

k2 . .
+ 2 [0y + adp(By — aEy)] =0, (28a)
. 3H . - 3y
1) —y,— x| A
X T 57 Xk )(( k+2b_1>
2
— 15 (B, —aE,)] = 0. 28b
+(2b_1)a2[1k+a)(( k—a k)] ( )

In these equations, the quantities A, By, wy, and E; are
the Fourier modes associated with the corresponding metric

perturbations. Note that, when b = 2, these equations
reduce to the matter bounce model we considered in our
earlier work [26].

In the following subsection, we shall first construct the
gauge-invariant curvature and isocurvature perturbations.
Thereafter, with the aid of the above equations for d¢; and
Oy, we shall arrive at the equations governing them. As in
the case of the matter bounce scenario [26], we shall find
that some of the coefficients in the equations governing the
curvature and the isocurvature perturbations diverge in the
domain where the null energy condition is violated around
the bounce. Lastly, we shall discuss the method by which
we can circumvent these difficulties before proceeding to
solve the equations numerically.

B. Equations governing the scalar perturbations
and circumventing the diverging coefficients

Recall that the curvature perturbations are the fluctua-
tions along the direction of the background trajectory in the
field space, whereas the isocurvature perturbations corre-
spond to fluctuations in a direction perpendicular to the
background trajectory [32-34]. Using the arguments we
presented in our earlier work [26,35], we can construct the
curvature and the isocurvature perturbations for the model
of our interest to be

R - " ($3p —bUo (X)),

P> = 2bUy(X7) (29a)

_H\bU (X)L
5= ¢* — 2bUy(X)" U 66 =4 32).

(29b)

where 8¢ = 6¢ + (¢/H)y and &y = &y + (y/H)y are
the gauge-invariant versions of the perturbations asso-
ciated with the two scalar fields. Upon using the
equations of motion (28) governing the perturbations
o¢, and Sy, and the first-order Einstein equations (24),
we can arrive at the following equations governing the
Fourier modes R; and &; of the curvature and the
isocurvature perturbations,

1 2
Rt {3<1 -G+ 2/1)/%'12}}

X [CrrR;c + DrrRk + CVSS;( + DrsSk] =0 (303)
2
S
s 2/1)k(2>f72]}
X [Csssgc + DssSk + CsrR;C + DsrRk] =0 (30b)

where the quantities (C,,,D,,,C,,,D,,) are given by
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1
(1=2)(1 + kg )n

Crr =

21 4+ 12444 21922 + 14423 4 322% + (1 4 22)(27 + 761 + 6122 + 1623 k3n?

—6(1+2)2(1 = 2)(3 + 24)kin*], (31a)
2
D,,:—3[5+17/1+8/12—|—3(1+/1)(3+2/1)k(2)112], (31b)
22 +2)(3 + 24
C, = —Y2CHACH2D g s 1714 822) 1 3(1 4+ 2)(4 + T4+ 42)RP), (31¢)
(1 =2)\/1+ kin*n
V2(2+2)(3+27)
= 14+22)(5+ 174+ 822) + (1 = A)(1 +22) (1 + k3?2 k2
—6(1 4+ 2)(1 4+ 24)(4 + T2+ 422)kdn* — (1 + ) (22 + 874 + 8422 + 3223 k], (31d)
while the quantities (Cy,, Dy, C,, Dy,) are given by
1
Cy=— 27 + 1242 + 21327 + 14427 + 322 + (1 +22)(21 + 761 + 674% + 1613k
+6(1+2)2(1 = 2)(3 + 24)kdn’], (32a)
1
D, = 2(27 + 1242 4 21322 + 14473 +322*
AT A (1 1 kg T 2R L 3280
— (255 4 10764 + 175322 + 15002° + 6882* + 1284%)k3n*
— (14 2)(75 + 6914 + 13142% 4+ 9364° + 2242 kgn* — 6(1 — 1) (1 + 2)(1 + 24)(3 + 22)k5n°
+ (1 =2)[9 + 192+ 82% — (1 = A)(3 + 2) k2P| (1 + k2n*)*k*n*}, (32b)
22 +2)(3 + 24
Lo Y22HDBH2D g 1074 822) — (1= )2 4 )G + DK, (32)
(1 =2)\/1+kin*n
Dy, = —/2(2+ 2)(3 + 24)(1 + 22)k>\ /1 + k3n*. (32d)

We find that some of these coefficients diverge either at
the time when H =0 or at the bounce. This poses a
difficulty in evolving the curvature and the isocurvature
perturbations across these instances. As we did in our
earlier work [26], around the bounce, we shall work in a
specific gauge wherein the two scalar quantities describing
the perturbations behave well at such points. We shall
evolve these two scalar quantities across these domains and
eventually reconstruct the curvature and the isocurvature

perturbations from these quantities. Note that H = 0 when

n. = F1/[\/(3 + 22)ky]. As we shall illustrate later, the
curvature and the isocurvature perturbations indeed diverge
at this point (in this context, see our discussion in
Appendix). Also, we shall find that, while the isocurvature
perturbations vanish exactly at the bounce, the curvature
perturbations go to zero a little time later.

As we have mentioned, we shall overcome the problem
of diverging coefficients by working in a specific gauge.

|

It has been observed that the difficulties of evolving the
curvature and the isocurvature perturbations across the
bounce can be avoided if we choose to work in the uniform
y gauge, i.e., the gauge wherein dy, = 0 [26,27]. In this
gauge, we can use A and y as the two independent scalar
functions, and these quantities can be smoothly evolved
across the bounce. The curvature and the isocurvature
perturbations can then be suitably constructed from these
two scalar perturbations. In the uniform y gauge, Eq. (28b)
reduces to

2

k . . .
z (Bk - dEk) = (2b - I)Ak + 31//k (33)

Upon using this relation, the first-order Einstein equa-
tions (24), and the background equations, we obtain the
following equations governing A; and y;:
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42 +30)kgn
L+ k> *
k(1 + kgn?)2(1

LR )

AL+

— ) = 12K3(1 + 2)2(5 4 42)

A
3(1 4+ A)(1 + k2n?)> k
21-)B+40k2y ,  A(1-2) ,
__ / Ry, (34
A1+ &p) T3 W (342)

2(1422)k3n
WZ_WW;<+k2Wk
4(1+/1)(1+2/1)k§;7A,_4(1+/1)2(5+4,1) 5
(=D +&r?) T =2+ "

(34b)

Note that, in the uniform y gauge, the curvature and the
isocurvature perturbations are given by

2HM;,
R =i+ - o+ HA), 35a
k= Yk B — 2bU, (X ) (W k) (35a)
2HM3\/bUo (X))~ 1y
k= . olX%) (Wi + HAy). (35b)

[@* — 26U (X%)P]¢p

Later, we shall make use of these relations to construct
Ry and S, from A, and y; around the bounce.

V. EVOLUTION OF THE PERTURBATIONS
AND POWER SPECTRA

In our earlier work on the matter bounce scenario [26],
we constructed analytical as well as numerical solutions for
the perturbations at early times (i.e., when 7 << —#) as well
across the bounce. For the case of near-matter bounces of
our interest here, we do not seem to be able to analytically
solve the equations (34) governing A; and y; across the
bounce. Therefore, we evolve the perturbations numeri-
cally. In the case of bounces driven by two fields, one of the
concerns that has been raised is whether the fields will be
decoupled at early times, allowing one to impose the
required Bunch-Davies initial conditions (in this context,
see Ref. [36]). Note that, in the model governed by the
action (4), the two fields ¢ and y do not interact directly and
are coupled only gravitationally. It should be clear from
the first Friedmann equation (3) that the energy densities
of the two fields are equal only at the bounce. Clearly, at
very early times, the background universe is effectively
driven by a single field, with the field ¢ dominating the
evolution. This behavior ensures that the curvature and the
isocurvature perturbations are completely decoupled during
the early contracting phase, permitting us to impose the
standard initial conditions on the modes.

As we can construct the background quantities analyti-
cally, we shall require the numerical procedure only for the
evolution of the perturbations. The tensor perturbations can

be evolved across the bounce without any difficulty. In the
case of scalars, we evolve the curvature and the isocurva-
ture perturbations until close to the bounce, and thereafter
we shall choose to evolve the metric perturbations A; and
y . across the bounce (for reasons discussed in the last
section). We shall evaluate the final perturbation spectra at a
suitable time after the bounce.

A. Analytical solutions at early times

Since the scale factor (2) reduces to a power-law form for
n < —ny, the scalar modes can be obtained analytically
during the contracting phase as in the case of tensors. Also,
as we mentioned, during these early times, it is the energy
density of the scalar field ¢ that dominates the background
evolution. For this reason, as we discussed, when n < —7,
the curvature and the isocurvature perturbations decouple
so that the equations (30) governing R and S simplify to

/
RI+ 25 R, + 2R, ~0, (36a)
Z

! 2(1 424
Sp+ 2%8;( + {wlk2 + %] Sy ~0, (36b)

where z~a¢/H ~ V3(1 +wy)Mpa, and recall that,
while wy, = =4/[3(1+2)], w, = (1 =2)/[3(1 4+ 4)]. We
find that the equations describing the Mukhanov-Sasaki
variables corresponding to the curvature and the isocurva-
ture perturbations, viz., U, = zR; and V; = zS, reduce to

201+ 2)(1 + 24
u;g+[k2— (+ }7§ i )}Ukzo, (37a)
24(1 + 22
VIt [wﬁh%]vkzo. (37b)

At very early times during the contracting phase, i.e.,
when 5 <« -7y, we can impose the following Bunch-
Davies initial conditions on the scalar Mukhanov-Sasaki
variables U, and V;:

Ur(n) = Ner: e, (38a)
1 ‘
Vi(n) = —==e"V"H, (38b)
2wrk

For convenience, let us simply define the scalar
power spectra as (in this context, see the following
subsection in which we discuss the numerical evolution
of the perturbations)

k3
Pr(k) = o IRyl (39a)
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k3
Ps(k) = 22 Sl (39b)

The spectral index np of the curvature perturbation is
given by

dIn PR

— 1 .
"R= Tk

(40)

Note that the equation governing the tensor and scalar
Mukhanov-Sasaki variables u; and U, [cf. Eqs. (19) and
(37a)] at early times during the contracting phase have the
same form, as is expected in a power-law background.
Therefore, the spectrum of curvature perturbations evalu-
ated prior to the bounce has the same shape as the tensor
power spectrum. As a result, we find that we can write

Pr(k) = rPr(k), (41)

where the tensor-to-scalar ratio r is a constant and is
given by

_8(3+22)

1+2 (42)

Evidently, r =24 when A =0, a well-known result in
the matter bounce scenarios (see, for instance, Ref. [27]).
It should also be mentioned that the spectral index ng is
given by

ng =1-44. (43)

B. Numerical evolution across the bounce

We evolve the perturbations numerically just as we did in
our earlier work [26]. To begin with, we use e-N-folds N'—
defined as a(N\') = ag exp(N?/2)—to be our independent
variable. The e-N-fold proves to be very convenient to
describe symmetric bounces, and it replaces the more
conventional e-fold to evolve the perturbations over a wide
domain in time efficiently [26,28,29]. We express the
equations (15) and (30) governing the tensor and scalar
perturbations hy, Ry, and Sy in terms of the new variable N
and integrate the equations using a fifth-order Runge-Kutta
algorithm. In the case of the scalar perturbations, as is often
done in the case of two field models, we shall numerically
integrate Eqgs. (30) using two sets of initial conditions (in
this context, see, for instance, Refs. [35,37]). We first
integrate the equations by imposing the Bunch-Davies
initial condition corresponding to (38a) on R and setting
the initial value of S; to be zero. We then impose the initial
condition corresponding to (38b) on S; and set the initial
value of R, to be zero. If the perturbations R, and S
evolved according to these two sets of initial conditions are
denoted as (R}, Sb) and (R}, SV, then the power spectra

associated with the curvature and the isocurvature pertur-
bations can be defined as [35,37]

k3

Pr(k) = 2—”2(|R}¢|2 +REP), (44a)
k3

Ps(k) = s (ISK> + IS¢ P). (44b)

We discussed earlier how the model of our interest
depends only on two parameters, viz., ky/ay and A. If we
multiply the modes R;, S;, and h; by the quantity
VkoagMp,, we find that k, or a, does not need to be
specified independently in order to evolve them from the
given initial conditions. In fact, the resulting scalar and
tensor power spectra depend only on kq/ag and A. We shall
choose to work with ky/(agMp) =9.61 x 107 and
A =0.01. This value of ky/ag ensures that the curvature
perturbation spectrum Py (k) evaluated after the bounce is
COBE normalized, corresponding to the value of 2.31 x
1072 at a suitable pivot scale. Also, the value of 1 we shall
work with leads to the scalar spectral index of np ~ 0.96, as
required by the Planck data.

We impose the initial conditions on the perturbations
when k? = 10*(a"/a). In the case of tensors, we evolve
Eq. (15) across the bounce (with A/ as the independent
variable) until y = Sy, with § = 102, after the bounce. We
evolve the scalar perturbations using Egs. (30) until # =
—an, and we shall assume that @ = 10°. Since Egs. (30)
contain coefficients which diverge close to the bounce, as
we discussed, we instead use Egs. (34) to evolve the scalar
perturbations A; and y;, across the bounce from n = —an,
to n = pny. Evidently, the quantities R and S; that were
evolved during the early contracting phase can provide us
the initial conditions for A and y;, at = —an, through the
relations (35). Once we have A; and y;, in hand, we shall
reconstruct R and S, using the same relations. It is useful
to mention here that, for the values of ky/a, and 1 that we
are working with, # = —an, with @ = 10° corresponds to
N ~—6.78, while n =y, with = 10> corresponds
to N = 4.29.

C. Behavior of the perturbations and the power spectra

In Fig. 1, we have plotted the evolution of the perturba-
tions Ry, Sy, and hy for a typical cosmological scale as a
function of e-N-folds /. As we had expected, the curvature
and the isocurvature perturbations diverge at the points

where H =0, ie., at n7 = F1/[\/(3 + 24)ky], corre-
sponding to A" = F0.76 (in this context, see Appendix).
Moreover, as expected, the isocurvature perturbations
vanish at the bounce. We find that, in fact, the curvature
perturbation also vanishes at a point soon after the bounce.
Further, while the amplitude of the curvature and the
tensor perturbations freeze after n = 7, the isocurvature
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FIG. 1. Evolution of the amplitudes of the curvature perturba-
tion R, (in blue), the isocurvature perturbation S, (in green), and
the tensor mode £ (in red) corresponding to the wave number
k/ky = 1072 has been plotted as a function of e-N-folds /. We
have chosen the background parameters to be ko/(agMp) =
9.6 x 107 and A = 0.01 in plotting this figure. We should clarify
that we have, in fact, multiplied R, Sy, and &, by the quantity
VkgagMp, to ensure that they depend only on the parameters
ko/ay and 1. We have plotted the numerical results from the initial
e-N-fold when k> = 10*(a" /a) corresponding to the mode. The
behavior of the modes is essentially similar to their behavior in
the matter bounce scenario we considered in our earlier work
[26]. The sharp rise in the amplitude of the curvature perturbation
close to the bounce ensures that the tensor-to-scalar ratio is
strongly suppressed after the bounce, leading to levels of r that
are consistent with the upper bounds from Planck. Moreover, note
that the isocurvature perturbation decays after the bounce, which
leads to a strongly adiabatic spectrum, as is also required by the
observations.

perturbations decay soon after.” Such a decay leads to a
strongly adiabatic spectrum of scalar perturbations, as is
required by the observations. All these points should be
evident from Fig. 1. Essentially, the scalar and tensor
perturbations behave just as in the matter bounce scenario
we considered earlier [26].

Having obtained the solutions for the modes, we can now
evaluate the resulting power spectra. We compute the scalar
and tensor power spectra after the bounce at 7 = fr,, with
p = 10? (corresponding to N = 4.29). In Fig. 2, we have
plotted the power spectra prior to the bounce (evaluated at
n = —an,, with a = 10°, corresponding to ' = —6.78) as
well as after the bounce. It is evident from the figure that the
shape of the power spectra are preserved as the perturba-
tions evolve across the bounce. We find that the value of
ko/(agMp;) = 9.61 x 107° leads to the COBE normalized

In fact, in the case of the tensor perturbations, it is possible to
construct analytical solutions across the bounce as well (in this
context, see Ref. [38]). We find that our numerical solutions
match the analytical solutions quite well.

1077 g
10711 | i
10—15
10—197 i
= 190~}
&
) 10—317 |

& 107} 1

< 107%

53 10743 |
10717
10751
107 | '

10—25 10—24 10—23 10—‘22 ]0—21 10—20

k/ko

FIG. 2. The numerically evaluated scalar (the curvature per-
turbation spectrum in blue and the isocurvature perturbation
spectrum in green) and tensor power spectra (in red) have been
plotted as a function of k/k, for a range of wave numbers that
correspond to cosmological scales today. We have worked with
the same set of values for the parameters ky/a, and A as in the
previous figure. The power spectra have been plotted both before
the bounce (as dotted lines) and after (as solid lines). The power
spectra have been evaluated at n = —a (with a@ = 10°) before
the bounce and at # = S, (with # = 10?) after the bounce. The
values for the parameters we have worked with lead to the COBE
normalized value of 2.31 x 107 for the curvature perturbation
spectrum at the scale of k/ky = 10723, Also, the value of A we
have chosen leads to a curvature perturbation spectrum with a red
tilt corresponding to np ~0.96, as required by the CMB
observations. Moreover, the tensor-to-scalar ratio evaluated after
the bounce proves to be rather small (r =~ 107%), which is
consistent with the current upper limits from Planck on the
quantity [10].

value of 2.31 x 107 for the curvature perturbation spec-
trum at the scale of k/ky = 10723, Recall that our main goal
here is introduce a suitable tilt to the curvature perturbation
spectrum so as to be consistent with the observations. As
we mentioned, for 4 =0.01, we find that np = 0.96,
perfectly consistent with the observations. Lastly, we find
that, as the perturbations evolve across the bounce, the
tensor-to-scalar ratio drops from the value of r = 23.92
prior to the bounce to r = 1.46 x 107 after the bounce.
Needless to add, this value of the r is much smaller than the
current upper bound of r < 0.07 from Planck [10].

VI. DISCUSSION

In this work, extending our earlier effort, we have
constructed a two-field model consisting of a canonical
scalar field and a noncanonical ghost field to drive near-
matter bounces. Near-matter bounces are in some sense
similar to slow-roll inflation, as they lead to nearly scale-
invariant spectra. The model we have constructed consists
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of two parameters, kq/ag and 1. While ky/a, determines
the amplitudes of the scalar and tensor power spectra, a
nonzero value for 4 leads to a tilt in the power spectra. We
have been able to numerically evaluate the scalar and tensor
power spectra in the model and show that, for suitable
values of the parameters, the resulting spectra are consistent
with the current constraints from the CMB observations.

It is interesting to have extended our original matter
bounce scenario and have achieved a red tilt in the scalar
power spectrum in order to be consistent with the obser-
vations. The next obvious challenge is to examine if the
scalar non-Gaussianities generated in the model are indeed
consistent with the current constraints from Planck [11].
We are presently investigating this issue.
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APPENDIX: IS A DIVERGING CURVATURE
PERTURBATION ACCEPTABLE?

We have seen that, in the model driving near-matter
bounces we have constructed here as well as the earlier
model leading to the matter bounce scenario [26], the
curvature and the isocurvature perturbations diverge when
H = 0. This may cause concern as to whether the pertur-
bation theory breaks down around such instances. We
believe that this behavior should not be of any concern. The
reason is that the curvature and the isocurvature perturba-
tions diverge due to the fact that a background quantity that
appears in the denominator of their definitions vanishes. As
we have discussed, it is possible to overcome such hurdles
by working with perturbed quantities that behave well at
these points.

In fact, such a behavior also occurs during the reheating
phase that succeeds inflation. To illustrate this point, let us
consider the often-studied case of inflation driven by a
single, canonical scalar field, say, ¢. As is well known,
once inflation has terminated, the scalar field is expected to
oscillate at the bottom of the potential between the turning
points where the velocity of the field vanishes. Let us focus
on the domain where the energy density of the scalar field is
still dominant soon after inflation (i.e., when reheating has
yet to set in, a period that is referred to as preheating). In
such a situation, for the case of inflation and preheating
driven by the conventional quadratic potential, the behavior
of the background as well as the curvature perturbation
associated with a typical large-scale mode of cosmological
interest can be solved for analytically (in this context, see,
for instance, Ref. [39]). In Fig. 3, we have plotted the
evolution of the velocity ¢ of the background scalar field
and the curvature perturbation, say, R, associated with a
small-scale mode obtained numerically, as a function of

2x 10761 R
1x 1075 .
Y 0
—1x1076 -
—2x 107 -
29.0 29.5 30.0 30.5 31.0
N
L1x 107
=
&
1.0 x 1071H
29.0 29.5 30.0 30.5 31.0
N
FIG.3. The behavior of the velocity ¢ of the scalar field driving

the background (on top) and the amplitude of the curvature
perturbation R, (at the bottom), obtained numerically, have been
plotted as a function of e-fold N during the epoch of preheating
that succeeds inflation. For purposes of illustration, we have
considered the simple case of the conventional quadratic potential
to drive inflation and preheating. Also, for convenience, we have
chosen to work with a small period of inflation and have
highlighted the behavior of the velocity of the field and the
amplitude of the curvature perturbation during the epoch of
preheating (in this context, also see Ref. [39]). For our choice of
the parameters and initial conditions, inflation ends at N =~ 28.3,
and the mode of interest leaves the Hubble scale during inflation
at N ~26.2. It is evident from the figures that the curvature
perturbation diverges exactly at the points where ¢ and, hence,
H vanish.

e-fold N during the epoch of preheating. In plotting the
figure, for convenience, we have chosen to work with a
small range of e-folds of inflation. Also, we have restricted
ourselves to the behavior of the velocity of the scalar field
and the curvature perturbation during the epoch of preheat-
ing. It is clear from the figure that the curvature perturbation
diverges exactly at the turning points when the scalar field
oscillates at the bottom of the inflationary potential. The
situation encountered in the cases of the bouncing scenarios
we have considered here is similar to the behavior during
preheating. In fact, in both the situations, the divergences
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occur whenever H = 0. For this reason, we believe that the
divergent curvature and isocurvature perturbations which
we encounter in the bouncing models of our interest pose
no cause for concern (for a discussion on this issue, also see
Ref. [40]). There are two points which we wish to stress
before we conclude. Note that the background is well

behaved (say, no divergences in the curvature invariants
arise) at the points where H vanishes. Moreover, we should
clarify that we have made no effort to regularize the
perturbations. We have chosen to work in suitably con-
venient gauges in order to evolve the perturbations across
the points where H vanishes.
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