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The initial singularity is the most troubling feature of the standard cosmology, which quantum effects are
hoped to resolve. In this paper, we study quantum cosmology with conformal (Weyl) invariant matter.
We show that it is natural to extend the scale factor to negative values, allowing a large, collapsing universe
to evolve across a quantum “bounce” into an expanding universe like ours. We compute the Feynman
propagator for Friedmann-Robertson-Walker backgrounds exactly, identifying curious pathologies in the
case of curved (open or closed) universes. We then include anisotropies, fixing the operator ordering of
the quantum Hamiltonian by imposing covariance under field redefinitions and again finding exact
solutions. We show how complex classical solutions allow one to circumvent the singularity while
maintaining the validity of the semiclassical approximation. The simplest isotropic universes sit on a
critical boundary, beyond which there is qualitatively different behavior, with potential for instability.
Additional scalars improve the theory’s stability. Finally, we study the semiclassical propagation of
inhomogeneous perturbations about the flat, isotropic case, at linear and nonlinear order, showing that, at
least at this level, there is no particle production across the bounce. These results form the basis for a

promising new approach to quantum cosmology and the resolution of the big bang singularity.

DOI: 10.1103/PhysRevD.95.103510

I. INTRODUCTION

On the largest scales we can observe, our Universe has a
remarkably simple structure. It is homogeneous, isotropic,
and spatially flat to very high accuracy. Furthermore, the
primordial curvature fluctuations which seeded the for-
mation of structure apparently took an extremely minimal
form: a statistically homogeneous, Gaussian-distributed
pattern of very small-amplitude curvature perturbations,
with an almost perfectly scale-invariant power spectrum.
While inflationary models are capable of fitting the data, it
is nonetheless tempting to look for a simpler and more
fundamental explanation. The early Universe was domi-
nated by radiation, a form of matter without an intrinsic
scale. In fact, it is believed that any well-defined quantum
field theory must possess a UV fixed point, signifying
conformal invariance at high energies. These lines of
argument encourage us to investigate a minimal early
universe cosmology, namely a quantum universe filled
with conformally invariant matter [1]. We start by studying
the quantum propagation of homogeneous background
universes, uncovering a number of surprising features.
Then, we include inhomogeneous perturbations, treated
semiclassically and perturbatively at both linear and non-
linear order. We do not, in this paper, propose a realistic
scenario. Nor do we proceed far enough to study the effects
of renormalization and the running of couplings, although

2470-0010/2017/95(10)/103510(28)

103510-1

these are no doubt important. Our focus is on the technical
calculation of the causal (Feynman) propagator in some
specific (and quasirealistic) cosmologies. We also postpone a
discussion of the important question of the interpretation of
the propagator and its use to compute probabilities to future
work. Nevertheless, we believe our findings are instructive
and form a useful starting point for such investigations.
The simplest example of conformal matter is a perfect
fluid of radiation. In the context of cosmology, this is
extremely well motivated since the early Universe was, we
believe, radiation dominated. Furthermore, if we add a
single scalar field then at least at a classical level, minimal
coupling is equivalent to conformal coupling under field
redefinitions. So this case too may be considered as an
example of conformal matter. It is then instructive to
extend the discussion to include an arbitrary number of
conformally and minimally coupled free scalar fields.
Since the matter Lagrangian of interest is, by assumption,
conformally (Weyl) invariant at a classical level, it makes
sense to “lift” general relativity (GR) to a larger theory
possessing the same symmetry. This is done by introducing
an extra scalar field which is locally a pure gauge degree of
freedom. The full theory is now classically Weyl invariant
and it may be viewed with advantage in various Weyl
gauges. Its solutions contain all solutions of GR but the
theory allows for extended and more general solutions that

© 2017 American Physical Society
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do not possess a global gauge fixing to GR. In particular, it
turns out that while classical cosmological (homogeneous
and isotropic) background solutions are typically singular
and geodesically incomplete in Einstein gauge (the Weyl
gauge in which the gravitational action takes Einstein-
Hilbert form, with a fixed Newton’s gravitational constant
G), they are regular and geodesically complete in a more
general class of Weyl gauges, where G is no longer constant
and can even change sign. In these gauges, generic cosmo-
logical background solutions pass smoothly through the
“big bang singularity” and into new regions of field space,
including “antigravity” regions where G is negative [2].
Strictly speaking, the lifted classical theory is still incomplete
because these highly symmetrical backgrounds are unstable
to perturbations in the collapsing phase, leading to diverging
anisotropies which cannot be removed via a Weyl gauge
choice. It was argued nevertheless that the classical theory
possesses a natural continuation across singularities of this
kind [3].

In this paper, following [1], we take a different tack.
We ask whether quantum effects might rescue the theory
from its breakdown at big bang-type singularities. First, we
show that for the simplest types of conformal matter, the
Feynman propagator for cosmological backgrounds may be
computed exactly, allowing us to explore many issues with
precision in this symmetry-reduced (minisuperspace) con-
text. Second, we extend the discussion to include anisot-
ropies, resolving the ordering problems in the quantum
(Wheeler-DeWitt) Hamiltonian by imposing covariance
under field redefinitions. We go further than the treatment
of [1] by defining the quantum theory along the real axis in
superspace, and discovering some remarkable features. For
a flat, isotropic universe, quantum effects indeed become
large near the singularity. Therefore, strictly speaking, one
should not attempt to employ the real classical theory there.
Instead, one can solve the quantum Wheeler-DeWitt-type
equation for the propagator in complexified superspace,
along a contour which avoids the singularity in taking one
from the incoming collapsing universe to the outgoing
expanding one. Provided the contour stays sufficiently far
from the singularity, the semiclassical approximation
remains valid all along it, so one can employ complex
solutions of the classical theory to follow the quantum
evolution across (or more accurately, around) the singu-
larity. In doing so, we find that while quantum effects are
large near the singularity, they take a very special form such
that they are “invisible” in the evolution between incoming
and outgoing states. In the final section of this paper, we
treat inhomogeneous perturbations, at linear and nonlinear
order, showing how they may be followed smoothly and
unambiguously across (or, more accurately, around) the big
bang singularity, in a similar manner.

The theory we consider consists of Einstein gravity plus
radiation and a number of free scalar fields. All of these
forms of matter satisfy the strong energy condition, and any
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cosmological solution necessarily possesses a big bang
singularity. However, there is no singularity in the Feynman
propagator for closed, open and flat Friedmann-Robertson-
Walker (FRW) and for flat, anisotropic Bianchi I cosmol-
ogies; the propagator is well behaved across a bounce
representing a transition from a large, collapsing classical
universe to a large, expanding one. We also study inho-
mogeneous perturbations of the isotropic, radiation-
dominated universe, studying the propagation of scalar
and tensor perturbations across the bounce, at linear and
nonlinear order. We find that, in the semiclassical approxi-
mation at least and with strictly conformal matter, the
incoming vacuum state evolves into the outgoing vacuum
state, with no particle production. The bounce may be
viewed as an example of quantum-mechanical tunneling,
and we use complex classical solutions as saddle points to
the path integral, in a manner which generalizes the use of
instanton solutions to describe tunneling in more familiar
contexts. Some of these results were anticipated in Ref. [1];
here we present more details on their derivation, extend
them to further cases not discussed in Ref. [1], and provide
more mathematical and conceptual background. An alter-
nate interpretation of the antigravity regions, not employing
complex solutions, has been presented in Ref. [4].

The simplest example of a “perfect bounce” is provided
by a spatially flat, homogeneous and isotropic FRW
universe, filled with a perfect radiation fluid. Adopting
conformal time (denoted by #), i.e., choosing the line
element to be

ds? = a®(n) (~dif + d2), (1)

one finds the scale factor a(#) « 5. One way to see this is
from the trace of the Einstein equations. For the line
element (1), R = 6(d*a/dn*)/a’ and for conformal matter,
the stress tensor is traceless. So the Einstein equations
imply a(n) «cn. If spatial curvature is included, it is
subdominant at small a so that a still vanishes linearly
with 5. Hence a(n) «# is a direct consequence of con-
formal invariance and cosmological symmetry. While the
line element (1) clearly contains a big bang/big crunch
singularity at # = 0, it is regular everywhere else, not only
along the real #-axis but also in the entire complex # plane.
Any complex 7 trajectory that connects large negative and
large positive a while avoiding a =0 gives a regular,
complexified metric that asymptotes to a large, Lorentzian
universe in the past and the future, while circumventing the
big bang singularity.

Such complex solutions have been discussed in quantum
cosmology for a long time as saddle points of the path
integral, for instance in the no-boundary proposal of Hartle
and Hawking [5,6]. The crucial difference in our proposal is
that the complex solutions connect two large, Lorentzian
regions, identified with a collapsing incoming universe and
an expanding outgoing one. The Weyl-invariant lift of GR
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provides a convenient simplification of the geometry on
superspace, cleanly exhibiting its Lorentzian nature and the
role of the scale factor a as a single timelike coordinate for
both “gravity” regions. This leads us to a novel formalism
for quantum cosmology in which, rather than restricting to
positive a and imposing boundary conditions at a = 0, a is
extended to the entire real line. The Feynman propagator
turns out to have simple behavior at large negative and
positive a, describing a contracting and reexpanding uni-
verse, respectively, and connecting them through a quan-
tum bounce. The purpose of this paper is to flesh out the
details of this formalism, and show how it leads to a novel
form of singularity avoidance in the context of an extremely
simple (but not altogether unrealistic) cosmology.

Some of the features of our discussion are not new. The
possibility of solving minisuperspace quantum cosmology
models exactly by recasting their dynamics as those of a
relativistic free particle or harmonic oscillator was pointed
out before (see, e.g., Refs. [7]). However, the crucial new
feature in our work is the existence of regular solutions
(especially complex ones) that connect two large
Lorentzian universes through a quantum bounce. This
feature relies on having a positive energy density in
radiation, a possibility which, as far as we know, was
overlooked in previous work. In fact, our results suggest
that the fact that the early Universe was dominated by
radiation may be sufficient in itself for a semiclassical
quantum resolution of the big bang/big crunch singularity,
without the need for less well-motivated ingredients such as
exotic forms of matter [8], modified theories of gravity [9],
or a proposed theory of quantum gravity [10]. To avoid any
potential confusion, let us reemphasize that the theories we
consider consist of general relativity with a radiation fluid
and a number of free scalars, and nothing more: our use of
the Weyl lift of GR does not introduce any additional
degrees of freedom.

The plan of our paper is as follows. In Sec. II, we
introduce the Weyl lift of GR plus radiation and scalars,
and show how the degree of freedom corresponding to the
metric determinant can be isolated straightforwardly, lead-
ing us to a Weyl-invariant notion of a, the “scale factor.” We
then study homogeneous, isotropic FRW universes in
Sec. III, showing that in these cases, the Einstein-matter
action corresponds to that of a massive relativistic particle
moving in Minkowski spacetime, either freely or subject
to a quadratic, Lorentz-invariant potential. We discuss the
classical and quantum dynamics of FRW universes, using
the classical Hamiltonian analysis to define the Wheeler-
DeWitt quantum Hamiltonian. We discuss the Klein-
Gordon-type inner product proposed by DeWitt [11], but
take the point of view that the fundamental quantity of
interest is really the causal (Feynman) propagator, which is
naturally defined as a path integral over four-geometries
[12]. Accordingly, in Sec. IV we calculate the propagator
for various cases of interest. While the Feynman propagator

PHYSICAL REVIEW D 95, 103510 (2017)

for FRW universes is actually regular at the singularity
a = 0, its asymptotic behavior for large arguments displays
interesting pathologies both for closed and, in particular,
open universes, so that only flat FRW universes seem to
consistently admit a quantum bounce. In Sec. V, we extend
the treatment to anisotropic universes of Bianchi I type,
including for generality a number of free minimally
coupled scalar fields. We resolve the ordering problem
in the quantum Hamiltonian, and we are again able to
explicitly derive the Feynman propagator. A very special,
singular potential arises centered on a = 0 which, in the
minisuperspace context, is harmless and actually invisible
in the scattering amplitude between incoming and outgoing
states. The coefficient of this singular potential turns out to
take a special value for the isotropic universe with zero or
one conformally coupled scalars, placing it on the edge of a
potential quantum instability, as we discuss. The addition
of further conformally coupled scalars moves the theory
away from this edge, however. This is an intriguing result
that deserves further attention, as it could be used to select
between isotropic and strongly anisotropic universes. In
Sec. VI, we add inhomogeneities, treated linearly and
nonlinearly in the semiclassical approximation where
one employs complex classical solutions to the classical
Einstein equations. We show how this is sufficient to
determine mixing between positive- and negative-
frequency modes, and hence to compute the particle
production across the “quantum bounce.” We find no
particle production, but instead verify that the perturbation
expansion breaks down at late times due to the formation of
shocks in the fluid, a phenomenon which is now physically
well understood [13]. Section VII concludes.

II. WEYL-INVARIANT COSMOLOGY

We start by studying the cosmology of a universe filled
with perfectly conformal radiation and a number M of
conformally coupled scalar fields, with gravitational
dynamics governed by a lift of GR to a classically
Weyl-invariant theory that contains an additional dilaton
field ¢. We stress again that the field ¢ is locally pure
gauge, and possesses no nontrivial dynamics of its own.
This formalism for GR was developed in Ref. [2] and
works in any number of dimensions D > 2 (we set D = 4
shortly). The total action we consider is

G /de{\/__gB((aqﬁ)z - (97)%) —ﬂ<\|/i_|—g>
(D-2)

The independent dynamical variables are the spacetime
metric g,, (assumed to be Lorentzian throughout), the
“dilaton” ¢, M physical scalar fields ¥ = (', ..., y™), and
a densitized particle number flux J# characterizing the
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radiation fluid. The latter can be identified by J# =
\/—gnU¥, where n is the particle number density and
U* is the four-velocity vector field satisfying U? = —1; the
energy density p is only a function of n, concretely p(n) o
no=1 for radiation which is the case we are interested
in. There is a Lagrange multiplier ¢ which enforces
particle number conservation 0,J* = 0, and D — 1 further
Lagrange multipliers f,, with A =1, ..., D — 1, enforcing
constraints J”@,,a"‘ = 0 that restrict the fluid flow to be
directed along flow lines labeled by the fields a* which
play the role of Lagrangian coordinates for the fluid.

In general, the fluid energy density p would also depend
on the entropy per particle. For simplicity, we henceforth
assume an isentropic fluid for which this entropy per
particle is a constant. The fluid part of our action is then
the one given for isentropic fluids in Eq. (6.10) of Ref. [14],
where further details on the construction of actions of
relativistic fluids and their corresponding Hamiltonian
dynamics can be found.

The action (2) is invariant under a Weyl transformation
that takes

g/w - nguw (¢’)?) - Q(Z_D)/Z((rbﬂ)?)’ (3)
where Q(x) is an arbitrary function on spacetime. Such a
transformation also takes p — Q~p. Because of this local
conformal symmetry, the field ¢ does not correspond to a
physical degree of freedom; indeed, if ¢*> — y*> > 0 every-
where, one can gauge fix the conformal symmetry to
recover the usual Einstein-Hilbert formulation of GR. It
is then clear that there is no physical ghost in the theory
even though ¢ appears in Eq. (2) with the wrong-sign
kinetic term.

Let us make this explicit. For ¢p> — > > 0, one can go to
“Einstein gauge” by performing a conformal transforma-
tion (3) that takes

D -1

¢2 _)?2 — constant =: m

4)

where G is Newton’s constant. Note that Eq. (4) does not
entirely fix the gauge freedom as one can still perform a
global rescaling that takes the constant to a different one;
the exact value of Newton’s constant is arbitrary and
corresponds to a choice of units. Einstein gauge corre-
sponds to constraining the (M + 1)-vector formed by (¢, ¥)
to a hyperboloid H in (M + 1)-dimensional field space at
each point in spacetime. One can introduce an explicit
parametrization of this hyperboloid by M coordinates ¢/,

so that in this gauge the action (2) reads

PHYSICAL REVIEW D 95, 103510 (2017)

5= /de{\/zg{—%Gij(y)ayi o —p<\|/i_|_g>
1

o k| 0+ hade) . ©

where G;;(v) is a positive definite metric of constant
negative curvature on the gauge-fixed field space para-
metrized by the v/. Again, Eq. (6) shows that there are no
physical ghosts in the theory, at least as long as ¢> — 7> > 0.

There are two different sectors in the space of field
configurations where Einstein gauge is available, corre-
sponding to “future-directed” and “past-directed” (in field
space) configurations, i.e., to ¢ > 0 or ¢ < 0. There are
also regions where ¢*> — > becomes negative, identified
with “antigravity” in Ref. [2] as they would appear to
correspond to a negative G. We identify such regions with
imaginary values of the scale factor and show how the
passage of the Universe through antigravity regions is a
semiclassical representation of what is really a quantum
bounce, similar to how quantum tunneling can be described
by complex classical trajectories. The antigravity regions
do contain a ghost, as now (¢, ) would be constrained to
de Sitter space dS¥~!'! which has a timelike direction.
These regions and their ghost excitations do not appear
in the physical “in” and “out” states of the theory, which
are defined in asymptotic timelike regions where
¢* — 7> = oo; nevertheless, the existence of these regions
can cause pathologies in the quantum theory if initial
gravity states can propagate into the antigravity regions, as
we see in Sec. IV B.

Setting D =4, to make this more precise it iS now
useful to define a scale factor, or rather its square a2, with
the following properties: it should be Weyl invariant, so
that it takes the same value in any conformal gauge. It
should respect the O(M, 1) isometry of the metric on the
space of scalar fields (defined by the kinetic terms) and so
depend only on the combination ¢ — y?, the radiation
density p and the metric determinant g. It should have
physical dimensions of an area (in the usual conventions
h = ¢ = 1), and scale like the square of the scale factor for
an FRW universe in Einstein gauge in conformal time.
These properties fix the “squared scale factor,” up to an
overall constant, to be

(=9)7(¢* = 77). (7)

We use Eq. (7) as a natural definition in general gauges (the
motivation for the factor % becomes clear shortly). Note that
a? is in general not positive; if we assume positive p and a
Lorentzian metric, as we always do in the following, then in
the antigravity regions a®> < 0 and so a is imaginary. This
definition of a differs from the one in Ref. [2] as it depends

on the energy density of the radiation. In Ref. [2], there was
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no such dependence. Instead, factors of Newton’s constant
were used to ensure the correct physical dimensions.

For a® > 0, we fix the sign of a by choosing a time
orientation in field space: a is defined to have the same sign
as ¢. The Minkowskian field space parametrized by (¢, ¥)
is then partitioned into two regions with real @ and one
region with imaginary a; see Fig. 1. Note that the entire
light cone corresponds to a = 0. This picture, as we have
anticipated, gives physical meaning to positive, negative
and imaginary a, generalizing the case of pure radiation,
M = 0, where there are no spacelike directions and a takes
values along the real axis, as in the example discussed in the
introduction.

Apart from Einstein gauge, another gauge that we often
employ, again following the framework introduced in
Ref. [2], is “Weyl gauge” where the metric determinant
g is fixed to a constant (typically —1). This gauge is
available whenever the metric is nonsingular; in particular,
it covers the entire field space pictured in Fig. 1, encom-
passing both gravity and antigravity regions. It is often a
convenient gauge to work in. In Weyl gauge, the expression
for the scale factor reduces to a* =5 (¢* - 7*), where

for homogeneous models by energy-momentum conserva-
tion p is constant. a is then proportional to the (signed)
timelike O(M, 1)-invariant distance from the origin in field
space, making it a natural choice of time coordinate on
superspace.

For highly symmetric solutions such as FRW universes,
conformal symmetry can be used to eliminate curvature
singularities in the metric by moving them into 0’s of the
quantity (¢? — ). Since this quantity has no geometric
interpretation, it is a priori reasonable for it to vanish or
change sign. However, following the dynamical evolution
through such points is in general problematic because the
effective Newton constant diverges so gravity becomes
strongly coupled. This is reflected, for example, in the
behavior of tensor (gravitational wave) perturbations,
which diverge as the effective Newton constant does.

a=0

=1

“antigravity”
a €iR

FIG. 1. Associating positive, negative and imaginary scale
factor a to different regions in field space. The light cone
corresponds to the singularity a = 0.
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This leads to a diverging Weyl curvature which cannot
be removed because it is conformally invariant.
Nevertheless, in the presence of scalar fields (such as
the electroweak Higgs boson) there is generically no
Mixmaster chaos and one expects the classical evolution
to become ultralocal and Kasner-like. There are a number
of asymptotically conserved classical quantities, including
the Kasner exponents, suggesting a natural matching rule
across the singularity [3] but the issue has not been
conclusively settled [15].

In this paper, we take a different approach. We show that
by extending the classical discussion to a quantum picture
one can avoid the critical surface @ = 0 where the theory
becomes problematic, independently of any Weyl gauge
choice. We give a description of nonsingular quantum
bounces in terms of analytic continuation in a, where the
Universe evolves from large negative a to large positive a
along a contour in the complex a-plane which avoids
a = 0. We argue that as long as the quantum mechanics of
the a degree of freedom make sense, the classical singu-
larity at a = 0 can be avoided without obstruction.

III. FRW BOUNCES

As a first step, we perform the familiar symmetry
reduction of our theory to homogeneous and isotropic
FRW universes, with the metric assumed to be of the form

ds® = A2(1)(=N2(1)dr* + hy;dxidx)) (8)

where h;; is a fixed metric on hypersurfaces of constant z,

which has constant three-curvature R©®) = 6. Note our use
of a conformal lapse function N; the usual definition of the
lapse would be Ny(7) = A(t) - N(t). We can now set the
function A(t) to one by a conformal transformation, so that
the metric becomes nondynamical and all dynamics are
in the scalar fields ¢ and y. Also, with FRW symmetry

JH = \/Enéf'), and the action (2) reduces to

5= vo/dr[’?zz;fz+zv(§<¢2—z>—p<n>) -3,

where - denotes derivative with respect to ¢ and V =

Ik d*x\/h is the comoving spatial volume (which, as
usual for minisuperspace models, must be assumed to be
finite). We have simplified the last term including the
Lagrange multipliers which would be —n(p + &) since
the equations of motion involving 8, and a* are clearly
redundant in FRW symmetry. As before, p(n) « n*/3, and
we can replace n by p as the independent variable.

It is evident that Eq. (9) is the action for a
relativistic massive free particle (for k = 0) or a relativistic
massive particle in a harmonic potential or a harmonic
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“upside-down” potential (for x # 0) moving in (M + 1)-
dimensional Minkowski spacetime. To make this more
explicit, we can introduce new variables

(@.0),a=0,...M,  m:=2Vyp, (10)

1
xa = —
V2p

so that Eq. (9) now takes the form

s—/dzg (%k“ka—N(Kx“xa—i—l)) _(pm} (11)

where we have redefined the Lagrange multiplier for
simplicity, ¢ := @V(dn/dm), and the Minkowski metric
on the space of scalar fields 77,5 = diag(—1,1,1,...) is used
to raise and lower indices. A crucial role is played by the
mass m which corresponds to (twice) the total energy in the
radiation; the limit m — 0 would correspond to a massless
relativistic particle moving in a potential, which is the case
well known in minisuperspace quantum cosmology with
scalar fields [7]. Having a positive mass, and hence timelike
trajectories as classical solutions, is one of the essential
features of our model that leads to a bounce. With the
definition (10), the Weyl-invariant scale factor is simply
a*> = —x?, which explains the factor § in Eq. (7). The
variable a is simply a time coordinate on superspace. One
can introduce it explicitly by setting
x* = av®, v? = —1 (12)

so that v is restricted to a hyperboloid H (see Fig. 2).
This parametrization, which isolates the physical scalar
fields as the variables v%, is useful below.

Starting from Eq. (11), the classical equations of
motion are

1d <m5c“

NE N ) —+ mkx” = 0, (13)

N

FIG. 2. The points of constant (real) a form a hyperboloid
parametrized by v*.

PHYSICAL REVIEW D 95, 103510 (2017)

1
N X%, + kx%x, = —1, (14)
1 N
}’i’l :0, (l): —ﬁfc"’fca—kz(l{x"’xa—l— 1) (15)

The general solution to these equations is m = constant,

X (f) = \x/(l;exp <iﬁ A tdt’N(t’))

—I—\x/—%;exp (—i\/E A tdt’N(t’)) (16)

with x; - x, = —3; the lapse function N(¢) is arbitrary and
¢(t) is determined from integrating Eq. (15). For k = 0, the
general solution is simply a general timelike straight line in
Minkowski spacetime,

t
X4(1) = x4 A dIN(') + x4 (17)

with x% = —1. For x = 0, all solutions describe a bounce,
similar to the example in the introduction: the Universe
comes in from negative real infinite a, goes through a = 0
followed in general by an “excursion” into imaginary a, and
crosses a =0 again before going off to real positive
infinity. When we go quantum, since the action is quadratic,
the saddle point approximation is exact and the quantum
dynamics is given purely in terms of these classical
solutions. When viewed as saddle points, these trajectories
can be deformed in the complex a-plane so that the
singularity a = 0 is avoided. The situation is more subtle
for k < 0, where there are spacelike as well as timelike
solutions, and for x > 0 where there is a turnaround in the
classical solutions and the Universe must recollapse due to
the spatial curvature. In Sec. IV, we see how the more
complicated structure of solutions for x # 0 is reflected in a
pathological behavior of the Feynman propagator for large
arguments.

A. Canonical formalism

In order to pass to the Hamiltonian formalism,
following Dirac’s algorithm [16], one computes the canoni-
cal momenta for the action (11) and finds

oL m,

Pa Pm=—@,
While the first equation can be inverted to express the
velocities x* in terms of the momenta p,, the last three
equations are primary constraints—we use Dirac’s notion
of “weak equality” ~ for equations that hold on the
constraint surface. The second and fourth constraint would
be second class, meaning one has to introduce a Dirac
bracket and “solve” them. However, in this case, one can

use the shortcut of simply identifying —¢ with the
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momentum conjugate to m and removing the separate
variable p,,. This is equivalent to saying that the term —gm
in Eq. (11) is part of the symplectic form p;g’ so that one
can read off p,, = —¢.

The Hamiltonian is then

m

N
H_N<%+3(Kx2+1)> + Epy. (19)

Preservation of py =0 under time evolution gives the
secondary, Hamiltonian constraint,

m

C: —
+2

p? )
= (kx* 4+ 1) = 0. (20)
N can then be treated as a Lagrange multiplier; it only
enters linearly in the Hamiltonian, and its time evolution
under H is N = {N,H} = & where & is undetermined.
Removing (N, py) from the phase space (and setting
& = 0 in the Hamiltonian), we are left with the canonical
pairs (x%, p,) and (m, p,,), subject to the constraint C,
which trivially satisfies {C,H} =0. C generates time
reparametrizations,

N a
Syx® = {x4, NC} = 2 (21)
m
ONPo = —Nmkx,, (22)
P 1o
5Npm——N<—ﬁ+§(Kx —I—l)), (23)

which correspond to the Lagrangian notion of time repar-
ametrization, by the equations of motion (13)—(15).

B. Quantization

Having set up the canonical formalism, we can
proceed with quantization in the standard way. The
Hamiltonian constraint is imposed as an operator equa-
tion restricting the set of physical states. In the (x,m)
representation for the wave function, this is the Wheeler-
DeWitt equation

ﬁ (-0, + m? (kx> + 1))¥(x, m) = 0. (24)
Different m sectors simply decouple, as a consequence of
conservation of the total energy in the radiation, with no
transitions between different m values allowed. An
alternative representation of wave functions is obtained
by separating the scale factor from the physical scalar
field degrees of freedom, as in Eq. (12), and introducing
a set of coordinates v/, i = 1, ..., M, on the hyperboloid
HM. The Wheeler-DeWitt equation then becomes
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? Mo 1 _
— = A+ m(1 —ka’) | ¥(a.v'.m) =
<3a2 @ 0a @omtm (1 —ka )) (a,v',m) =0

(25)

where Apm is the Laplace-Beltrami operator on M-
dimensional hyperbolic space, i.e., on the space para-
metrized by the coordinates r/. For example, using
Beltrami coordinates ¢/ = x’/x" one would have

AHM = (1 - 22)[(5U - l/il/j)aiaj - 21/i8i]. (26)

This coordinate choice on superspace makes the role of
the timelike coordinate a explicit. The Wheeler-DeWitt
equation can then be simplified by Fourier transforming
from the v/ coordinates to their conserved momenta (,

82 M 8 c 2 2 i —
(8az+a8a_az+m (1—xa )>‘P(a,§ ,m)=0 (27)

with
(M—172 =2 (28)

corresponding to the eigenvalues of the Laplacian on HY
(for M > 1). As we see in Sec. V below, the same form
of the Wheeler-DeWitt equation applies when including
anisotropies in a Bianchi I model or additional minimally
coupled scalar fields, with the only change that the
constant ¢ receives additional contributions from con-
served anisotropy and scalar field momenta as well as
from fixing ordering ambiguities.

A natural inner product on solutions of a second-order
equation like Eq. (25) is the Klein-Gordon-like norm

a

(Y|®) EiaM/dMudm,/gHM (T*(a,vi,m)aﬁ@(a,vi,m)

0 * i i
- a_lp (a, v, m)®(a,v m)), (29)

a

with g,» being a constant negative curvature metric on H,
which is conserved under time evolution, i.e., independent
of a, for solutions of Eq. (25). This inner product was
introduced by DeWitt [11] and has the well-known problem
(if it is used to define probabilities) that it is only positive
on positive-frequency solutions to Eq. (25), when they
exist. For some simple cosmological models, this subspace
is well defined, and may be interpreted as the space of
expanding quantum universes: if a is taken to be positive,
a wave function describing an expanding universe must
be an eigenstate of p, = —id, with negative eigenvalue
(note that p, = —ma/N and so a > 0 means p, < 0), i.e.,
a positive-frequency solution. This notion of positive
frequency breaks down for cosmological models with
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recollapsing solutions, such as the FRW universe with
k > 0, where it is only well defined until one reaches the
turning point, and it is known that a decomposition into
positive and negative frequencies of the type we are using
here is not available in general [17]. The question of how
to define meaningful probabilities in quantum cosmology
has, of course, been a matter of long debate (see, e.g.,
Refs. [5,18,19]).

We do not aim to resolve this debate here. The only use
we make of the DeWitt norm (29) is to help us construct
the Feynman propagator from mode function solutions of
the Wheeler-DeWitt equation. The expansion rate —p,
does play the role of an energy, which leads us to adopt
Feynman’s picture for quantum field theory in which
positive energy (i.e., expanding) states are propagated
forward in proper time. The natural two-point function
we consider below in Sec. IV is hence the Feynman
propagator. In what follows we alternate between the path
integral and the Feynman propagator as basic formulations
of quantum cosmology, explicitly showing their equiva-
lence in simple cases.

So far, this is a completely standard definition of a
minisuperspace model in Wheeler-DeWitt quantum cos-
mology. However, there is one crucial difference between
our approach and previous treatments, in that we do not
restrict the wave function to positive a, nor do we impose
any boundary condition at @ =0 [such as the popular
choice ¥(a = 0) = 0]. At fixed m, the domain of the wave
function is simply R™:!. Any boundary condition at a = 0
would seem artificial from the viewpoint of classical
solutions such as classical FRW “bounces” which connect
negative and positive a, as we have described, and is also
generally inconsistent with the wave function describing an
expanding Universe, i.e., a positive-frequency solution. In
our proposal, the natural choice of wave functions corre-
sponds to positive-frequency solutions that asymptote to
plane waves at large |a|, where the Universe becomes
semiclassical, while we allow for irregular behavior in the
wave function at @ = 0. The examples we consider all
admit a semiclassical Wentzel-Kramers-Brillouin (WKB)
expansion in which one can deform the contour from the
real g-axis into complex a, avoiding a = 0 entirely.

IV. FEYNMAN PROPAGATOR
FOR FRW UNIVERSES

The Feynman propagator is one of the most basic
ingredients in relativistic quantum theory. In quantum
gravity, it plays the role of a causal Green’s function for
the Wheeler-DeWitt equation, arising from a path integral
in which one integrates only over positive values of the
lapse function [12]. If one considers amplitudes in which a
changes sign, as we do, then the Feynman propagator takes
one from a contracting universe in the initial state to an
expanding one in the final state, via a singularity of the big
bang type. Such an amplitude provides a natural way to
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describe the ‘“emergence” of spacetime from quantum-
mechanical first principles [20].

In this section, we show how to calculate the Feynman
propagator for FRW universes directly from the path
integral; in particular, the path integral may be used to
define the propagator without the need for an additional
“i¢” prescription and, furthermore, the propagator directly
defines the positive- and negative-frequency vacuum
modes. As we have stressed, with FRW symmetry the
action is quadratic and the saddle-point approximation is
therefore exact for the path integration over the phase-space
variables. However, we also have a constraint (the
Friedmann equation) which must be imposed via an addi-
tional integration over the lapse function or Lagrange
multiplier N [21]. This integral is no longer Gaussian
and has to be considered with more care. Things are
considerably simpler for the flat FRW case x = 0, where
we have seen that the dynamics are just those of a massive
relativistic free particle in Minkowski spacetime. We
therefore begin by reviewing how the Feynman propagator
for a relativistic particle is calculated both from a path
integral and as a Green’s function for the differential
equation satisfied by physical wave functions. We then
extend these methods to treat general FRW universes for the
types of matter we consider.

A. Relativistic particle

Consider the action for a relativistic massive particle in
(M + 1)-dimensional Minkowski spacetime,

m )'c“)'cﬁn(,/,w
Si/dt< N —N), (30)

where m > 0, x%(¢) is the parametrized particle world line
and N(t) is the “einbein.” Classically, N may be eliminated
using its equation of motion, obtaining the manifestly
reparametrization-invariant ~ action S = —m [ drv/—i’.
Quantum mechanically, it is more convenient to fix the
reparametrization invariance [see also the discussion of
gauge fixing below Eq. (40)]: one can work in a gauge
in which ¢ varies over a fixed range, conveniently taken to
be —1 <t <1, and N is a t-independent constant, equal to
the total, reparametrization-invariant time | dtN which we
call z. The Feynman propagator is then given by the path
integral

12
G(x|x") —/dTDxexp [i%/?dt(%—r)}
o
o m \'*5"
i [Tar( ) e, 31
1/) T<27rir) ¢ S

where 6 =—(x—x')? and 7 should be integrated over
positive values. Evaluating the Gaussian path integrals is
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straightforward, with the only unusual factor being the
prefactor of i in the second line, which arises from the
functional integral over x’, which has the “wrong sign”
kinetic term so that the overall phase factor contributed is
e17/4 rather than the usual e™7/4,

The second line of Eq. (31) is, of course, just the familiar
Schwinger representation of the Feynman propagator, in
which the exponent is the classical action evaluated on a
solution of the equations of motion ¥ = 0, satisfying the
correct boundary conditions, i.e., x(f) =x(t+3) +x'(3-1),
and the prefactor is given by the usual (regularized)
functional determinant. Note that this solution is only
the saddle point for the functional integral over paths
x(t), at fixed z. The constraint x> = —7> arises sub-
sequently, as the condition for a saddle point in the
exponent of the 7 integral. In fact, once the saddle point
is chosen, the integration contour is then fixed (up to an
equivalence class of contours yielding the same result) as
the complete extension of the corresponding steepest
descent contour. Integrating over negative proper time in
Eq. (31) would reverse the notion of time ordering, whereas
integrating over both positive and negative 7 would lead to
a symmetrized two-point function in which one sums over
both time orderings, i.e., the Hadamard propagator.

For M > 0, the 7 integral in Eq. (31) has a potential
divergence at =z = 0. In fact, the integral converges at all
real values of ¢ except 6 = 0. That divergence is real: the
Feynman propagator is singular for null-separated points.
For other real values of ¢, given that the integral converges
for all ¢ in the lower-half ¢ plane, one may define the
Feynman propagator as the boundary value of the function
defined by the integral, which is analytic in the lower-half ¢
plane. Traditionally, the mass m is also taken to have a
small negative imaginary part, in order to make the 7
integral absolutely convergent at large positive values
(Feynman’s “ie” prescription). Equivalently, one may
distort the z-contour to run to infinite values below the
real axis. The integral (31) may be directly expressed in
terms of a Hankel function, whose properties confirm these
general arguments (see the appendix).

It is instructive, however, to evaluate the 7 integral in
Eq. (31) in the saddle-point approximation. First, consider
timelike separations, ¢ = T? > 0. The exponent in the ©
integral (31) is stationary at 7 = 47 and 7 = —T, but only
the former saddle point is relevant to the contour we want,
which is deformable into the positive z-axis. The saddle
point at 7 = +7 gives rise to a positive-frequency result,
G ~ 7T at large T. The integration contour for 7 may
then be taken to be the corresponding steepest descent
contour, shown as the solid line in Fig. 3. Now consider
analytically continuing 7" through the lower right quadrant
to the negative imaginary axis, T — —iR. It follows that G
converges as G ~ e ™R at large R. Correspondingly, this
continuation implies that ¢ = T2 runs below the origin in
the complex o plane to negative values. The corresponding
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FIG. 3. Integration contours in the complex 7 plane, for
the relativistic massive propagator, defined in Eq. (31). As ¢ =
—(x —x')? is varied, from timelike values ¢ = T2 with T real, to
spacelike values ¢ = —R?, with R real, by passing beneath the
origin in the complex o plane, the saddle point in 7, shown by the
black point, moves correspondingly. In each case, the integral is
defined by the associated steepest descent contour running from 0
to oo, also shown.

saddle point for the 7z integral moves as shown in
Fig. 3, passing below the origin in the complex 7 plane
and down the imaginary 7-axis. At spacelike separations,
6 = —R? <0, the saddle point is at 7 = —iR, and the
propagator falls exponentially with spacelike separation.
Notice that although the classical constraint x> = —72
remains satisfied at the saddle point, the saddle-point
value for 7 is imaginary, and hence classically disallowed.
Hence, the propagation of a massive relativistic particle in
spacelike directions may be viewed as a semiclassical
quantum tunneling process, mediated by a complex
classical solution.

In order to match the path-integral definition of the
Feynman propagator to its definition as a Green’s function,
it is convenient to use a time slicing with maximal spatial
symmetry. Here, the trivial time slicing defined by x° is
spatially homogeneous, so one can Fourier transform in the
spatial coordinates and reduce the problem to a single
timelike dimension. Defining

/ "k ik-(3-¥) 0 /0
G(x|x') = (2ﬂ)Me G (x, x"), (32)
one finds that G;(x°, x°) is given by
o P _im<(*0-/0)2+ﬁ,>
Go(x, 1) = i A dry[ome T)(3)

where o, = Vi + m?.

By considering the saddle-point approximation to
Eq. (33), we see that the Fourier-transformed Feynman
propagator asymptotically satisfies
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G (x%,x0) ~ e’ X0 > 400, X0 fixed, (34)

G (x0, x0) ~ et ¥ — —o0, X0 fixed. (35)
Such asymptotic expressions can be used to fix boundary
conditions for the corresponding wave (Wheeler-DeWitt)
equation, as we do shortly.

Formally, G(x[x’) is the matrix element
(x| Jo° dre H7|x') = —i(x|H™'|x), where we again
assume the integral converges at infinite 7. Hence,
suitably defined, G(x|x’) should obey

H,.G(x|x') = =M (x — x'), (36)

where H, is the Hamiltonian in the x-representation,
H, =5-(-0, + m?). We can check Eq. (36) is indeed
satisfied by applying H, to the last line of Eq. (31) and
using the fact that the integrand is a product of free-
particle quantum -mechanical propagators,

1 2 !
S (<D ) Glxl)

—i/mdid N ety
)y Tac\\omir) €

M:rl im (=22
_ lim<1> - e%(%), (37)

2mit

where the limit should be taken along the appropriate
contour in the complex 7 plane. The last line of Eq. (37)
is a representation of the (M + 1)-dimensional delta
function: separating it into a product of similar terms
for each coordinate x% we determine the coefficient of
the corresponding delta function by Fourier transforming
with respect to x%, and then taking the limit 7 — 0. For
the timelike coordinate we obtain —id(x? — x"), whereas
for the spacelike coordinates we obtain &7 (X —X').
Together, these results verify Eq. (36).

The point is now that the Feynman propagator can also
be computed by directly solving Eq. (36) in terms of mode
functions, again because the Fourier transform allows
reduction of the problem to one dimension. Writing both
the delta function and the propagator in Eq. (36) as Fourier
transforms, one sees that G(x|x’) clearly satisfies Eq. (36)
as long as

(03 + @) G (2%, x°) = =2imS(x° — x0).  (38)

This equation is solved by

Gula? %) = = (AW )
PR - x0). (39)

PHYSICAL REVIEW D 95, 103510 (2017)

where y% and w4 are two independent solutions to the
homogeneous equation (93 + @?)y = 0, and W (y,y,) =
wiwh —wow, is the natural conserved (ie., x°-
independent) inner product, or Wronskian. The dependence
of the Feynman propagator at large positive and negative
times now determines the appropriate choices for y*(x?)
and y4 (x°): comparing Egs. (34) and (35) with Eq. (39) we
infer that, up to irrelevant constants, y% = etio’ and
1;/’2‘ = e~ Ingerted into Egs. (32) and (39), these give
the usual expression for the Feynman propagator in “time-
ordered” form. This shows how, in the example of the
relativistic particle, the correct boundary conditions that
define the Feynman propagator as one particular solution of
Eq. (36) can be obtained from the asymptotic behavior of
its path-integral definition. We now proceed similarly to
define the Feynman propagator for general FRW universes.

B. FRW universes

For our cosmological model, the Feynman propagator
can be defined through a phase-space path integral, taking
into account the integration over the lapse N [21],

G(x,m|x',m') = /Dx(’DPaDmmeDN

1/2 ) )
X exp (i /1/2 dt (x”Pa + mp,,

- N(Pgnlza +§(Kxaxa + 1)))). (40)

As in the previous example, due to the reparametrization
invariance of the theory the parameter time (specified by ¢)
between the initial and final configurations is arbitrary, and
we choose it to run from — 1 to 1. In order for the path integral
to be well defined, the gauge invariance under time repar-
ametrizations generated by the Hamiltonian constraint must
be broken by fixing a specific gauge. One simple gauge
fixing, N = 0, can be obtained by introducing a new field I1
and adding the term TIN to the action; we refer to Ref. [22]
for details. Integrating over the field II then reduces the
integration over N to an ordinary integral over the total
conformal time between the initial and final configurations;
we make this explicit by again writing N as 7.

The remaining path integrals may be computed exactly.
Path integration over m and p,, simply gives a delta
function in m, as expected since m has trivial dynamics
constraining it to be constant. One can then integrate over
P, which yields

G(x,m|x',m")

zé(m—m’)/erxexp {i%/dr(%z—r(wrmz))}

(41)

corresponding to M + 1 decoupled harmonic oscillators.
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For « = 0, apart from the overall delta function, this is
exactly the expression Eq. (31). Accordingly, the path
integral over x is just that of a free relativistic particle and
the 7 integral can be evaluated exactly; the result is

1 -
G(x,mlx',m') = Eé(m —m')(=im)M 2zs)FHPZ (s).

2

(42)

with s = m\/—(x — ¥')? — ie, where H$ (x) is a Hankel

function of the second kind (see the appendix). The —ie
in its argument indicates that the expression is the boundary
value of a function which is analytic in the lower half —
(x — x')? plane. As we have emphasized, we have derived
this definition from the path integral, and the requirement
that the integral over proper time z converges.

In order to understand the more involved case of spatial
curvature k # 0, it is again helpful to recall how Eq. (42)
can be obtained from the Wronksian method; for simplicity,
let us set M = 0 and label x° = a which is our scale factor.
Then the Feynman propagator is a solution to

2
<21ndd2+m)G0(a mla',m') = —i6(m —m')6(a — a’)

(43)

and can be written in the form

!/
GO(a, mld'.m') = —2ims(m — m') <M9(a —d)
Wy, wa)
yi(@ya(d) ., )

4+ —————-"0(a' —a 44
W) 0 e
where W(y 1. y1) = wi(a)ys(a) -y (a)yy(a) is again

the (a-independent) Wronskian and y(a) and w,(a) are

two appropriate independent solutions to the homogeneous
m

equation (5. 42+ %)w(a) = 0, found by matching Eq. (44)
with the asymptotic behavior of Eq. (31) at infinity, with
o = (a—d")? (and there are no spacelike directions to be
considered). As explained below Eq. (33), (31) asymptotes
to e~ for large positive a at fixed @', and to ¢ for large
negative a' at fixed «; this fixes the modes in (44) as
wi(a) = ™ and y,(a) = e”™* (up to a normalization
that is irrelevant for G°). Thus, one finds

G(a,m|d',m") = 6(m —m')e""la=<, (45)
in agreement with Eq. (42) for M = 0.

With this in mind, we can now go beyond the simplest
flat case, and consider x # 0, where the dynamics of the
Universe corresponds to those of a relativistic oscillator or
upside-down oscillator. The path integral over x in Eq. (41)
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is easily calculated: the classical path which fixes the
exponent generalizes to

xsin (v/&r(t +3)) + ' sin (ar(3 — 1))
sin(/k7) '

which is unique for all x, x’ and 7 [where we exclude special
cases for which sin(y/k7) = 0], and the prefactor is given
by the usual regularized functional determinant for the
harmonic oscillator, so that

x(f) = (46)

G(x,m|x',m")

M+l

/) K 2
S(m—m

/ <217'L'Sll'l KT))

Ptz S
(47)

The overall factor of i arises just as it did for the free
relativistic particle, discussed in the previous subsection.
As there, we are left with an ordinary integral over 7, and
need to establish the appropriate integration contour.
The resulting integral in Eq. (47) is difficult to do directly
but we can use its behavior at large positive a and large
negative @’ to fix the mode functions v, and y, appearing
in the Wronskian representation. As a consistency check,
we compare the resulting Green’s function to a numerical
evaluation of the 7 integral in Eq. (47) along a suitable
contour, finding perfect agreement in all cases. In this

numerical evaluation, we choose x = (7,0) and x' =

(-T, 6), so that any classical real solution has to pass
through the singularity a = 0 at least once, which is the
situation of main relevance for our study. For ease of
comparison, we plot the flat case x = 0, with M =0, i.e.,
G =e 2T with m =7, in Fig. 4 [here and in the
following we are of course plotting the function multiply-
ing the singular part §(m — m’)].

Consider the saddle points in the 7 integral for the
curved-space propagator, and the associated steepest
descent contour. The condition for the exponent to be
stationary with respect to 7 is precisely the Hamiltonian
constraint (Friedmann equation) 772%* + (1 + kx?) = 0,
with x(z) given by Eq. (46). Real saddle points of the full
functional integral, when they exist, are real solutions of the
classical equations of motion, including the constraints.
Given such saddle points, one defines the associated 7
integration cycle as the complete extension of the steepest
descent contour. If this cycle can be deformed to the real z-
axis while maintaining the convergence of the integral, then
the saddle point contribution is relevant to the final result.

We start with the case of negative x, where, just as in the
flat case, there is always a unique classical solution: for
timelike separated x and x’, the saddle point in 7 is located
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FIG. 4. Feynman propagator for flat universes as a function of
T, for m = 7, showing real part (blue), imaginary part (dashed)
and absolute value (black) which is constant here.

on the real axis, and the steepest descent contour is the solid
curve in Fig. 5. The singular behavior of the integrand at
7 =0 [cf. Eq. (37)] then ensures, just as in the argument
leading to Eq. (37), that Eq. (47) is a Green’s function for
the Wheeler-DeWitt equation,

O m. ., — NsM+1 /
< 2m—|—2(1<x —|—1)>G— i6(m —m")M ! (x — X').

(48)

Once more we set M = 0 for simplicity, and obtain the
Green’s function from the Wronskian method, with the
modes determined from their behavior at large argument.
The Wheeler-DeWitt equation, at fixed m, is

<dd_ (1 =xa) () =0 (9

and is solved by parabolic cylinder functions [23], denoted
by D,(z). In order to find the modes that generalize the
plane waves e*"“ used in the k = 0 case, we can again
study the asymptotic limits of Eq. (47) using the saddle-
point approximation, finding that we must have (with
k< 0)
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FIG. 5. Integration contours in the complex 7z plane for x <0
(solid line) and for x > 0 (dashed line), for the case where

x = (T, 6) and X' = (-T, 6)
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sm 2
—i%\/—Ka
El

y3(a) ~|a| e
wa(a) ~ |a|2e 8V

a — —oo,

a— +oo, (50)
for the mode functions y3 and y, appearing in the analog
of Eq. (44). This asymptotic behavior is also consistent
with the requirement that, as Eq. (47) is invariant under
x = —x and X’ - —x’, w3 and y, must satisfy

w3(—a) =y4(a). (51)

Two independent solutions to Eq. (49) are given by

w(a) = Dya_y(1 = D)Vm(—x)"a)

(52)
2% 2

and its complex conjugate, which asymptotically become
pure negative and positive frequency modes as a — oo but
are a mixture as a — —oo. We therefore set

wa(a) = D_i_1((1+1)vm(—x)"*a)

) (53)

and y3(a) = w4(—a). By computing their Wronskian we
obtain the Green’s function

Vim 1 im ,
T3 2y 2=
X (y3(@)ya(a)0(a — ) + (a < a)).
(54)

G(a,mld',m') =

As we have said, this result can also be obtained from
numerical evaluation of Eq. (47). Again we choose x =
(T.0) and x' = (~T.0) and also fix x = —1, M = 0 and
m = 7. The resulting function of T is plotted in Fig. 6.
Notice that the resulting propagator resembles the flat-
space (x = 0) expression for small 7', and the effects of
spatial curvature become relevant only at scales |x| ~ ﬁ

For positive k, the behavior is rather different from « < 0
in that for positive k the real, classical solutions are periodic
in 7; for given x and x’, when one classical solution exists
there will be an infinite number, and in general they should
all contribute to the propagator. Again for consistency with
the x — O limit, we can choose the 7 integration contour
such that it only picks out the simplest saddle point, where
the classical solution interpolating between x and x’ has no
turning points. The corresponding saddle point and steepest
descent contour, indicated by the dashed curve in Fig. 5,
goes over to the unique k = 0 saddle point and steepest
descent contour in Fig. 3 in the flat limit x — 0.

Another issue is that for large timelike x and x’ there is
no real classical solution at all; for large timelike argu-
ments, the saddle point for z becomes imaginary and, as
explained above, we choose the one on the negative
imaginary axis. By the same saddle-point approximation
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FIG. 6. Feynman propagator for open universes as a function of
T, for m =7 and k = —1, showing real part (blue), imaginary
part (dashed) and absolute value (black).

as above, one then determines the asymptotic behavior of
the relevant mode functions w5 and sy,

ws(@)~ o A a0 (55)

Wela) ~|a| T g doo, (56)
again consistent with ws(a) = we(—a). These results, as
well as the form of the propagator, can in fact be obtained
by replacing /—k — ix in the expressions for the open
case. [The factor |a|™/(V®) was dropped in the expres-
sions above since it was a subleading oscillatory factor
|a|—im/(2J—_l<),]

It is straightforward to obtain a complete analytic
expression for the k > 0 propagator from parabolic cylinder
functions by solving the homogeneous equation (49). Two
independent solutions with x > 0 are

ws(a) = D_ﬁ_%(—i\/2_mx1/4a),

we(a) = D_#_%(i\/EKW'a). (57)
These are again complex conjugates of each other, and here
also already satisfy ys(a) = wg(—a), unlike for the open
case k < 0. On the other hand, they are not asymptotic
positive or negative frequency modes, but blow up expo-
nentially both at positive and at negative infinity. At small
a, up to corrections that vanish as x — 0 they reduce to
plane waves e*"¢. From Eq. (57), the Wronskian method
gives the Green’s function

G(a, m|d’, m') = \/\7_1/?/4 r(% + 2@) 5(m — )

X (ys(d)we(a)f(a —d') + (a & a)).
(58)

As before, we have verified that this expression agrees with
the result of a numerical integration of the 7 integral along
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_1F
FIG. 7. Feynman propagator for closed universes as a function

of T, for m =7 and x = 1, showing real part (blue), imaginary
part (dashed) and absolute value (black). As discussed in the text,
for T > 1 the semiclassical interpretation fails.

the chosen contour. With x = (T, 6) X = (-T, 6) as well
as k = 1, M = 0 and m = 7, the resulting function of 7 is
plotted in Fig. 7. Again, it reduces to the k = 0 expression
e~ 2T for small T.

The integration contour in Fig. 5 is chosen in such a way
that its main contribution, for small enough 7', comes from
the lowest positive real saddle point in z, corresponding to
the real classical solution that takes the smallest amount of
proper time. As the arguments of the Feynman propagator
approach x = (1/4/x.0) and x' = (—1/+/x.0), this saddle
point moves towards 7 = \/LE where it eventually merges

with another saddle point approaching 7 = = from above,

corresponding to two classical solutions that become
indistinguishable in this limit. Our choice of integration
contour then becomes ambiguous and is no longer defined
by consistency with the k — 0 limit. As we extend the
arguments to |T| > 1, where there is no longer a real
solution, these two saddle points separate again and start
moving up and down in the imaginary direction. This is
akin to the situation for spacelike separations for the
relativistic particle, and means that our saddle point needs
to be replaced by a saddle point on the line \/LE — iR parallel

to the negative imaginary z-axis. For the purposes of this
paper, we are mainly interested in studying the propagator
with arguments for which there is a classical solution, so
that a semiclassical picture of the propagator as given by
these solutions is meaningful.

The exponential blowup of the Feynman propagator for
large T follows from the asymptotic behavior of the integral
(47) for large timelike x and x’. The corresponding mode
functions increase exponentially for |T'| > 1 when there are
no classical solutions, as can be verified explicitly from the
asymptotics of the parabolic cylinder functions (57). The
Feynman propagator is hence pathological for large time-
like separations, and does not define a suitable two-point
function on the entire superspace, because positive curva-
ture forces classical solutions to recollapse. An asymptotic
description in terms of well-defined states that can be used
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to formulate a quantum theory of expanding universes does
not exist for positive spatial curvature, and this case does
not consistently describe the type of quantum bounce we
are interested in. Of course, this situation could be altered
by the inclusion of a positive cosmological constant, as we
mention later.

For k < 0, classical solutions with pure radiation are well
behaved, expanding to infinite volume in the future and
past and leading to a well-behaved Feynman propagator,
Eq. (50). However, as we mentioned in Sec. III, when
conformally coupled scalars are introduced (M > 1), the
general solution

xe(f) = \;E_Kexp <\/—_K /0 tdt’N(t’))

ff_Kexp (—\/—_KAIdI’N(t’)), (59)

with x; - x, = }U has both spacelike antigravity and timelike
gravity solutions: choosing spacelike x; and x, that satisfy
the constraint, one finds a universe that comes in from one
antigravity direction, turns around before entering gravity
and then disappears into a different (or the same) anti-
gravity direction. Such spacelike solutions are far enough
in the antigravity region that the curvature term dominates
over the positive mass in the potential, m?(1 + xx?) < 0,
leading to their acceleration towards spacelike infinity.
Even though there are no real classical solutions that
connect incoming gravity solutions to these far antigravity
regions, and starting in a gravity region one is guaranteed to
asymptote into the other gravity region, quantum mechan-
ically one expects the spacelike solutions to determine the
behavior of the Feynman propagator for spacelike separa-
tions. This is indeed confirmed by finding the saddle-point
approximation to Eq. (47) for large spacelike separations,
e.g., for x> — oo at fixed x/,

+

G(x,m|x',m') ~ |x|71/2ei5V=re (60)

The propagator becomes oscillatory at spacelike separa-
tions, so that a given initial state, e.g., a wave packet
centered around an initial state in the gravity region a < 0,
is propagated to large spacelike distances into the anti-
gravity region. In this sense, the quantum theory is even
more pathological for open than for closed universes, where
one finds, again for x> — oo at fixed x’,

Gl ml ) ~ |5 S RA (61)

i.e., exponential falloff for large spacelike separations. This
is because for x > 0, both timelike and spacelike classical
solutions are bounded due to the potential, and never reach
(timelike or spacelike) infinity. Neither k < O nor k > 0 can
lead to a viable perfect bounce picture in terms of a
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transition between incoming and outgoing gravity states
with a — o0, while the x = 0 case leads directly to a
perfect bounce. We conclude that, at least for the theories
considered here, only flat FRW universes lead to a con-
sistent quantum theory, able to account for an expanding
universe. The inclusion of a positive cosmological constant
could rescue positively curved universes from this con-
clusion, provided the curvature is too small to cause a
recollapse. Nevertheless, the quantum pathology we have
identified for negatively curved FRW universes is in-
triguing, because it raises the possibility that the observed
(nearly flat) Universe lives on the corresponding critical
boundary. This would be the case, for example, if we could
identify the correct quantum measure on the space of closed
universes, with sufficiently large cosmological constant to
prevent recollapse, and if this measure favored the flat case.
We explore this possibility in future work. For the remain-
der of this paper, however, we ignore spatial curvature.

V. ADDING ANISOTROPIES AND
FREE SCALAR FIELDS

We now extend the treatment to anisotropic cosmologies,
choosing the simplest form of anisotropies, the Bianchi I
model: we still require the metric to be spatially homo-
geneous, with an Abelian group of isometries acting on
constant time hypersurfaces, but no longer impose isotropy.
The most convenient parametrization of such a metric
employs Misner variables [24],

ds? — Az(t)(—Nz(t)dtz + 6221(1)+2\/§/12(t)dx%
+ 62’1'(’)‘2‘@12(’)51’)(% + e 10 dx3). (62)

The Ricci tensor, and hence the Einstein tensor, for this
metric are diagonal, which by the Einstein equations
forbids any anisotropy in the fluid, manifest in a velocity
u'. We hence continue to assume that the fluid moves with
the cosmological flow, J¥# « 6.

We can then again exploit the conformal freedom to set
A(t) to 1. The Ricci scalar of (62) is then

R
NZ

R=6 (63)

giving the correct canonical normalization of the anisotropy
variables 4; in the symmetry-reduced action,

2 vy iy i
_ = N+l ., - .
S—VO/dt[ SN TN (¢*>=3*)—Np—n|.

(64)

In terms of the variables x* and m defined in Eq. (10), this
action reads
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_ mll ., 50 0 ;
S = dt; N(x —x*(A1+43)) =N ) —q@m|. (65)

As for the flat FRW universe which the Bianchi I universe
generalizes, this is the action of a free massive relativistic
particle. However, here the particle is not moving through a
flat Minkowski spacetime but through a curved superspace,
with metric

ds? = npdx®dxl — x*(di3 + d23) (66)

or, if we again use the parametrization x* = av®(¢') with
v?> = —1 to separate the scale factor a, introducing coor-

dinates v/ on the hyperboloid HM,
ds* = —da® + a®gym + a*(dA? + dJ3) (67)

where gy is a constant negative curvature metric on H,
as in Sec. III. The geometry of superspace at fixed a
corresponds to the maximally symmetric space HY x R?;
in the absence of anisotropies, the last term would vanish
and one would simply use Milne coordinates for flat
Minkowski spacetime.

It is well known that the dynamics of anisotropies in the
Bianchi T model are equivalent to those of minimally
coupled free scalar fields in this background. To see this,
we momentarily switch to Einstein gauge, in which the
metric is given by Eq. (62) with a general A(7). The action
of a free scalar field in this background is

,l.2

-l / x50 =V, / aiA? s (68)

(identical to the action of a free scalar in a flat FRW
universe; a homogeneous scalar field does not feel the
anisotropies). To see that this reduces to the kinetic terms
for the anisotropies 4; in Eq. (64), we note that since the
scale factor (7) is Weyl invariant, one can express it both in
Weyl and Einstein gauge,

3A?

1
2 2 __ 72 —

=2 (69)

Einstein

with p = pyA~* in Einstein gauge (in Weyl gauge, p = p, is
constant). To change gauges, one hence has to replace

ArG

AZlEinstein - T (¢2 _)?2) |Wey1; (70)

the factor ‘“’TG can be absorbed in the normalization of the

scalar fields,

=4/ —7 (71)
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(the anisotropy variables are dimensionless while a scalar
field has dimensions of mass), showing the equivalence.
Hence, we obtain a simple generalization of the theory
we have discussed by also adding an arbitrary number of
minimally coupled free scalar fields, which can represent
either physical scalar fields or anisotropy degrees of free-
dom of the Bianchi I model. One has to lift the free scalar
fields to a Weyl-invariant theory by

=5 [ w002 ~ = [ e - 7)o
(72)

where 4 is again dimensionless and conformally invariant.
In Einstein gauge, the right-hand side of Eq. (72) clearly
reduces to the right-hand side of Eq. (68). Going back to
Weyl gauge, the total action is then

Sz/dt[%(%(fcz—xzi/ﬁ)—N)—gonh}, (73)

which is a simple generalization of Eq. (65). The K
variables 4;,i = 1, ..., K, can now correspond to anisotropy
variables or minimally coupled scalar fields with the
unusual normalization (71). Equation (73) is now the
action of a particle moving in an (M + K + 1)-dimensional
superspace with curved metric

K
ds®> = naﬁdxadxﬁ — x? Z i
i—1
K
= —da® + d’gyw + a® ) _ dA3. (74)
i=1

By an elementary generalization of the procedure described
in Sec. IIT A, Eq. (73) gives a Hamiltonian constraint

1 m
C:=%g’”’(x,/1)pypy—|—§z0 (75)
where ¢ is the inverse metric on superspace, and p,
includes conjugate momenta for both the variables x* and
the new degrees of freedom A;; more concretely,

: L i . m
€= 2m <_p“ +291;M(V)§i§j +?(51kikj> _|_5

(76)
in terms of the momentum p, conjugate to a, momenta &;
conjugate to the conformally coupled scalar field variables
V' living on HM, and momenta k; conjugate to the free
scalar fields and anisotropy variables.

When quantizing this Hamiltonian constraint in order to
obtain the Wheeler-DeWitt equation, there is now an
ambiguity, the well-known quantization ambiguity for a
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particle moving on a curved manifold [25]: if the Ricci
scalar for the superspace metric (74) is R, the general
expression for the quantum Hamiltonian is

H=l(cOyer)+ ™

2m 2 (77)

where [J is the Laplace-Beltrami operator for the curved
metric (corresponding to the operator ordering that ensures
that the Hamiltonian is independent of the choice of
coordinates on superspace) and & is, in general, a free
parameter. Halliwell [22] has given the following strong
argument for fixing &: the (classical) Hamiltonian of
minisuperspace models is really H = NC (see Sec. III)
where the lapse function N is arbitrary, and in particular can
be redefined arbitrarily, N — Q 2N, where Q(x, ) is any
function on minisuperspace. Under such a redefinition, the
constraint (75) becomes

m(x, A)
2

~ 1 _
C:= _gﬂb(x’ﬂ>pﬂpy +

~0 78
. (78)

with g = Q72¢" and m(x,A) = Q ?m, leading by the
same argument as above to a quantum Hamiltonian

m(x, A)
5

~ 1 ~ -

H=—(-0O+4¢R 79
(-0+&R) + (79)

where now [J and R are the Laplace-Beltrami operator and

Ricci scalar for the conformally rescaled metric g on
superspace. Halliwell now asks that, since redefining the

lapse is always possible classically, the solutions ¥ and v
to HY = 0 and H ¥ = 0 be related by a conformal trans-

formation, ¥ — Q'Y for some v, and finds that this is only
possible if one fixes £ to be the conformal coupling,

p MK %)
(M +K)
(recall that the dimension of our superspace manifold is
M + K + 1; Ref. [22] gives an overall minus sign for &,
presumably due to a different sign convention for the Ricci
curvature). Demanding covariance under field redefinitions
of the lapse function hence fixes £ uniquely. Special cases
are M + K =0 where there is no conformal coupling
that can restore covariance under lapse redefinitions, and
M + K =1 where the Laplace-Beltrami operator is con-
formally covariant and & = 0.

The Wheeler-DeWitt equation for ¥ = ¥(a,v, 4, m),
corresponding to the classical constraint (76), then becomes

»*P M+KI 1
<aaz+:aa_AHMXRK+§R+m2>LP:0 (81)

aZ

with
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_K2M+K-1)

a2

R (82)
As in Sec. IIl, one can simplify the Wheeler-DeWitt
equation by Fourier transforming on HY x RX from v
and A to the momenta { and k. One then has
? M+KO ¢ n
da? a 2

%0 2 m2> ¥(a,l,k,m)=0 (83)

with

1 1 -
== (M~ 1)2+15M,0—g2—k2—§K(2M+K— 1),
(84)

where we have explicitly included the case M = 0 through
the Kronecker delta. This is precisely the same functional
form as the Wheeler-DeWitt equation for FRW universes,
Eq. (27), and so the extension of our formalism from FRW
symmetry to the Bianchi I model and the inclusion of
minimally coupled scalars are completely straightforward.
The constant ¢ now gets contributions from the eigenvalues
of the Laplacian on HM x RX, as well as from the curvature
on superspace.
We can now obtain the general solution to Eq. (83) in the
usual way, by setting
Y(a,l k,m) =a MK 2 (a, ¢, k,m) (85)
to eliminate the first derivative. y then satisfies the differ-
ential equation

Oa> (86)

?*
(——;—i—mz);((a,éj,k,m) =0
where ¢’ =c+ 3 (M + K)(M + K —2), which has two
independent solutions in terms of Bessel functions of the
first and second kind,

X1 = \/EJ%\/W(”W)’ X2 = \/EY%\/W(’"“)' (87)
A more convenient basis is given by the Hankel functions
H(12) of the first and second kind (which are just linear
combinations of the Bessel functions), so that two linearly
independent solutions of Eq. (83), for fixed £, k and m, are
finally given by

— g-M+K-1)/2p(21)

%m(ma). (88)

w -(a)

As indicated by the subscript +, —, these functions re-
present positive- and negative-frequency modes for the
Wheeler-DeWitt equation. Indeed, when extended to
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negative a through the analytic continuation (see, e.g.,
Ref. [26]) HY(=z) = —e*H(z) and H"(-z) =
—e "H £2)(z), v _ have the interesting property of cor-

responding to pure positive and pure negative frequency,
respectively, both at positive and negative infinite a,

M+K)/2€—ima’ a— +oo,

a — too. (89)

. (a)~a

l//_(a) ~ a—(M+K)/2€+ima’
That is, for the Wheeler-DeWitt equation (83) one finds that
an incoming positive-frequency mode simply continues to
an outgoing positive-frequency mode, with the potential at
a =0 not even leading to a phase shift. This complete
invisibility of the 1/a” potential is a direct consequence of
the symmetry of Eq. (83) under a — Aa and m — A~ 'm,
which forbids any phase shift. These special properties of a
1/x? potential, and its invisibility in a scattering process,
are well known in quantum mechanics. In the context of our
perfect bounce scenario, they imply that the Universe can
go through the singularity @ = 0 without any noticeable
impact on its evolution, when viewed asymptotically. This
is already true classically, where the classical solutions
bounce without any net time delay or advance: the classical
Hamiltonian is equal to the constraint (76) times a lapse
function,

(i i ey,
H_N<2m( pa+angM(V)€[§j+a2k )+2) (90)

The terms multiplying 1/a? are again conserved and can
be replaced by a constant, —¢’ with ¢’ < 0; classically the
effect of anisotropies and momenta in the scalar fields
always leads to an attractive potential for a, centered on
the singularity at a = 0. The classical solutions to the
equations of motion including the constraint are then

/ /

C
@ =S HNi—1) =5+ (r=7) (O

in terms of proper time 7 = Nt. These solutions are singular
at @ =0 and perform an excursion into the antigravity
region of imaginary a, just as the generic flat FRW
solutions described in Sec. III which would be of the exact
same form. The attractive potential at a = 0 speeds up the
trajectory as it heads toward the singularity, but this time
advance is canceled by the additional time it takes to cross
antigravity. Indeed, both at large positive and negative a we
have simply a(7) ~ (7 — 7).

In the quantum theory, ordering ambiguities in the
Hamiltonian constraint can alter the coefficient of the
1/a? potential, making it repulsive in some cases. Indeed,
the relevant coefficient of the potential is the one appearing
in Eq. (86),
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1 1 T
¢ == (M~ 1)2+16M.0—§2—k2

MP(M =2) + K(M* =M — 1)
- HM+K)

(92)

if we use the value (80) for &, that is, we fix the ordering
ambiguities by demanding coordinate covariance on super-
space and covariance under redefinitions of the lapse
function, giving a purely quantum contribution in the second
line of Eq. (92). If we ignore the trivial case M = K = 0, we
can rewrite Eq. (92) as

- -1 M>1,K=0,
R K>1,M=0,
= . (93)
£-F-1 K>1,M=1,
22 72 M-1)K
G-l K2 LM

This is an intriguing result. The contributions coming
from anisotropy or scalar field momenta are both negative.
The numerical term is fixed by covariance. The first line
corresponds to the situation of Sec. III, where no anisotropies
or minimally coupled scalars are present [from Eq. (27),
removing the first derivative term changes c in Eq. (28) to ¢’
given here]. The similarity of the first three lines is not a
coincidence; for M <1, the superspace metric (74) is
conformally flat. As we have imposed conformal coupling
to the Ricci scalar on superspace in Eqgs. (79) and (80), the
dynamics must be equivalent to the flat superspace case of
Sec. 1L

The value ¢’ = — is well known as a critical value in
the quantum mechanics of an inverse square potential. If
> —%, the negative classical potential is outweighed by
the kinetic energy due to the Heisenberg uncertainty
principle, rendering the energy spectrum strictly positive.
There are various infrared regularized versions of the theory
in which the spectrum is made discrete by including a
positive harmonic potential [27], with a taken either on the
infinite line, the half-line a > 0, or by imposing periodicity
in a, in which case the model becomes the Calogero-
Sutherland model (see, e.g., Ref. [28]). These are well-
defined, exactly solvable models which exhibit, among
other interesting phenomena, anomalous dimensions in the
operator product expansion [27].

If, however, ¢’ < —1, any finite energy wave function
has an infinite number of oscillations on the way to a = 0.
In quantum mechanics, standard arguments then imply an
infinite number of lower energy states, and hence a
spectrum which is unbounded below. It has been claimed
that the theory is nevertheless renormalizable, although the
renormalization group displays a limit cycle [29]. (There is
a large literature on inverse square potentials in quantum
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mechanics, and even some experimental tests. See, e.g.,
Ref. [30] for a recent discussion and further references.)

At the minisuperspace level discussed here, negative
energy states are irrelevant because we are only interested
in solutions of the Wheeler-DeWitt equation with positive
energy, defined by m?. However, when we include inter-
actions with other modes, such as the inhomogeneous
modes of gravitons or scalars, then for ¢’ < — }1 itis possible
that the negative energy states for the scale factor a would
become excited, potentially signifying strong backreaction
as the Universe passes through the quantum bounce. The
problem may be avoided in two ways. For M = 0or M = 1
one can restrict consideration to background cosmologies
for which the zero-mode momenta of the anisotropy and
scalar fields are strictly 0, in which case the quantum
mechanics for a lies on the critical boundary where it (just)
makes sense. Or, one can include additional conformally
coupled scalars, taking M > 1 so that, from the last line
of Eq. (93), the quantum mechanics of a is well defined for
a range of classical anisotropy and scalar field momenta.
For K = 2 (i.e., only anisotropies but no minimally coupled
scalars) and M > 4, the numerical contribution can be large
enough to make the potential repulsive at small momenta.
If we consider classical solutions with this (order #
squared) potential, an isotropic universe with no scalar
momenta would bounce off the repulsive potential and
avoid the singularity altogether. Quantum mechanically,
however, if we extend the range of a to negative values,
then a tunnels through the barrier in a process which may
be described with complex classical solutions, as we
explained in Ref. [1].

The conclusion is that when anisotropy and scalar field
degrees of freedom are included, then for small numbers
of conformal scalars, the isotropic cosmology with no
scalar momenta is a special case, poised on the edge of a
qualitatively different (and perhaps ill-defined) phase. On
the positive side, this finding may turn out to be a selection
principle, telling us that anisotropic or kinetic-dominated
singularities should be excluded from the theory whereas
isotropic universes with zero scalar momenta are allowed.
If so, this would imply that black hole singularities, which
locally resemble strongly anisotropic cosmological singu-
larities, do not correspond to a bounce (contradicting the
interpretation given by Ref. [4], for example); there would
be no “born again” universe on the other side of the black
hole singularity. On the negative side, one may wonder
whether the inclusion of inhomogeneities could lead to
problems even for the isotropic, nonkinetic cosmological
bounce. We emphasize that, for M =0 or M =1, any
amount of classical momentum in the zero modes of the
anisotropy or scalar degrees of freedom takes the quantum
mechanics of a into the subcritical regime. Perhaps it is
essential to work at M > 1 for the theory to make sense.
Clearly, we have only scratched the surface with this
discussion, and there is a great deal to explore further.
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For the remainder of the paper, we assume that the
quantum mechanics for @ makes sense. As explained in
Ref. [1], this allows us to calculate the propagation of the
Universe, and all inhomogeneous modes in it, by solving
the theory on complex trajectories which bypass @ = 0 in
the complex a plane. Remarkably, as was also explained in
Ref. [1], due to its scale-invariant property, the inverse
square potential, if present, is actually invisible in our final
results for “in-out” amplitudes.

A. Feynman propagator

Having defined positive- and negative-frequency modes
by their asymptotics, given in Eq. (89) (and without using
any boundary condition at a = 0), it is easy to obtain the
Feynman propagator for the anisotropic case as a Green’s
function for the Wheeler-DeWitt equation, by using the
Wronskian method as before.

With the quantum Hamiltonian given by Eq. (77), the
Feynman propagator satisfies

(=04 ER +m*)G(x, A, m|x', X', m")
= —2im(—g) M (x — x)SK (A = 2)6(m —m')  (94)
where we must introduce a factor (— g)‘% for the nontrivial

metric determinant on superspace. Again switching to the
scale factor coordinate a, Eq. (94) is equivalent to

? M+KOI 1
<ﬁ+7%—;AHMXRK +§R+m2)G

Sla—d) " K=/ 2= 1)

= =2im
aM+K T

S(m —m')

with G = G(a,v, A, m|d’,V, X, m’), and the metric deter-
minant on superspace is now made explicit. Again, we can
now go to Fourier space on H” x RX introducing momenta
¢ and k'; the Feynman propagator in Fourier space satisfies

0? M+ K 0 C 2 / /
<@+ P %—E+m>G(a,é’,kvm|aaé’9kvm)
= 22ima~M+K)5(a — a')5(m — m') (95)

with ¢ as in Eq. (84). Since we have already identified
the positive- and negative-frequency solutions (88) of the
corresponding homogeneous equation, it is immediate to
write down the solution to Eq. (95) with the correct
boundary conditions,

G(a,mld' ,m') = =2ima=M+K)§(m — m')
Wy ) (@ (@) — )
+y_(a)y.(a)0(d - a)), (96)

where the Wronskian is
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4q—M+K)

Wy_,yy) = iz (97)

and no longer constant in a, as is consistent with the
appearance of a first derivative in Eq. (83). The Wronskian
takes care of the factors of a appearing in the elimination of
the first derivative, Eq. (85), and cancels the determinant
factor a~(M+X), The final result is

G(a,mld’,m’)
_ %5(’” _ ml)(aa/)—(M+K—1)/2

x (HY (ma\H (ma)0(a - a') + (a < a'))  (98)

with v = % V1 + 4c¢', which is consistent with the results of
Ref. [1] (with K= D —2 as only the D — 2 anisotropy
degrees of freedom of a D-dimensional universe were
considered there). One can check that in the absence
of anisotropies or minimally coupled scalar fields,
K = 0, this result reduces to the expression obtained in
Sec. III, i.e., the propagator for a free massive particle
in (M + 1)-dimensional Minkowski spacetime. By our
remarks below Eq. (93) the same should be true for
M =0 or M =1 and general K, where the superspace
metric is conformally flat.

VI. PERTURBATIONS

In this section, we extend our analysis to inhomogeneous
cosmology, treated perturbatively at both linear and non-
linear order. We aim to solve the following problem: given
an incoming state at large negative a consisting of a flat,
FRW, radiation-dominated classical background universe
with perturbations in their local adiabatic vacuum state,
what is the outgoing quantum state at large positive a, as
defined by our analytic continuation prescription? This
question can be answered, in the semiclassical limit, by
using complex solutions of the classical Einstein-matter
field equations. If one sends in any combination of
linearized positive- (negative-) frequency modes then, even
after including the effects of nonlinearities in the field
equations, it turns out that one finds only positive-
(negative-) frequency linearized modes coming out. As
we now explain, this is sufficient to show, semiclassically,
that the outgoing quantum state is also the local adiabatic
vacuum. Hence, at a semiclassical level, there is no particle
production across the bounce.

Let us see this in detail. Consider a classical time-
dependent background solution of the Einstein-matter
equations. If the matter is a perfect fluid, the only
propagating degrees of freedom are scalar density pertur-
bations and tensor gravitational wave modes. At the
linearized level, we can decouple the modes by exploiting
the homogeneity and isotropy of the background: for a
flat background, every mode is a sum of plane waves
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v(n, %) = Dok ()e™™, with v_ () = vy (n)*, with the
coefficients decomposed into irreducible representations
of the little group of rotations about k. Now consider the
action for the perturbations. At leading order, it is quadratic
and it is diagonalized by the above mode decomposition.
After a suitable time-dependent rescaling of the perturba-
tions, the kinetic terms can always be brought to canonical
form in which the action reads [see, e.g., Ref. [31], page
269, Eq. (10.59)]

5% =Y [anligp -l 99
k.a

where the index a labels the independent modes (here,
scalar and tensor), and

wi(n) = (k@) + mZi (n) (100)

where ¢? is the speed of sound, 1/ /3 for the scalar
acoustic modes and unity for the tensor modes. In general,
the time-dependent “‘effective mass” introduces a nontrivial
n-dependence. However, in our chosen background, the
effective mass vanishes for both the scalar and tensor
modes so wii = kc§ in both cases.

We now make the assumption that the perturbations are
well described by linear theory for wide intervals of
conformal time # well before and well after the bounce.
As we see later, we cannot actually take the limit of infinite
positive and negative conformal time because of the effect
of nonlinearities in the fluid. Nevertheless, in the semi-
classical approximation, and for modes whose wavelength
is longer than the thermal wavelength of the fluid, the
periods of incoming and outgoing conformal time during
which linear theory remains valid are very large. We define
our incoming and outgoing states during these intervals.

When linear theory is valid, and when the frequencies
w¢(n) change adiabatically, (dw?/dn)/(wé¢)* <1, the
quantum states of the system are well described by those
of a set of decoupled harmonic oscillators. Let us denote
the corresponding real coordinates, i.e., the real and
imaginary parts of the vy, by the coordinates ¢,, where
the single index m runs over all of the real, independent
modes. Each of the coordinates ¢g,, contributes an action
S, =3 [dn(q — w,,(1)*q%), and the adiabatic vacuum
state is just the product of the corresponding harmonic
oscillator ground states,

m

This state is uniquely defined by a,, ¥, = 0 for all m, for
the annihilation operator
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a, = (102)

1 d
T (P on )

Let us assume that the incoming state of the pertur-
bations is Wi, (7', q) = Wo(17, q) at some large negative
', for which linear theory is valid. The quantum
fluctuations in the fluid density may be shown to be
small compared to the background density provided the
wavelength of the modes is longer than the thermal
wavelength, a condition which is in any case required in
order for the fluid description to hold. The outgoing
quantum state, at some large positive time 7, is then
given by propagating the incoming vacuum ¥, to large
positive times #, for which linear theory is once again
valid, using the path integral,

Wou(n. q) # N / Dgersand N [dg, o(n'.q').  (103)

where S(q,7;4,n') is the full, nonlinear Einstein-matter
action taken with boundary conditions ¢(n) = ¢,
q(n') = ¢'; Dq indicates the complete path-integral
measure and A is a normalization constant. We com-
pute Eq. (103) in the semiclassical approximation, by
finding the appropriate complex classical solution ¢&,(7),
' < i <n, which is a stationary point of the combined
exponent. Substituting Eq. (101) for ¥, and varying the
exponent with respect to ¢, yields, using the Hamilton-
Jacobi relation, the initial condition for the classical
solution ¢¢,

(ips + @ngs) (') =0, (104)
where p¢, = ¢, is the canonical momentum. The initial
condition (104) specifies that g5 is pure negative
frequency at 7/, a large negative time. The final
boundary condition is just ¢5,(n) = g,,, where n is a
|
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large positive time. We solve the classical Einstein-
matter equations with these two boundary conditions
in linear perturbation theory. At linear order, the
solution satisfying the boundary conditions is ¢5,(77) =
g1 Below, we give the complete solution for
generic perturbation modes at linear and nonlinear order.
We find that the solution is well described by linear
perturbation theory at large negative and large positive
times, with small nonlinear corrections, and that an
incoming positive (negative) frequency mode evolves to
an outgoing positive (negative) frequency mode which
directly implies that the outgoing quantum state is the
local adiabatic vacuum. To verify this, we need only
apply the annihilation operators a,, xip,, + ®,,q,, =
hﬁ—i—wmqm to Wou(n,q,) as given in Eq. (103).
Using the Hamilton-Jacobi equation, the result is pro-
portional to (ip$, + w,,q%)(n), which vanishes if the
solution is pure negative frequency. Hence the incoming
adiabatic vacuum evolves to the outgoing adiabatic
vacuum, and there is no particle production across
the bounce.

A. Basic setup and conventions

We study perturbations about a flat (x = 0) radiation-
dominated FRW universe in a perturbation expansion.
We go to nonlinear order but, for simplicity, restrict
consideration to planar symmetry so that the metric
depends only on conformal time # and one spatial
coordinate x, with two orthogonal spatial directions
(yv,z). To keep the calculations manageable, we do
not introduce conformally or minimally coupled scalar
fields, so M = K = 0. We work in FEinstein gauge, i.e.,
in the usual formulation of general relativity coupled to
a radiation fluid.

The general form of the metric compatible with our
assumed symmetry is

egnx(n’ )C)
1+ €gxx(’1’ X)

-1 + 691111 (’7* X)

ds? = a*(n) G (1.3) (105)

€9y (1, x)
1 +eg..(n,x)

1+ €gy, (1. x)
€9y (1, x)

We can still apply coordinate transformations that leave this form of the metric invariant. A coordinate transformation
n =10+ eg(x,7) changes the metric coefficients as

a . a
5.917;1 =-2 (Eg + g) > 5gnx = _291’ 0Gyx = 59}'}' = 5gzz = 2;9 (106)

where here and in the remainder of this section - is derivative with respect to n and ' denotes derivative with respect
to x. We use this freedom to eliminate g,, and introduce a different notation for the metric perturbation functions
(note that in this section y denotes a scalar metric perturbation, not a solution to the Wheeler-DeWitt equation as in
earlier sections),
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ds? = a®(n) {(—1 T 2e(n. )P

+ (1 +2¢(w(n.x) + y(n. x)))dx* 4 eh*(n, x)dydz

(1wt +70) Y

+ (1 + €<21//(17,x) - M))dﬂ .

The form (107) is still left invariant by a transformation
of the form

(107)

n—ﬁ+e(G<ﬁ>+/}de<X,ﬁ>>,

x=Xx+ef(x7), (108)
which we use to simplify the matter variables. The
energy-momentum tensor for radiation is

4 1
T, = 3Pty +§pgﬂw; wu, = =1 (109)

The density p(n,x) and four-velocity u*(n,x) can also
be written in terms of background and perturbation as

p(n,x) = po(n)(1 + €5,(n,x)),

w(.x) = 1)<v°<n,x>,ev<n, %).0.0).

e (110)

The constraint w*u, = —1 can be solved for 1°(n,x).
Under a coordinate transformation (108), we have

ov = —f, so that we can set » =0 everywhere, i.e.,
adopt a coordinate system in which the radiation is at
rest everywhere (comoving gauge). The remaining
gauge freedom is then under transformations

x=Xx+ef(x),
=2+ e(yZ+1s5y + 1)
(111)

n =1+ eG(n),
y=y+eny+nitn),

where the i; are arbitrary constants and G and f are
free functions. Under such a transformation, o¢ =
-4G -G, Sy =4G, sy=f, 6h" =2(a—b) and
6h* =2(c +d), and so functions of this form in the
perturbations are to be considered pure gauge. We
solve the Einstein equations in Fourier space, where
the gauge freedom for the functions ¢, y, h! and h*
is somewhat hidden as it only becomes apparent for
k=0.

We are left with five free functions for the metric
(P, w7, KT, h*) and the density perturbation §,. As we
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see, there are also six nontrivial Einstein equations relating
these. To proceed, we assume that all of the perturbation
functions can further be expanded as a power series in ¢,

¢(n,x) = Zen_lqﬁn(n, x), etc.

n>1

(112)

The idea is now to solve the Einstein equations G,, =
87GT,, order by order in ¢; the Einstein equations also
imply energy-momentum conservation V,T#, = 0 for the
fluid. First, for the background (at order €°) we have the

equations
a\? 8zG
2) =3 "

The first one tells us that p, < a™* for some constant
M; the Friedmann equation then gives the solution
a(n) « n, the simplest example of a perfect bounce that
we have already discussed in the introduction to this
paper. It follows that %: %, and that analytic continu-

. a
Po+45,00:07 (113)

ation in the scale factor a (as we have discussed in
previous sections) is equivalent to analytic continuation
in the conformal time coordinate 7, which we use in
this section.

At order €" in the perturbation expansion, the six
nontrivial Einstein equations are

3 6 2, 6,
_25r,n__2¢n+21///n/__}/n__l//n:Jl,m (114)
n n n n
1 / s/
Zd)n_l_l//n :*12,11! (115)
1 2 2. 4 .
_Qér,n__2¢n +=dp+ -y, + 29, =J3, (116)
n n n n
b+ =iy = (h)" = Jar (117)
n
. 2.
i 2 = ) = s, (118)
n
1 2 2. 2,
__zér,n +_2¢n + l//:‘l, - ¢lr; —~7n __¢11
n n n n
4. .
_;Wn_yn_ZWn:JG,n (119)

for some “‘source terms” J;, that are nonlinear combina-
tions of the lower order perturbations.

We first note that Eqgs. (117) and (118) that govern the
tensor modes Al and h) are already decoupled from the
others. For the scalars, Egs. (114) and (115) can be solved
for 6, and ¢ directly. From Eq. (115) we get
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B0 X) = =nira (1. ) + Ful) +1 / * 2Ty (1)
(120)

where F,(n) is a free function; then Eq. (114) implies that

2

2 2 n
5,,."(77,)() 37121//Z +§’17/n + 2Fn +§J1,n

—|—2r//xdx’J2.n. (121)

Substituting these relations into Eqs. (116) and (119) and
taking linear combinations one obtains

-3 / X' Ty,

Vn :771//2_61/‘”1_31‘711__]]

x . 3
_3 / dx’Jz.n+?”J3,n (122)
and
s 2 L _Ey _Fy T i
i i = 3V = o
n J6n
s LU J3n+413n :
x J ..
)
(123)

Equation (123) can now be solved for y,, using Green’s
functions; Eq. (122) then gives y by a single integration
over 5, and from Eq. (120) and Eq. (121) one can obtain
explicit expressions for 6, , and ¢, at each order. At each
order in e, this provides an explicit algorithm for solving
the system of Einstein equations (114)—(119).

B. Tensor perturbations

Equations (117) and (118) are easily solved. First,
consider the homogeneous equation solved by the first-
order perturbation,

. 2.
hi +=hi —
n

(hTY" = 0. (124)

We can easily find the general solution in Fourier space, for
k #0,

dk .
W (nx) = [ SRt b).
—ikn eikn

e
by (k
k77+2()k’1

h{(ﬂ’k) = by (k)

(125)
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For k = 0, the two independent solutions are A7 = constant
and h” ~ 1/5. We can write the general solution as

d dk e~ ikn etkn
W=d, +-—2 e by (k) —— + by (k
R el CICE ALy

(126)

where k; is an arbitrary momentum scale to make d,
dimensionless. h} satisfies the same differential equation;
its general solution is

dk —1k;1 eikn
hf = e+ e ( ey (k k :
1 €1+kof1+/2ﬂ ( () +C2()k;1>

(127)

For a real solution we need b,(k) = —bj(—k), by(k) =
—b3(—k) and similar for ¢, (k) and c,(k).

We recognize d; and e; as gauge modes corresponding
to coordinate transformations (111), whereas d, and e, are
physical k =0 modes. The free functions b;(k), b, (k),
ci(k) and c,(k) are the physical gravitational degrees of
freedom.

Now consider the general inhomogeneous equation,

2

h£+2hr{_(h£)// :J4,n' (128)

Again, we go to Fourier space and first consider k # 0. We
use the Wronskian method to determine a suitable Green’s
function; in contrast to the Green’s function that appeared
as a Feynman propagator in earlier sections, here the
boundary conditions are that the higher order perturbations
are set to 0 at some conformal time 7, in the far past, so
that only a linear (purely positive- or purely negative-
frequency) mode is present. Given two independent sol-

utions AT and ile to the homogeneous equation (124), the
Green’s function for these boundary conditions is

hT (' )hi (n) — KT (n)h{ (')
W)

for 5 > i’ > ny where 75, is the initial time at which only
a linear perturbation is assumed to be present, and 0
otherwise. The Wronskian is W(y') = AT (k1) — (hT)h]
as before. Using this Green’s function, we find that one
particular solution to Eq. (128) is

G(n,n') =

(129)

1 n .
k) =7 / 'y sin(k(n =) an(f K).  (130)

while for £ = 0 we find

hm,m—}? / d'nf (1 =), 0). (131)

103510-22



QUANTUM PROPAGATION ACROSS COSMOLOGICAL ...

which is just the limit X — O of Eq. (130). Expressions for
h;; are analogous. In the integrals in Egs. (130) and (131) as
well as in the following, the initial time 7, that should
appear as the lower limit of integration is suppressed for
simplicity; we neglect the 77,-dependent contributions as we
are only interested in a particular solution.

Clearly, at each order €" one can also add a solution of
the homogeneous equation to this solution for 4%. This can
however be absorbed into the linear perturbation hl. We
hence set these arbitrary solutions to the homogeneous
equations to 0 for n > 2.

C. Scalar perturbations

For the scalar perturbation functions ¢, v,y and 6,, we
proceed analogously. For clarity, we first derive the general
solutions for the first-order perturbations, for which there
are no sources and the general solution is obtained
straightforwardly. The equation for y; is Eq. (123) with
the sources set to 0, i.e.,

Lo 2. 1
-y -y = 132
41 +7’]l//l 3ll/1 n 2 ( )

where F| is a free function of 5. Going into Fourier
space, the general solution for k # 0, where F; does not
contribute, is

dk .
wilna) = [ 5 eRunb).

—skn “=kn

wi(n. k) = al(k)ek—;] + ay (k) e

(133)

The Fourier mode k=0 is a gauge mode [see the
discussion below Eq. (111)], with general solution

i Fi(n)
0) =Lt - L
w1(n,0) k077+C2 5

(134)

since F; is arbitrary, we can set ¢; = ¢, = 0 with no loss of
generality. Putting this together, we have

dk . ¢ e
— o ikx k k
nitnn) = [ et (S )
Fi(n)
- ) 135
! (135)
where for a real solution we need a;(k) = —aj(—k) and

ay (k) = —a;(=k).
As said, from this expression we can determine the other
scalar functions y, ¢ and 6,. We find
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r1(n.x) = as(x) +/§eikx [al(k)e‘%(_k%_iﬁ>

+a2(k)eik7§<—k%+i\/§>}, (136)

k . _ibn (4 4
d—e'kx {al(k)e 53(——!——1)

i (4 4
+ k B ———= )
e (575

where we recognize as(x) and F(n) as encoding the
remaining gauge freedom in comoving gauge (111). a, (k)
and a, (k) correspond to the scalar degrees of freedom of
the radiation fluid.

In order to obtain the solutions for higher order
perturbations, we derive the Green’s function for the y
equation (123), which has the general form

(138)

L2, 1

Yn +_l//n__l//;1/:lc}n- (139)
n 3

Again, the boundary condition for the Green’s function is

to set the higher order perturbations to 0 at some initial

conformal time 7. We find, for k # 0,

W, (1, k) :\k/—j / " sin(“"*\%@) Sa(n' k), (140)

and for kK = O the same as for the tensors,

w,(n,0) —%/” dn'n'(n=n")3.(n',0).  (141)

Again, once the solution for w, is found, the other
perturbation functions y,, ¢, and §,, can be obtained
easily.

From these expressions, we can now work out the
nonlinear solution for all metric perturbation functions
and the density perturbation order by order in ¢€; all we need
to do is to expand Einstein equations up to any given order
to find the sources J;, and then compute the integrals
(130), (131), (140) and (141) to find the perturbations at the
next order.

D. Nonlinear positive-frequency modes

We are now specifically interested in the nonlinear
extension of linear positive-frequency modes at a given

103510-23



STEFFEN GIELEN and NEIL TUROK

wave number k(. (The following calculations and discus-
sion can be extended to the case of an incoming negative-
frequency mode by simply taking the complex conjugate
of all expressions below, and replacing the lower- by the
upper-half complex plane etc.) We choose the linear
positive-frequency modes to be

(1.2 = Acos(ko)
w1 (n,x) = Acos(kgx ,
kon
e_ik()”

hT =B k .
[(1.2) = Beos(kor)

(142)

As seen before, the expression for y; then determines y,,
¢, and 6, ;. These scalar quantities are all gauge dependent
but one may compute the gauge-invariant Newtonian
potentials first introduced by Bardeen [32] and given by
(in Fourier space for k # 0)

|
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Vooor
o=—-¢p+L 4+
¢+k2+k2;7
4
W— - 143
s (143)

We find that for the linear perturbations ® and ¥ are equal
and fall off as 1/k3n” at large ||,

27Ae V(3 4 \/Bikyy)
k8n3

q)l (’7’ kO) = lIJl (’77 kO) =~

(144)

The explicit form of the sources at order €? is, in terms of
the linear perturbations,

12 1 1 4
Na =g+ (1)) 46 () + 27"+ 30')7 o+ g W ()" b g ()" -y o+ Syy” =

3 3
16 16
4 4 1 . 1 . 1 . 1
—py ——wi ——hTh" —— (A2 —— W ——
+n¢7 Vo ) 2 T

2 1

16

- 2 . 12 .. .
(h )2—57w+—¢w—7ww+2w+3w2,

4 1
j (145)
n

2 2 Lo : , I T I, , ,
Joo = Zmﬁ’ - ;M’ + ;l/ff/)’ Fy'y A+ (WY + 1g Wh" = @l + 29 + ghT(hT)’ g () + 2+ Ay

4
1

1 1
J3‘2 — ?¢2 _ _6 (hT)/)Z _ E (hx)/)Z _ 2¢/W/ + (l///)z +

8 . .., Lo 1 i} y
+Eww—2¢w+w2+ZhThT+thhX—4¢y/+41//1//,

(146)

3 3

. . 1 . . .
RThT 4+ = (W) + — W™ + — (h)? —%qus —%qﬁy'/

16 2 16

(147)

4 . 4 . . . 4 .
Jaz = =7/ (1) = (WT)'¢/ = 3(W"Yy' =2y (WT)" —dyr(RT)" = 20Ty — Gh" gk =" — '+ b+ s

—2¢ph" + 2wh" + 2nTy,

(148)

4 .. 4 . ) .. 4 )
Jsa ==y (W) = ()4 =300V = 2 (W) = (W) =20y = i ™ = i =i+ 4y +

— 20ph* + 2ph* + 2h%yr,

4 1 1
J — 2 hT N2

4

4 0 4 4
BAARE A L et (e Al U Al G

n

™ 16

4 8 . 8 . .. . N N PRI N . .
——7W+5¢W—ZWW—7W+2¢W—U/2—27}’+2¢}’—2U/}’—§hThT—gh W =2y + 4 — Ay,

(149)

1 1
((hx)/)z_y/¢/+(¢/)2_|_y/l///+2(l///)2+§hT(hT)//+§h><(hx)//_2y¢//+2¢¢//

. 1
TV L
(WP =,

| AV 8 . ..
RTh" — — hXhX—1—6(hX)2+E¢¢+y¢

(150)

where we omit the subscripts | on the first-order perturbations on the right-hand side of these equations. For simplicity, we
also set the second tensor mode A* to 0 from now on (its dynamics are analogous to those of A”).
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We now compute the second-order perturbations from
Egs. (130), (131), (140) and (141), using the sources
computed from the chosen linear perturbations. For hZ,
we find

=i(1+==)kon

3e 3
,’lg = AB (Tgnz (1 + COS(2k0X)>

2/(071

(3 + f) 1+\/— kon 2 - 1
+-I'(0,il 1 +— |k
+ 6kon 3 ;1 1T+ e o'

13ie=2ko1r(0,i(— 1+\/-)k0;7)
+

cos(2kgx)

2
Shon cos(2kgx)
13ie%011(0,1(3 + =) kon)
- O cos(2kox) ). (151)
6k07]

Here T'(0,z) are incomplete gamma functions. Their
asymptotic expansion for large arguments is

[(0,2) ~ e~ G - Ziz 4 0(%))

Using this expansion, we see that as ko — +00, hl has the
asymptotic behavior

i(14+)kor < 6+5v3 -

(152)

(27 4 16v/3) cos(2kyx)
(21 4+ 11v/3)kon

olgs)

The asymptotic expansion shows in particular that all the
—i(14+)k
73

hf ~ABe~

23 +44/3 — (37 +20+/3) cos(2kgx)
2(5+2v3)kdr

terms in Eq. (151) oscillate as e " for large ko|n|,
and decay exponentially for large negative imaginary 7.

We can obtain expressions for the scalar perturbations
in exactly the same way. The expressions are similar to
those for hg but involve more terms (15 in total), as
there can be contributions of order A? and B2, corre-
sponding to two tensor modes or two scalar modes
combining to give a scalar. Just as the second-order
tensors, they contain incomplete gamma functions, but
there is also a term involving a logarithm,

_Age—%ilqm 1\/510g(k0’7) COS(Zk()x) ) (153)

2](07’]
These terms are potentially problematic when the
perturbation functions are extended to the complex #
plane as the logarithms and incomplete gamma func-
tions have branch cuts. However, all we require for
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positive-frequency modes is analyticity in the lower-half
n plane, where these modes extend to Euclidean,
asymptotically decaying modes. This can be achieved
by defining all the branch cuts to be along the positive
imaginary axis. The analytic continuation of these
modes that avoids the singularity at # =0 is then
defined by choosing any contour that remains in the
lower-half complex 7 plane.

Asymptotically,
o TiB? 2 1 1
~ —p—2ikon _ﬁlkOWAZ o 2k
Wy~ —e 128k0n+e (12+6cos( 0X)
2 + cos(ZkOx)(l + 1210g(k077))> 0 <L>

and one can check that all terms, including all subleading
ones, oscillate at positive frequencies asymptotically (either
at w = 2ky or at w = \/-ko) The nonlinear modes again

decay exponentially as kyn — —ioco, and indeed define
nonlinear positive-frequency modes. From the general
structure of the equations (114)—(119), one can see that
the same property should hold to all higher nonlinear
orders: the source terms, being nonlinear in lower order
perturbations, always decay exponentially sufficiently
fast in imaginary time that integration with a Green’s
function that has an exponentially growing and an expo-
nentially decaying part, as in Eq. (140), gives again an
exponentially decaying next-order perturbation. The
method we have described then allows a general defi-
nition of positive-frequency modes in the complex #
plane, to all orders in perturbation theory.

The other perturbations are determined by Egs. (120)—
(122). For completeness, we give their asymptotic expres-
sions for large k

yy ~AZe” 1k0'1< icos(2kox) ko
V3

— 1 — cos(2kox) G +3 log(koﬂ))> o <k(1)11>
(154)

5~ lAZe—%ikﬂﬂ <4i cos(2kgx)kon
s 3 \/§
1
=7 — cos(2kox)(7 — 12log(k017))> +0 (k )
o'

by ~ —21k0;77B 1 A2 ~Zikon ikon(1 + 2 cos(2kgx))
64 6v/3

(o) o)
(

155)

103510-25



STEFFEN GIELEN and NEIL TUROK

To verify the validity of our solution method, we have
checked explicitly that the second-order perturbations solve
Einstein’s equations up to order €.

We see that none of the scalar perturbation functions
decay at real infinity kq|7| — oo, and some even blow up,
indicating a breakdown of perturbation theory at large
times. Again, to get gauge-invariant statements about this
behavior, we can compute the Newtonian potentials, and

find that they fall off as 1/kyn,
0< ! > (156)
kgn®

with similar behavior for W. This compares with ®; ~
O(1/k%n*) in Eq. (144), which still indicates that the
perturbation expansion breaks down when ekg|ny| ~ 1.
This physical behavior is due to the nonlinear evolution
in the fluid, as shown by analytical and numerical studies
in Ref. [13]. When we go down the imaginary axis, i.e. for
n = —ir with 7 — oo, all perturbation functions fall off
exponentially, with exponential terms of the form e~
dominating any polynomially growing terms. As we have
argued, this behavior persists for higher orders in the e
expansion, and defines these modes by regularity for large
negative imaginary #; the blowup of scalar perturbations
along the real axis due to nonlinearities in the fluid does not
prevent us from defining nonlinear asymptotic positive-
frequency modes.

—\/%iko'? iﬂ'\/§a2
4k07’]

@, (n, 2ky) ~ —e

E. Summary

We have given an algorithm for solving the Einstein-
matter equations order by order in perturbation theory,
and exhibited explicit results at second order that show in
detail how the positive-frequency incoming modes match
only to positive-frequency outgoing modes, and similarly
for negative-frequency modes (where our results trivially
extend by taking complex conjugates). We have argued that
this behavior should extend to all orders in perturbation
theory, as the nonlinear extension of linear positive-
frequency modes leads to perturbation functions that
decay exponentially for large negative imaginary times,
and branch cuts can be restricted to the positive half-plane
for positive-frequency solutions, so that the nonlinear
metric perturbation satisfies a nonlinear notion of positive
frequency. We identified some subtleties, namely that the
perturbation expansion fails at late times ko|y| ~ L, where €
is the perturbation amplitude, meaning that one has to
restrict attention to an annulus in the complex plane,
€ < koln| <1, in which the e expansion can be trusted
and nonlinearities are not yet dominant [1].

VII. CONCLUSIONS

This paper represents a detailed study of a very simple
cosmological model, based on the principle of conformal

PHYSICAL REVIEW D 95, 103510 (2017)

symmetry for matter and gravity and the observed fact that
the early Universe was dominated by radiation. Classical
cosmological solutions of this model describe a bounce,
with a big bang/big crunch singularity, but the singularity
can be avoided by going into the complex plane. While this
“singularity avoidance” seems ad hoc in classical gravity,
we have shown its meaning in the quantum theory where,
similar to quantum tunneling, the complexified solutions
represent legitimate saddle points to the path integral. The
picture that emerges for quantum cosmology is based on
modes that are asymptotically purely positive frequency at
early and late times when the Universe is large and
classical, corresponding to a positive expansion rate of
the Universe, as we observe. We have shown that the
addition of a positive radiation density makes a crucial
difference, as it leads to classical solutions which connect
asymptotic contracting and expanding Lorentzian regions,
and which are represented by the positive-frequency modes
defined by the Feynman propagator. We do not impose any
boundary conditions for the wave function at @ = 0, and
accept that some modes may even diverge there: all that is
required is a consistent evolution from an asymptotic
contracting to an asymptotic expanding universe, through
or around the bounce, as this allows a calculation of
transition amplitudes and hence, ultimately, predictions
for the transition of a given state in the contracting phase to
a state in the expanding phase. This formalism appears
much more natural than an imposition of a boundary
condition at a = 0, where quantum effects are large and
where classical notions of singularity avoidance may cease
to have any relevance. In practical terms, the fact that our
wave functions and propagators admit a semiclassical
WKB description in which high-curvature regions near
a =0 can be avoided gives hope that a semiclassical
approach to the quantum cosmology of bouncing scenarios
can be used for predictions, even in the absence of a
complete theory of quantum gravity.

Some features we are exploiting are clearly restricted to
homogeneous cosmological models such as the FRW and
Bianchi I universes we have studied explicitly. It is there-
fore vital to check that the formalism can be extended
consistently to generic perturbations around homogeneity,
and ultimately to fully nonlinear solutions of GR. We have
developed a systematic perturbative treatment that shows
how this question can be attacked, at linear and nonlinear
order, and given evidence for a consistent nonlinear
extension of positive-frequency modes to the complex a
plane. Again, one is interested in the transition of incoming
asymptotic positive-frequency modes to outgoing modes
which are, in general, a mixture of positive and negative
frequency and which signal particle production (and
potential divergencies) at the bounce. We have shown that
an incoming positive-frequency mode can be continued
around the singularity, and unambiguously matches to an
outgoing positive-frequency solution. So the incoming

103510-26



QUANTUM PROPAGATION ACROSS COSMOLOGICAL ...

adiabatic vacuum state is stable across the bounce and no
divergencies arise. Our calculations have been limited to
pure radiation and planar symmetry, and one focus of future
work will be to extend these results to more general cases.
The present results already indicate that a consistent
semiclassical picture exists for nonlinear perturbations
of cosmological models, and that this picture can be used
for calculations of the cosmological phenomenology of
bounce scenarios of the type we consider.

Thus, our results show how classical singularities do
not necessarily prevent a consistent quantum description
of bouncing cosmologies. The inclusion of quantum
effects into the big bounce seems a natural and simple
alternative to the development of more complicated bounce
scenarios [8—10,33].

There are many avenues for further exploration. In
Sec. V, we began to explore the quantum theory on the
real a-axis around a = 0. In some cases, it may be that the
attractive inverse square potential in the Wheeler-DeWitt
operator may lead the quantum theory to fail when further
(inhomogeneous) degrees of freedom are included, but
in others the quantum theory seems to be healthy. The
quantum dynamics of more general Bianchi models also
deserve to be understood; for these, the invisibility of the
singularity that we have observed for Bianchi I will
presumably be replaced by a nontrivial scattering matrix
between in and out asymptotic states. The pathologies
we have identified in the Feynman propagator for curved
FRW universes should be revisited with the inclusion of a
positive cosmological constant. More basic conceptual
questions concerning the interpretation of the propagator
and the determination of probabilities need to be inves-
tigated. Ultimately, we need to find a compelling measure
on the space of quantum universes. There are hints that the
present flat, isotropic universe lies on a critical boundary in
the quantum theory, and these may point to novel reso-
Iutions of the classic flatness and isotropy puzzles.
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APPENDIX: MASSIVE RELATIVISTIC
PROPAGATOR

In this appendix, we calculate the massive relativistic
propagator given in Eq. (31) exactly. First, we note that

G(x|x') = i/oo dr <l> ),
0 2rit

is a convergent integral when ¢ = —(x — x’)? is positive.
The 7 integral may be taken along the positive real axis
0 < 7 < 0. Next, we set 7 = y/oe", with —co < u < o0, S0
that

M1
G(x|x’) :1/ du(\/E)% <ﬂ) - e—im o coshu—=1y

0 271

= 3 (cim) 2am/3) HE (m3),

(A1)
where we have used the standard integral representation of
the Hankel function of the second kind,

. 1 00
H£2)(Z) _ i / due—izcoshu—vu

T 0o

(A2)

and for positive real argument the function is defined as the
boundary value of a function in the lower-half complex z
plane where the integral converges.

Following the discussion given in Sec. IV, the result is
then continued to negative values of ¢ by analytic con-
tinuation through the lower-half complex ¢ plane.
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