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The semiclassical backreaction equations are solved in closed Robertson-Walker
spacetimes containing a positive cosmological constant and a conformally coupled
massive scalar field. Renormalization of the stress-energy tensor results in higher
derivative terms that can lead to solutions that vary on much shorter time scales
than the solutions that would occur if the higher derivative terms were not present.
These extra solutions can be eliminated through the use of order reduction. Four
different methods of order reduction are investigated. These are first applied to the
case when only conformally invariant fields, with and without classical radiation,
are present. Then they are applied to the massive conformally coupled scalar field.
The effects of different adiabatic vacuum states for the massive field are considered.
It is found that if enough particles are produced, then the Universe collapses to a
final singularity. Otherwise it undergoes a bounce, but at a smaller value of the scale
factor (for the models considered) than occurs for the classical de Sitter solution. The
stress-energy tensor incorporates both particle production and vacuum polarization
effects. An analysis of the energy density of the massive field is done to determine

when the contribution from the particles dominates.
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I. INTRODUCTION

Quantum field theory in curved space predicts interesting phenomena such as
vacuum polarization and particle production. Semiclassical gravity is an important
way to account for the effects of quantized fields on the spacetime geometry. The
place where semiclassical gravity has been explored the most thoroughly is cosmology,
where the homogeneity and isotropy of the very early Universe, or at least the part
of it that became the present observable Universe, makes the equations much more

tractable.

Most of the explorations of quantum effects in the early Universe have been in
the context of models in which the Universe is expanding, including inflationary
models. Once the Universe begins to decelerate, quantum effects become smaller in
time. However, there are interesting models in which the Universe initially contracts
and then undergoes a bounce at a small but nonzero value of the scale factor. (For
reviews see e.g. [[-5].) One feature of most contracting models is that quantum

effects are expected to become more important as the bounce is approached.

For many models the bounce occurs at a scale comparable to the Planck scale
where semiclassical gravity is not a valid approximation. However, there are simple
models in which a bounce naturally occurs at length scales well above the Planck
scale and energy scales well below it. One of these is de Sitter space. In closed
cosmological coordinates (which cover the entire manifold) de Sitter space begins
with an infinite size, contracts down to a minimum size that depends on the inverse
value of the positive cosmological constant, and then expands to an infinite size. It
thus provides a laboratory in which the effects of semiclassical gravity can be studied.
Further, as has been pointed out in [6], one can have a model in which there is an
effective cosmological constant that is very large so that the Universe contracts to

a scale comparable to the GUTs scale and then enters an inflationary phase as it



begins expanding.

In this paper we study quantum effects in de Sitter space by solving the semiclas-
sical backreaction equations for a massive conformally coupled scalar field when the
cosmological constant is positive and the field is in an adiabatic vacuum state [7].
The Bunch-Davies state for this field results in a stress-energy tensor that is a de
Sitter invariant [8] and thus the semiclassical backreaction equations have de Sitter
space as an exact solution. However, this is not the case for any other adiabatic
vacuum state.

Studies of quantum effects for massive conformally coupled scalar fields in de Sitter
space in closed Robertson-Walker coordinates were previously done in the context
of a background field approximation where backreaction effects are ignored [9, 10].
It was shown that for adiabatic vacuum states particle production occurs and as
the scale factor approaches its minimum value, the stress-energy of the particles can
become significant. The conclusion was that de Sitter space can be unstable for
such states. Here we solve the semiclassical backreaction equations and validate that
prediction.

Higher derivative terms occur in the stress-energy tensor of a quantum field in
most four-dimensional spacetimes due to the renormalization process. In the context
of a background field expansion there is no problem with such terms. However, if
the semiclassical backreaction equations are solved, these higher derivative terms can
lead to a variety of extra solutions which in cosmology, depending on the values of the
renormalization parameters, can lead to solutions that expand or contract extremely
rapidly [I1-14] and are generally thought to be unphysical. Various methods have
been used to eliminate these spurious solutions, see e.g. [15] and references therein.

One of the methods previously used when only conformally invariant fields are
considered is that of order reduction. This was originally applied to cosmology in [16]

where the classical Einstein equations were solved and then used to eliminate the



higher derivative terms. Perturbation theory was also used to keep the calcula-
tions within the context of the one loop approximation. Order reduction without
the addition of perturbation theory was used in [17], where it was pointed out that
perturbation theory can miss certain secular effects. Going beyond the one loop
approximation can be justified by working within the context of a large N expan-
sion [18] where N is the number of identical quantum fields.

To our knowledge, order reduction has not been used in cosmology when con-
formally noninvariant fields are present and particle production occurs. Particle
production is a nonlocal phenomenon, and in most cases ultraviolet divergences oc-
cur in the nonlocal terms which makes renormalization nontrivial. As shown in [19],
the renormalized stress-energy tensor for a conformally coupled massive scalar field
in a Robertson-Walker spacetime has the unique property that its higher derivative
terms are all local and exactly the same as those for a massless conformally coupled
scalar field. This makes it possible to obtain a straightforward generalization of pre-
vious order reduction techniques to this case. Further, particle production effects
are confined to the nonlocal contribution to the stress-energy tensor, although this
part can also contain vacuum polarization effects since the two cannot usually be
completely separated in dynamical spacetimes.

For the massive conformally coupled scalar field, the nonlocal contribution to the
stress-energy tensor also has no derivatives of the metric associated with it. The latter
property allows one to have an ultraviolet finite stress-energy tensor for zeroth-order
adiabatic states. In general, only fourth-order adiabatic states result in stress-energy
tensors that are ultraviolet finite. This property makes it straightforward to apply
the order reduction technique in [17] for zeroth-order adiabatic states and this is our
first method. It is not obvious how to apply that technique if higher-order adiabatic
states are chosen and/or if scalar fields with nonconformal coupling to the scalar

curvature are considered.



We also consider three other methods of order reduction which all involve iter-
ation. The second method consists of first solving the semiclassical backreaction
equations using the nonlocal contribution to the stress-energy tensor (which is sep-
arately conserved) but not the higher derivative terms. Then the higher derivative
terms are computed in the background of this solution and used as source terms
for the semiclassical equations. Iterations can be done until the desired level of
convergence is reached.

The higher derivative terms are contained in two separately conserved tensors [19].
For one tensor the higher derivative terms are composed of products and powers
of first and second derivatives of the scale factor. These do not lead to runaway
solutions. The third method involves solving the semiclassical backreaction equations
exactly using this tensor but initially ignoring the second tensor which has terms with
three and four derivatives of the scale factor. Then this second tensor is computed
in the background of the solution to the semiclassical equations and used as a source
term for a first iteration. For the second iteration, the second tensor is computed
in the background spacetime obtained from the first iteration and used as a source
term. One can continue this procedure until the desired convergence of the solution
is achieved.

The fourth method was suggested by Agullo [20]. First the classical Einstein
equations are solved. Then the stress-energy tensor for the quantum field is computed
in that background and used as a source term for a first iteration. The stress-energy
tensor for the quantum field is next computed in this background and used as a
source term for a second iteration. The procedure is repeated until the desired level
of convergence has been achieved.

In Sec. II, quantum field theory for a scalar field in a closed Robertson-Walker
universe is reviewed along with the method of adiabatic regularization. In Sec. I11, the

four order reduction methods are described in detail. In Sec. IV, the order reduction



methods are illustrated using two examples in which a closed Robertson-Walker
universe contains conformally invariant quantum fields in the conformal vacuum
state. In this case there is no particle production and the exact stress-energy tensor
for the fields is known [7]. One example is a spacetime with a positive cosmological
constant and no classical matter or radiation. Here the calculations can be done
analytically. The second example adds classical radiation to mimic the effects of the
produced particles. In Sec. V, the four methods are used to solve the semiclassical
backreaction equations in the case of a conformally coupled massive scalar field in
a closed Robertson-Walker spacetime with a positive cosmological constant when
no other matter or radiation is present. This allows us to better isolate the effects
of the produced particles. A detailed analysis of the energy density of the massive
conformally coupled scalar field and its relationship to particle production is given
in Sec. VI. Section VII contains a summary of our results. A review of the WKB
approximation along with our method to obtain adiabatic vacuum states is given
in Appendix A. A discussion of the solutions to the classical Einstein equations
when classical radiation and a positive cosmological constant are present is given in
Appendix B. Throughout we use units such that h = G = ¢ = 1 and our conventions

are those of Ref. [21].

II. QUANTUM FIELD THEORY IN A CLOSED UNIVERSE

The metric for a closed Robertson-Walker universe can be written as

dr?

1—172

ds* = a(n)?*(—dn* + + 7r2d0?) . (2.1)

A free scalar field with arbitrary mass and conformal curvature coupling satisfies
the equation

O¢ +m?¢ + éRqﬁ =0. (2.2)



The scalar field can be expanded in terms of mode functions

b= —— 3 laYe(w)wn(n) + oLy (@)65(n)] (2.3)
MWNM

A®Y, (z) = — (K — 1)Y;(z) , (2.4a)

7+ [k +mPa®|Y, =0 (2.4b)

The unrenormalized energy density and trace of the stress-energy tensor are

(p)u = —(0T,"|0),, Zkzwkf + (K +m?a®) |, (2.5)

424

(01710}, = 224Zk2 @ if? (2.5b)

If we make the change of variable

Yy = % (2.6)

and change from conformal time to proper time using the relation dt = adn, then

the mode equation (2.4b) becomes

. 1a2 la k2
St r 2.
fk+(4a2 2a+ +m?)fr, =0 (2.7)

and the energy density and trace are
1] & : 1 . .
(b = (OTalo)s = e S0 fali? = Jathf + fi
k=1

|fl<?|2 2 2 2 az
+—(k +m-a +Z) (2.8a)

o[r0),, = 225Zk2 @[ ful? (2.8b)



A. Adiabatic regularization

We use adiabatic regularization [22-25] to renormalize the stress-energy tensor.
It has proven to be a useful method for scalar fields in homogeneous cosmological

spacetimes. The renormalized stress-energy tensor is
<Tab>r - <Tab>u - <Tab>ad . (2.9)

As shown in [20], the adiabatic counterterms (T};)qq consist of an integral rather
than a sum. This introduces some difficulties when calculating the renormalized
stress-energy tensor. These are overcome using the method in [27] which we briefly
describe next.

First, a high frequency WKB approximation is used to completely isolate the ul-
traviolet divergencent terms in the stress-energy tensor. Then the difference between
the unrenormalized stress-energy tensor and the high frequency WKB approxima-
tion to that tensor is computed. The approximate stress-energy tensor is then added

back and the adiabatic counter terms are subtracted from it:

<Tab>'r - <Tab>n + <Tab>an (210&)
<Tab>n = <Tab>u - <Tab>d (210b)
<Tab>an = <Tab>d - <Tab>ad (2100)

The components (1), and (T')4 are given by the expressions

1 =, m?a®  miat
(Tuba = Jragr 2 [’” STRE (2.11a)
k=1
1 > m?a®  mtat
Tyy=—— 2 - 2.11
L) 4w2a4zk [ k 2k31 (2.11b)

The quantity (7},,), must usually be computed numerically. The quantity (7}.,)an



was computed analytically in [27] with the result
1 1g 5 m?
(Tt) g = 233072 (—6( VHy, + )Htt) — WC&
m* [1 pra?
1 1 m?
T = N (1)HC (3)HC _ GC
(T an 288072 ( 6 e T ‘ 288712 ¢
mA 1202

Here C is Euler’s constant, u = m for a massive field, G, is the Einstein tensor,

1 9
WH,, = ——— d*z/—g R*
1
= —290R +2V,VyR — 2RRy;, + 5gabR2 , (2.13a)
2 1 1
®H,, = —R°Re, + gRRab + 5ga,,};tcdRcd — ZgabR2 . (2.13b)
Two independent components of these tensors are
3a® 3k
Gu=—5+3 (2.14a)
6a  6a®> 6k
o 24 b Pr 2.14b
36aa 18a® 36da® 54a*  36ka®  18K?
Wy, — _ _
Hy o + " " + " + " " (2.14c¢)
e e o ..2 -..2 ..
Mo _ 36 a i 108 a'a . 36a”  180aa”  T2ka (2.14d)
a a? a? a3 a3
3a*  6ka®  3k?
(3) _
Hy = pry + " o (2.14e)
12aa®>  12ka
B pra _ _ _
H/S' = 3 o (2.14f)

Note that the term in (T}4)., that is proportional to the Einstein tensor could be
taken over to the left-hand side of the equations, in which case it would provide a
finite renormalization of Newton’s constant G which has been set equal to 1 here.

However, we do not do this because if the scale factor is slowly varying, then one can
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use a WKB approximation for the exact modes if the mass of the field is nonzero.
Using a fourth-order or higher WKB approximation will cancel all of the terms in
(T,)an-* For this reason we keep this term on the right-hand side of the semiclassical

backreaction equations.

III. ORDER REDUCTION

The semiclassical backreaction equations when classical radiation is present are

given by
N 2
a 8T rc, 1 A
(a) -3 (Gr0)-a+3 (3.12)
a 1 a* A4r 2
S = T+ 2A 3.1b
a a> a®> 3 () + 3 ( )

where c,a™* is the energy density of the classical radiation.

After adiabatic regularization is applied to the stress-energy tensor, Eq. (3.1a)
contains terms with up to three derivatives of the scale factor and (3.1b) contains
terms with up to four derivatives of the scale factor. This can result in runaway solu-
tions and solutions that don’t grow quickly but which vary on very short timescales,
both of which seem unlikely to be physically relevant.? The purpose of order reduc-
tion techniques is to find ways to eliminate such solutions and focus on those that
Efourth—order WKB approximation this does not mean that nothing will be left over. There

will be terms that come from the difference between the sum over the modes for the unrenormal-

ized stress-energy tensor and the integral over the modes for the adiabatic counter terms [26, 27].

Because general relativity is expected to be a low energy approximation to some other theory,
one expects that there will be higher derivative terms in the gravitational Lagrangian. In a
conformally flat spacetime, the leading-order term in the semiclassical backreaction equations
would be of the form a W H uv-  The dimensionless constant o must be fixed by experiment
or observation. Starobinsky inflation [25, 29] can occur if the value of « is of order 10° [30].
Starobinsky inflation requires a solution that grows rapidly during the inflationary phase and
during the reheating phase undergoes rapid oscillations in the scalar curvature R, although the
scale factor itself grows monotonically. Here we set the value of a to zero and only include the

contribution from I, uv that comes from the stress-energy tensors of the quantum fields.
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are better behaved. Next we describe in detail the four methods of order reduction
that we use in the following sections.

The order reduction techniques developed in [16, 17] were applied to the case of
conformally invariant fields in Robertson-Walker spacetimes which are conformally
flat. Thus the stress-energy tensor is known analytically. For a massive conformally
coupled scalar field, part of the stress-energy tensor is nonlocal and in most cases must
be computed numerically. There are no derivatives of the scale factor that explicitly
occur in this part. The other part is the same as the stress-energy tensor for the
conformally invariant scalar field in the conformal vacuum state. The fact that there
are no derivatives of the scale factor in the nonlocal part makes it straightforward to
adapt the approach in [17] to this case. Our first method involves such an adaptation.
We also investigate two other methods developed by us, and one due to Agullo [20].

To understand the first method, it is useful to begin with a review of the Parker-
Simon approach. In their method, the order A quantum corrections to the semiclas-
sical backreaction equations are first omitted so that one is working only with the
classical terms. The classical Einstein equations contain terms up to and including
second-order derivatives of the scale factor. For a homogenous and isotropic uni-
verse, one component has a term containing first-order derivatives and it can thus
be solved to obtain the first-order derivative of the scale factor in terms of quantities
such as the energy density and the cosmological constant. This equation can be
differentiated to obtain an equation for the second derivative of the scale factor. In
this way one can obtain expressions for the third and fourth derivatives. When these
are substituted into the equation for the stress-energy tensor and used repeatedly,
the result is an expression that contains terms which have at most one derivative
of the scale factor. The stress-energy tensor for the quantum field is of order A so
they solve the resulting equations using perturbation theory, keeping only terms up

to order h.
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It was pointed out in [17] that perturbation theory can miss secular effects. An
alternative method was proposed in which the order reduction is done in the same
way as in the Parker Simon approach but the equations are solved exactly rather
than with the use of perturbation theory. This procedure can be justified if one
works in the context of a large N expansion with N being the number of identical
quantized fields. The reason is that the semiclassical backreaction equations ap-
pear at leading order in such an expansion. In [17] this method was used to solve
the semiclassical backreaction equations for perturbations of de Sitter space when
conformally invariant fields are present.

Our first method of order reduction, which we denote by M1, is very similar to
this. If the quantities (p) and (7T') in the semiclassical backreaction equations (3.1)

are omitted, then the equations for the first four derivatives of the scale factor are:

2 837;? s ATGQ (3.2a)

. _837;?« N % (3.2b)

i 87;C4ra % (3.2¢)
2.2 2

If these expressions are substituted into Eq. (2.14) and the result is substituted
into (2.12), then (p), and (T), become functions of the scale factor but not its
derivatives. Substituting the order-reduced stress-energy tensor into the semiclassical
backreaction equations (3.1) then results in equations that are of the same order in
terms of derivatives of the scale factor as the classical Einstein equations.

Unlike the next three methods which all involve iteration, this method does not
so long as a zeroth-order adiabatic state is used for the massive scalar field. If a
second- or higher-order adiabatic state is used, then at the initial time step there are

derivatives of the scale factor on the right-hand side of the equations and this method
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cannot be used, at least in its simplest form. Note also that the term in (T)q, that
is proportional to G4, remains on the right-hand side of the equations and thus the
order reduction process is used on it as well. This results in finite renormalizations of
the radiation, spatial curvature, and cosmological constant terms on the right hand
side of the semiclassical backreaction equations.

For the second method, denoted by M2, we first assume that () H /" and G)H [ are
much smaller than the other terms in (7"),, for the solutions of interest. Then, we
solve Eq. (3.1) numerically for a(t) without including these terms. We next fit the
numerical data for a, @ and d to polynomial functions of the time ¢. The functions
for @ and ‘a" are obtained by taking derivatives of the fit for d. Then, we use these
functions to evaluate (V) H /- and G H . Next, Eq. (3.1) is solved again but with
WH /- and G H ' included as source terms. For the next iteration, the numerical
data for the scale factor and its first two derivatives is again fitted to polynomial
functions of the time, W H /' and G H /' are computed from these fits and used as
source terms in the semiclassical backreaction equations. The process is repeated
until the scale factor a converges to the desired accuracy.

For the third method, denoted by M3, the (1)HM“ term in Eq. (3.1) is treated as a
source term while the ®) ' term is treated the same as all of the other terms. This
tensor has no terms containing either @ or ‘@". Then (3.1a) is solved for @ and (3.1b)
is solved for d. The resulting equations are then solved with () H ' set equal to zero.
Then the same procedure is used to evaluate ) H " as is used in M2 and the result
is used as a source term for the first iteration. The rest of the iterations proceed in
the same fashion as M2 except that only () H ' is treated as a source term.

The fourth method is due to Agullo [20]. For this method, denoted by M4, first
the classical Einstein equations are solved. Then the full expressions for (p) and (T)
are evaluated in the resulting geometry. For the nonlocal parts, this involves first

solving the mode equation in that background. For the first iteration, Eq. (3.1) is
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solved with these terms used as source terms. Then, (p) and (T') are computed in the
new background geometry and used as a source for the next iteration. This process
continues until the iterations converge to the desired accuracy.

All four methods described above work for zeroth-order adiabatic states. M2,
M3, and M4 work for second-order adiabatic states. However, only M4 works for
a fourth-order or higher adiabatic vacuum state. Note that M4 is very robust and
should work for nonconformally coupled scalar fields as well. For such fields, (7},,)q
contains terms with up to four derivatives of the scale factor [27]. Since these are
used to explicitly cancel the divergences in (7),,),, methods M1, M2, and M3 will

not work, at least not without some significant modification.

IV. ORDER REDUCTION METHODS APPLIED TO QUANTIZED
CONFORMALLY INVARIANT FIELDS.

In this section we apply the order reduction methods described in the previous sec-
tion to the case of quantized conformally invariant scalar fields in closed Robertson-
Walker spacetimes. Since these are conformally flat spacetimes, the stress-energy

tensor for any homogeneous and isotropic state has the form [31]
<Ta > - acg’ + <0‘Tab|0> ) (41)

where the first term on the right is the stress-energy tensor for classical radiation and

the second is the stress-energy tensor if the field is in the conformal vacuum state.

(O1T20/0) = — 1y OHa + 5, P Hay (42)
Here

ay = Wlw(% +6N, + 12), (4.32)

8, = Wlw(zvo LN, +62N7) (4.3b)
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with Ny the number of conformally invariant scalar fields, N 1 the number of massless
spin % fields, and N; the number of massless spin 1 fields.

In what follows we consider the case where the fields are in the conformal vacuum
state and the case where they are in some other homogeneous and isotropic state.
The latter is equivalent to having the quantum fields in the conformal vacuum state

and having classical radiation [31].

A. No classical radiation

The scale factor for de Sitter space in closed cosmological coordinates is
(1) = L cosh Ht (4.4)
a(t) = - cos , :

with H a positive constant. For this form of the scale factor, one finds that

W, =0 (4.5a)
®H, =3H* (4.5b)
®HC = —12H*. (4.5¢)

If only conformally invariant fields in the conformal vacuum state are present, then
de Sitter space is an exact solution to the semiclassical backreaction equations even
if there is no cosmological constant [28]. If a cosmological constant is also present,
then an exact solution to the semiclassical backreaction equations (3.1) with ¢, =0

is de Sitter space with the scale factor given by (4.4) and

N
1 1
2 _ (g) +t 2= Tomd (1 +./1— 32775(,}102) : (4.62)
q

H}=~. (4.6b)

The solution with the plus sign diverges in the limit 3, — 0, which is the limit that

quantum effects vanish. So this solution is physically unacceptable. The solution
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with the minus sign reduces to the de Sitter solution of the classical Einstein equa-
tions, H = Hj in the limit 8, — 0. For comparison with the solutions from the order

reduction methods, it is useful to expand in powers of 3, with the result
H? = Hi + 8w, Hy + 1287°52Hp + . ... . (4.7)

As discussed in Sec. III, the method M1 involves using the classical Einstein
equations to replace the higher derivative terms in the stress-energy tensor for the
quantum field. This results in a stress-energy tensor that is simply a function of
the scale factor. The higher derivative terms for the scale factor when no classical
radiation is present are given in (3.2) with ¢, = 0. They are the same values one
would obtain for de Sitter space when H = Hy. Thus for method (1), the semiclassical
backreaction equations are

.\ 2
a -1
(—) = =z + Hg + SWBQHSL (4.8)

a

which has the de Sitter solution (4.4) with
H? = H} + 8n83,H, . (4.9)

This is in agreement with the exact solution (4.7) to first order in 5. This result was
previously found in [17].

For M2, which in this case is equivalent to M4, the stress-energy tensor for the
conformally invariant fields is ignored on the zeroth iteration, which means that the
classical Einstein equations are solved. On each successive iteration we compute the
stress-energy tensor for the conformally invariant fields using the metric obtained
from the previous iteration and then use this stress-energy tensor as a source term
for the semiclassical backreaction equations. When there is no classical radiation, we
get a new de Sitter solution upon each iteration if we only keep terms in the result

up to O(B). This is reasonable because upon subsequent iterations the coefficients
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of these terms do not change whereas the coefficients of any higher powers of 5 do

change. Letting H; | be the solution for the previous iteration we have
H? = Hi + 8nB,H} , . (4.10)

Starting with the de Sitter solution to the classical Einstein equations H = Hj, the
first iteration then gives an expression for H? that is equal to the first two terms
on the right in (4.7). After that the ith iteration reproduces the expansion (4.7) to
O(B%) along with higher-order terms in S that have different coefficients.

Because WH,, = 0 in de Sitter space, M3 is equivalent to solving the exact

semiclassical backreaction equations and yields the solution (4.6a).

B. Classical radiation

When both classical radiation and a positive cosmological constant are present, the
solution to the classical Einstein equations depends on the amount of radiation and
the size of the cosmological constant. In a closed universe, the solutions of interest
start out with infinite size and either contract to a final singularity or undergo a
bounce and expand to an infinite size

The energy density for classical radiation is

¢
prad = E s (411)

with ¢, a positive constant. The trace of the stress-energy tensor is zero.
To minimize the number of parameters in the classical solutions, it is useful to
work with the following scaled variables.?
a=VAa (4.12a)
T=vVAt. (4.12b)

3 Note that these variables only simplify the classical solutions when classical radiation is present,

so we only use them in this section.
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The semiclassical backreaction equations when radiation plus conformally invariant

fields are present in a closed Roberson-Walker universe are

I\ 2
! A 1 1 8«
<E> s a2 + 3 + 3—A<O|p|0> ; (4.13a)
" o\ 1 2 4r
o (E) 2T 4.1
a (a) o2 3  3A {0I7107 . (4.13b)
e« 362" 18(a")?  36a"(«)?  H4(a)t  36(a)* 18
(0lpl0) = A {_Eq [_ a? * o a3 i at * ot at
3(@)t 6(a)? 3
+64 [ at T at T ’ (4.13¢)
o o [360" 108 36(a”)*  180a”"(a))*  T2d”
irioy = 2 {-So | 2002, T, WD SMode)
12a"(a)? 124"
+054 {— 3 - (4.13d)
A= 8?ﬁcrA . (4.13e)

The equations for method M1 can be obtained by first transforming the order

reduction equations (3.2) to scaled variables with the result

W2 % 4 0‘; (4.14a)

o — % 2 (4.14D)

"_ 3215/ +%’ (4.14c)
N

Substituting these into (4.13¢) gives
i\ 2
-4 o) 20350

+%28A6q | (4.15a)
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Substituting this expression into the first term on the right in (4.13b) and then
substituting (4.14) into (4.13d) gives

o A 167 1 8T
24w A2\

When only conformally invariant fields and classical radiation are present, then, as
mentioned above, M2 and M4 are equivalent. For M2 we begin by writing o = o and
solving (4.13a) and (4.13b) with (0|p|0) = (0|T'|0) = 0 to obtain a classical solution.
Then this is substituted into (4.13c) and (4.13d). For the other terms in (4.13a)
and (4.13b), we write @ = «; and solve them for «;. For a second iteration, «; is
substituted into (4.13c) and (4.13d). For the other terms in (4.13a) and (4.13b) we
write @ = ap and solve them for a,. In this way one can iterate as many times as
desired. Note that for the first iteration, one can use analytic derivatives of (4.13b)
with (0|7°]0) = 0 to obtain expressions for oy and «f”. However, for the second
iteration, one has only numerical data for o and its first two derivatives. One way
to obtain o’ and of” is to fit this data to a power series in 7 over the range of times

of interest and then compute the derivatives analytically. This is what is done for

the example below.

M3 involves separating out the «, term from the (3, term in (4.13c) and (4.13d)
and first setting o, = 0. The resulting second-order equations are then solved after
setting v = ap. The result is substituted into the parts of (4.13¢) and (4.13d) that are
proportional to o, and those parts are used as source terms for the next iteration. For
that iteration, o = « is used for the rest of the terms in the backreaction equations.

The iterations proceed in the same way as they do for M2.
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1. Solutions to the semiclassical backreaction equations

As shown in Appendix B, the solutions to the classical Einstein equations when
classical radiation is present depend upon the value of A in (4.13e) and on the initial
conditions. The solutions we are interested in begin with o = co at 7 = —oco0. As
shown in Appendix B, for 0 < A < % the solutions contract to a minimum nonzero
size and then expand again. For A = % the solutions contract to a minimum value of
a = % in the limit 7 — oo. This minimum value of the scale factor is also its value
for the static solution in this case, which is the Einstein universe. For A > % the
solutions contract to a final singularity. Thus for a fixed value of A, the late time
behavior of the solutions to the classical Einstein equations that begin with a = oo

depend upon the amount of classical radiation that is present. If there is too much

radiation, then they collapse to a final singularity.

When conformally invariant fields are also present, then quantum effects change
the detailed behavior of the scale factor as a function of time and they change the
specific conditions under which a bounce or collapse to a singularity occurs. However,
we have not found any new qualitative behaviors when order reduction methods are

used.

To illustrate the various order reduction methods in this case, we will focus on
bounce solutions to the equations. Near a bounce we can write a power series solution
for the scale factor in terms of 7 if we fix the time so that the bounce is at 7 = 0.

Then, since by definition o/ = 0 at a bounce, we have
o =ag+ agm +asm +agm L (4.16)

Substituting this into the exact semiclassical backreaction equations (4.13a) and (4.13b),

one finds that ag, as, and a3 are arbitrary and that for a bounce which by definition
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is a minimum
[ 1 AN
a; =3 [SWA—%CL% (A + 81 (o + By) — ag + §>} : (4.17)
There can only be bounce solutions if the quantity in square brackets is non-negative.
This is a rather different condition than the one for bounce solutions in the classical
case. Also in contrast to the classical case, bounce solutions that are not time
symmetric exist.

For M1, one can substitute (4.16) into (4.15). Then (4.15a) can be solved for
ag and (4.15b) can be solved for as. Thus one finds that, as for the classical solu-
tions, ag and as both have fixed values at a bounce. Computing a time derivative
of (4.15b), one sees that ag = 0. Computing successive derivatives shows that all
bounce solutions in this case are time symmetric.

For M2, one substitutes solutions to the classical equations into (4.13c) and (4.13d)
and uses them as source terms for the first iteration. In these cases the time at which
a bounce solution occurs will usually change on each iteration because the source
terms will not vanish at the time of the bounce in the previous iteration.

For M3, one initially finds a solution to (4.13b) when «, = 0 and then for the first
iteration uses the terms proportional to ¢, as source terms. The iterations proceed
as for M2.

For a single scalar field, backreaction effects are small at scales above the Planck
scale. However, one expects there to be a large number of quantum fields in the early
Universe, particularly if any of the grand unified theories are correct. If there are
enough quantum fields, then backreaction effects will be more significant. One can see
from (4.13) that the terms containing (p) and (7') in the semiclassical backreaction
equations are all multiplied by A. We consider N identical conformally invariant

scalar fields. Then
NA

Ao = A = o500

(4.18)
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For illustration purposes, it is useful to have backreaction effects be somewhat
significant. Thus we consider the case when NA = 100 in Planck units in Figs. 1-3.
We also choose A = % In Fig. 1, we show the solutions for the zeroth, first, and
second iterations of M2. The curve for each iteration has been shifted in time so
that the bounce occurs at approximately the same time for all curves. The iterations
appear to be converging. For the times shown on the plot, the relative difference
between the zeroth and first iterations is of order 10%, while that between the first
and second iterations is of order 3% or less. In Fig. 2 we show the solutions for the
zeroth, first, and second iterations for M3. Again the curves have been shifted so the
bounces occur at the same time and again the iterations appear to be converging by
about the same amount as for M2. In both cases, if one extends the plots to larger
positive and negative times the relative difference between successive iterations in-
creases. However, this is at least in part because at large negative times the scale
factor is decreasing exponentially and at large positive times it is increasing expo-
nentially. Since the location of the bounce is only approximately being accounted
for, the curves have not been shifted perfectly so one curve starts expanding expo-
nentially earlier than the other and this causes at least some of the increase in the
relative difference.

The results for the classical solution, the solution for M1, the solution for the
second iteration using M2, and the solution for the second iteration using M3 are
shown in Figs. 3 and 4, again with the curves for iterated solutions shifted so that
the bounce occurs at 7 ~ 0. It can be seen that the bounce occurs at successively
smaller values of the scale factor for M1, M2, and M3. The curves for M2 and M3,

which are for the second iteration of each method, are the closest together near the

bounce.
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FIG. 1. Solutions for the scale factor « are plotted versus the time 7 using M2. The values
of the parameters are A = %, NA =100. From top to bottom, the curves are for the zeroth
(blue), first (orange), and second (green) iterations. The curves for the first and second

iterations have been translated in time so that the minimum is at 7 ~ 0.
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FIG. 2. Solutions for the scale factor a are plotted versus the time 7 using M3. The values
of the parameters are A = %, NA = 100. From top to bottom, the curves are for the zeroth
(blue), first (orange), and second (green) iterations. The curves for the first and second

iterations have been translated in time so that the minimum is at 7 ~ 0.
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FIG. 3. Solutions for the scale factor « are plotted versus the time 7 using all three
methods. The values of the parameters are A = %, NA = 100. From top to bottom, the
curves are for the classical solution (blue), M1 (orange), the second iteration of M2 (green),
and the second iteration of M3 (red). The curves for M2 and M3 have been translated in

time so that the minimum of each is at 7 = 0.
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FIG. 4. Solutions for the scale factor a are plotted versus the time 7 for all three methods.
The values of the parameters are A = %, NA = 100. From top to bottom curves are for the
classical solution (blue), M1 (orange), the second iteration of M2 (green), and the second
iteration of M3 (red). The curves for M2 and M3 have been translated in time so that the
minimum of each is at 7 &~ 0. Note that these curves are so close together that it is difficult

to distinguish them on the scale of the plot.
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V. CONFORMALLY COUPLED MASSIVE SCALAR FIELD

In this section we consider backreaction effects due to a conformally coupled mas-
sive scalar field in cases in which the Universe is initially contracting and classically
will undergo a bounce. For simplicity, we will not consider any other fields and will
not include classical radiation in the problem. As shown in (2.10), the stress-energy
tensor for the field can be broken into a part that must be computed numerically in
most cases along with an analytic part that is shown in (2.12). In the limit m — 0
only the first two terms of the analytic part survive if the field is in the confor-
mal vacuum state, which was assumed in the previous section. Thus, effectively the
stress-energy tensor for a massive field has the same terms as for the massless field

plus additional terms.

The higher derivative terms in the stress-energy tensor only occur in the terms
that survive in the massless limit. The extra terms induced by the mass do not
have higher derivatives associated with them. This results in a distinction between
methods M2 and M4 which is not there in the massless case. In M2, the terms that
do not have higher derivatives of the scale factor are kept in the zeroth-order iteration
because they are separately conserved. In M4 none of the terms in the stress-energy
tensor for the massive scalar field are included for the zeroth iteration. Then the

zeroth-order solution is simply that for de Sitter space.

As discussed in the Introduction, we consider adiabatic vacuum states for the
conformally coupled massive scalar field. In general, the vacuum state of the field
can be fixed by specifying starting values for the modes f; and their first deriva-
tives at some starting time t;. To specify an adiabatic vacuum state, we use the
method of adiabatic matching which is discussed in Appendix A. For this method

the WKB approximation is used to obtain starting values for the mode functions fj
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and dg—f at some initial time ¢;.* Different truncations of the WKB expansion result
in different order adiabatic states. Different values of t;, for a given truncation of
the WKB expansion generate different adiabatic states of the same order. Because
of the conformal coupling, it turns out that a renormalized stress-energy tensor can
be obtained from zeroth- and second-order adiabatic vacuum states so long as the
spacetime is homogeneous and isotropic, which we assume here. We show results
below for zeroth-, second-, and fourth-order adiabatic states. For scalar fields with
nonconformal coupling to the scalar curvature, it is necessary to use a fourth-order
adiabatic state or higher to obtain a finite stress-energy tensor.

In what follows, we will again take illustrative examples in which the quantum
effects are large enough to easily be seen. The mass for the field is set equal to the
Planck mass, thus m = 1 in the units we are using. The cosmological constant is
set to A = 0.5 for the zeroth-order adiabatic states, to A = 1 for the second-order

adiabatic states where particle production effects are smaller, and to A = 1.5 for the

fourth-order adiabatic states for which particle production effects are even smaller.

A. Zeroth-order adiabatic states

A zeroth-order adiabatic state is the simplest to use for methods M2 and M3,
and it is the only adiabatic order for which we have been able to use M1. For
the calculations we do, the starting values for the modes are obtained using the
method outlined in Appendix A and Eqs. (A4) and (Ab5a). We find solutions for
m = 1 and A = 0.5 at the starting times ¢; = —4 and ¢t; = —3. For the earlier
matching time there is enough particle production for these values of m and A that

the Universe collapses to a singularity instead of bouncing. For the later matching

4 For the massive scalar field there is no real advantage to using the scaled coordinates that were
used in Sec. IV, so we go back to the original coordinates in which the scale factor a is given as

a function of the proper time t¢.
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time, less particle production occurs and the solutions undergo a bounce. The value
of the scale factor at the bounce is smaller than it is for the corresponding classical
solution.

The results for the scale factor for the four methods when ¢; = —4 are shown in
Fig. 5. M1 does not include any iterations. Two iterations are implemented for M2,
M3, and M4. A detailed description of how the iterations are done is given in Sec. III.
The behavior of the scale factor is almost the same for each method before t =~ 1.
The differences increase as the singularity is approached. Note that the solutions
for M2 and M3 are the closest together while those for M1 and M4 have the largest
deviation from each other.

To better compare the solutions for the different methods, relative differences
between the scale factors are plotted versus time in Fig. 6. In the figure, the relative
differences are seen to increase exponentially at later times as the singularity is
approached. However, their differences remain small past the time when the bounce
for the classical solution occurs. The difference between M2 and M3 is omitted
because it is significantly smaller than the other differences.

The solutions to the semiclassical backreaction equations for the starting time
t; = —3 are shown in Fig. 7. Again, there are two iterations for M2, M3, and M4.
As can be seen from the figure, the solutions bounce in this case at smaller values of
the scale factor than the corresponding classical de Sitter solution.

The relative differences between the scale factors obtained from the different meth-
ods are plotted versus time in Fig. 8. In general, Fig. 8 and Fig. 6 display a similar
pattern. However, the relative differences in Fig. 8 are much smaller than those
in Fig. 6 and do not appear to grow exponentially at late times. One explanation
for this is that when the matching time ¢; = —3 is employed, there is less particle
production, causing the scale factor to bounce rather than collapse into a singularity.

Quantum effects start to decrease as the Universe expands after the bounce. So the
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FIG. 5. Solutions for the scale factor a obtained from all four methods for zeroth-order
adiabatic vacuum states with matching time ¢; = —4 are plotted. The values of the
parameters are m = 1 and A = 0.5. For these values of m and A, and this matching time,
there is enough particle production that the scale factor collapses to a singularity. For the
solutions shown, two iterations are implemented for M2, M3, and M4. There is never an
iteration for M1. The upper curve (blue) is for the classical de Sitter solution. The inset
shows the late-time behaviors of the rest of the solutions. From top to bottom, the curves
are for the solutions obtained using M4(dashed black), M2(dotted green), M3(dash-dotted
red), and M1(solid orange). The curves for the solutions obtained using M2 and M3 overlap

and are almost identical.

differences between the solutions begin to level off.

In Fig. 9, the relative differences between the solutions obtained for different
iterations of M2 are shown for the case t; = —4. It can be seen from the plot that
the relative differences increase as the solutions approach the singularity at a = 0.

However, the relative difference between the solutions with one and two iterations
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FIG. 6. The relative differences between the solutions in Fig. 5 are plotted versus time on a
semilog plot. Differences with the solution obtained using M3 are not included because that
solution is almost identical to the one obtained using M2. From top to bottom, the curves
are for the relative differences between the solutions obtained using M1 and M4(orange),
M1 and M2(blue), and, M2 and M4(green). Note that as the singularity is approached,

the relative differences increase exponentially.

is significantly smaller than that between the solutions with no iterations and one
iteration. Thus it is clear that the iterations are converging. Evidence is also found

for convergence of the iterations of M3 and M4.
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FIG. 7. Solutions for the scale factor a obtained using all four methods for zeroth-order
adiabatic vacuum states with matching time ¢; = —3 are plotted. The values of the
parameters are m = 1 and A = 0.5. For these values of m and A, and this matching
time, the amount of particle production is small enough that the scale factor bounces.
Two iterations are implemented for M2, M3, and M4. The upper curve (blue) is for the
classical de Sitter solution. The inset shows the late-time behaviors of the rest of the
solutions. From top to bottom, the curves are for the solutions obtained using M4 (dashed
black), M2(dotted green), M3(dash-dotted red), and M1(solid orange). The curves for the
solutions obtained from M2 and M3 overlap and are almost identical. The bounces occur

for smaller values of the scale factor than for the classical de Sitter solution.
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FIG. 8. The relative differences between the solutions in Fig. 7 are plotted versus time
on a semilog plot. Differences of solutions with that obtained using M3 are not included
because that solution is almost identical to the one obtained using M2. From top to
bottom, the curves are for the relative differences between the solutions obtained using M1

and M4(orange), M1 and M2(blue), and M2 and M4(green).
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FIG. 9. The relative differences between different iterations of solutions obtained using M2
are plotted versus time for a zeroth-order adiabatic state in which the adiabatic matching
occurs at time t; = —4. The values of the parameters are m = 1 and A = 0.5. From top to
bottom, the curves are for the relative differences between the solutions for the first iteration
and no iteration(blue solid), and between the second iteration and the first iteration(red
dashed). In the inset, the scale factors for the different iterations at relatively late times
are shown. From top to bottom, the curves are the scale factor for no iterations(solid blue),
one iteration(dash-dotted red), and two iterations(dashed green). The curves for the scale

factors for the first and second iterations overlap and are almost identical.
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B. Second-order adiabatic states

Solutions to the semiclassical backreaction equations are discussed in this section
for second-order adiabatic states. For the calculations we do, the starting values for

the modes are obtained using the method outlined in Appendix A and Eqs. (AS).

We do not have a good way to extend M1 to second- or higher-order adiabatic
states. It is possible to extend M2 and M3 to second-order adiabatic states. What is
required is to find self-consistent solutions to (3.1) at the initial time ¢;. The problem
is that the terms contained in (p),, when a second-order WKB approximation is made
for the modes depend on a. This is also true for the parts of (p),, that are used for
the zeroth iterations for M2 and M3. Thus it is necessary to find a value for a(t;)
that gives a self-consistent solution to (3.1a). This can be done by starting with the
value of a(t;) for the corresponding de Sitter space solution to Einstein’s equations
and then iterating. Once the value of a(t;) is determined then a similar procedure
can be used to find the self-consistent solution to (3.1b) at time ¢;. For subsequent
iterations, this procedure needs to be repeated. In contrast for M4 there is no problem
at any adiabatic order. One simply uses the geometry from the previous iteration
to compute the entire expression for (T,,) and then uses it as a source term for
the equations. Because of this simplicity, we restrict our discussion of second-order

adiabatic states to M4.

We choose m = 1 as before and the slightly larger value A = 1 because quantum
effects are somewhat smaller for this state. The initial time ¢; is chosen to be —4.
This initial condition leads to a bounce solution for this state even though it leads
to singular solutions for zeroth-order adiabatic states. The scale factors obtained
for M4 with two iterations, along with the classical solution are shown in Fig. 10.
The relative difference between the solutions for the zeroth and first iterations is

shown in Fig. 11 along with the relative difference between the first and second
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iterations. The relative difference between the first and second iterations is more
than an order of magnitude smaller than the relative difference between the zeroth

and first iterations. So it is clear that the iterations are converging.

9 T T T T T
2

FIG. 10. Solutions for the zeroth, first and second iterations of the scale factor a obtained
using M4 for a second-order adiabatic vacuum state with matching time t; = —4 are plotted
along with the classical solution. The values of the parameters are m =1 and A = 1. The
top curve is the classical de Sitter space solution (thick blue) which results from the zeroth
iteration. The middle curve(dotted green) is for the first iteration. The bottom curve
(dashed black) is for the second iteration. The curves for the first and second iteration

almost overlap. Their difference is shown in the inserted plot.
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FIG. 11. The relative differences between different iterations of solutions obtained using
M4 for second-order adiabatic vacuum states with matching time ¢; = —4 are plotted on
a semilog plot. The values of the parameters are m = 1 and A = 1. The solution with no
iterations in this case is equivalent to the classical de Sitter solution. From top to bottom,
the curves are for the relative differences between the first and zeroth iterations(blue solid),

and the first and second iterations(red dashed).

C. Fourth-order adiabatic states

Solutions to the semiclassical backreaction equations are discussed in this section
for fourth-order adiabatic states. For the calculations we do, the starting values for

the modes are obtained using the method outlined in Appendix A and Egs. (A9).

We do not have a good way to combine fourth-order adiabatic regularization with
the order reduction methods M1, M2, and M3. However, for the reasons discussed

above, it is straightforward to use M4 for fourth-order adiabatic vacuum states.

We find that particle production effects are typically smaller for the fourth-order
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states that we use than for the second-order or zeroth-order adiabatic vacuum states.
To illustrate the backreaction effects we therefore choose the value A = 1.5 which is
larger than for our previous illustrations, but we keep m = 1 and use an adiabatic
matching time of £, = —4. In this way, backreaction effects are significant, but not
so large as to remove the bounce.

As discussed in Sec. I1I, M4 involves first solving the classical Einstein equations,
using that solution to compute the stress-energy tensor for the quantum field, and
then solving the semiclassical backreaction equations using that stress-energy tensor
as a source. This is the first iteration. For the second iteration, the solution from
the first iteration is used to compute the stress-energy tensor for the quantum field,
and so forth. The classical solution and the results for the first three iterations are
shown in Fig. 12. The relative differences between the first and second iterations
and between the second and third iterations are shown in Fig. 13.

It is clear from the figures that there is only a relatively small difference be-
tween the first and second iterations. Thus the iterations appear to be converging
as expected. However, the difference between the second and third iterations is
significantly larger.

After a thorough investigation, we find that one significant difference between the
second and third iterations is the accuracy of the fits used to compute @ and ‘a
using the scale factor obtained from the previous iteration. The fits are then used
to compute (T,;) and to compute the starting values for the mode functions which
are discussed in Appendix A. Since there was no problem with the convergence of
iterations for zeroth- and second-order adiabatic states, we strongly suspect that the
primary effect of the poorer fits for the third iteration is in computing the starting
values for the modes. These do not contain third and fourth derivatives of the scale
factor for zeroth- and second-order adiabatic states. The errors in the fits effectively

change the state of the quantum field. This in turn results in a different solution to
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FIG. 12. Solutions for the scale factor a obtained using M4 for fourth-order adiabatic
vacuum states with matching time ¢; = —4 are plotted. The values of the parameters
are m = 1 and A = 1.5. Note that the result of the zeroth iteration is the classical de
Sitter solution. From top to bottom, the curves are for the solutions obtained from the
zeroth iteration(solid blue), third iteration(dashed black), and first iteration(dash-dotted
red). The curve for the second iteration(dashed green) overlaps with the curve for the first

iteration.

the backreaction equations than would be obtained with a more accurate fit.

To make the fits, we first fit the numerical data for a that comes from the previous
iteration. Then derivatives of that fit are used to obtain fits for @ and ‘a’. These
derivatives almost certainly result in less accuracy for these fits than occurs for the
fit for a. This loss of accuracy should affect the accuracy of the solutions obtained
by the next iteration. In this way, the accuracy of the results should decrease for
each iteration. Of course in principle one can simply increase the accuracy of all of

the calculations to allow for more iterations. However, there is still expected to be
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FIG. 13. Relative differences between the scale factors for some of the results in Fig. 12
for various iterations using M4 are plotted. From top to bottom, the curves are for the
relative differences between the second and third iterations(red dashed), and the first and

second iterations(blue solid).

an increased error with each iteration and eventually this will become significant.

The evidence that the fits are less accurate for successive iterations comes from
comparing each fit for ¢ with the numerical data used to make the fit. In Fig. 14, the
relative differences between the fit and the data are plotted for the fits made after the
first and second iterations. It is clear that the accuracy of the fit for the first iteration
is significantly better than the accuracy for the second iteration. In each case, the fits
were obtained by fitting the data to a power series in the time coordinate t. Terms
were added to the power series until it was found that adding more terms did not
increase the accuracy of the fit. Further, when a for the first iteration was fitted,
the numerical data was separated into several overlapping segments to improve the

fit accuracy. However, this strategy did not work for the second iteration and even
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FIG. 14. The relative differences between the fits for @ and the numerical data used to
make the fits for the numerical computations of the first and second iterations that are
shown in Fig. 12 are plotted. The lower (blue) curve corresponds to the relative difference
for the first iteration and the upper (red) curve corresponds to the relative difference for
the second iteration. Clearly there is significantly less accuracy for the fit using the second

iteration results than for the fit using the first iteration results.

made the accuracy worse, so the fit shown is for the entire data set.
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VI. PARTICLE PRODUCTION

In general in a curved spacetime it is not possible to uniquely separate out par-
ticle production from vacuum polarization effects. However, there is an important
exception: there is no particle production for conformally invariant quantum fields in
conformally flat spacetimes. In Sec. IV A, the semiclassical backreaction equations
were solved when only conformally invariant quantum fields in the conformal vac-
uum state are present and the cosmological constant is positive. It was found that
the order reduction methods resulted in the spacetime remaining de Sitter space (to
the level of approximation appropriate for each method) but vacuum polarization
effects alter the effective cosmological constant. To take into account in a classical
way the possible effects of particle production, classical radiation was included along
with conformally invariant fields in Sec. [V B. It was found that if enough radiation
is present, then collapse to a final singularity occurs for solutions to the semiclassical
backreaction equations for each of the order reduction methods. Otherwise a bounce

occurs.

In Sec. V, the semiclassical backreaction equations were solved when a massive
conformally coupled scalar field is present. Here one cannot uniquely separate par-
ticle production from vacuum polarization effects. However, examination of (2.10)
and (2.12) shows that the stress-energy tensor can be divided into a part that is
identical to the stress-energy tensor for a massless conformally coupled scalar field
and a second part that consists of a sum over products of the mode functions and

their derivatives along with certain subtraction terms that do not contain higher
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derivatives of the scale factor. Thus, we can write

<Tab>r = <Tab>massive + <Tab>m:0 (61)
<Tab>massive = <Tab>n + <<Tab>an - <Tab>m:O)

1 1

288072 | 6

It is clear that the particle production must come from (T,4)massive- However, this
term may also contain vacuum polarization effects. To investigate how important
the vacuum polarization effects are for this term and for the stress-energy tensor in
general we consider two solutions to the semiclassical backreaction equations and
focus on the energy density of the field (p) = (Ty).

The first solution we consider is the one discussed in Sec. V A for a zeroth-order
adiabatic vacuum state that begins at time t; = —4 and ends in a final singular-
ity. For this solution m = 1 and A = 0.5. We consider the specific solution that
was computed with two iterations using M4. Because the full stress-energy tensor
is computed in the geometry of the previous iteration for M4, the energy density
shown is that computed with the scale factor obtained from the first iteration. Both
() massive and (p),—o are shown in Fig. 15. It is clear that vacuum polarization effects
make a significant contribution to (p)massive Since there is a partial cancellation of
this term by (p)m—o when the two are added together. This is shown explicitly in
Fig. 16 where the absolute values of these contributions to the energy density are
plotted along with the total energy density.

To understand why there is so much cancellation when (p)massive and (p)m—o
are added together, consider the WKB approximation. It is the WKB approx-
imation (A1) that is used to compute the renormalization counterterms (7gp)aq
in (2.9) [26]. A fourth-order approximation is used to do this. The mode functions in
(Tp)., are computed numerically without the use of the WKB approximation (except

for their starting values). The strong cancellation indicates that, over the range of
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FIG. 15. Two contributions to the energy density are plotted versus the proper time ¢ for
a solution obtained using M4 with one iteration for a zeroth-order adiabatic vacuum state
with matching time t; = —4. The values of the parameters are m = 1 and A = 0.5. The
corresponding solution with two iterations is shown in Fig. 5. From top to bottom, the

curves are for (p)m—o (red) and (p) blue).

massive (

times in the plot, the WKB approximation must be a good approximation for the
exact modes. Examination of Fig. 5 shows that the scale factor is approaching the
final singularity during the times shown. One would guess that the WKB approxi-
mation would break down in the final stages of approach to the singularity due to
the rapid change in the scale factor with time. However, it is difficult to carry out
the iterations as the singularity is approached because the increase in the rate of
change of the scale factor makes it more difficult to fit @ accurately enough to obtain

accurate values for the higher derivatives in (Typ)m—o-

Since there is so much cancellation between (p)massive and (p)m—o in this case, we

use the total energy density to investigate how much of a contribution the particles
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FIG. 16. The energy density and two contributions to it are plotted versus the proper
time t on a semilog plot for a solution obtained using M4 with one iteration for a zeroth-
order adiabatic vacuum state with matching time ¢; = —4. The values of the parameters
are m = 1 and A = 0.5. The corresponding solution with two iterations is shown in
Fig. 5. From top to bottom, the curves are for (p),—o (dashed red), the absolute value of

(P)massive (solid blue), and (p), (dash-dotted black). Note that the curves for (p),,—o and

|{P)massivel Overlap.

make to the stress-energy tensor. Because the particles are massive, we would expect
their energy density to go like a2 when the scale factor is large. As can be seen from
the mode equation (2.4b), they are effectively massless when the scale factor is small

4 in this case. For the

and we would thus expect their energy density to go like a~
range of times that we consider the particles only provide the dominant contribution
to (p), when they are effectively massless. In Fig. 17, the quantity a*(p), is plotted.
One can see that there is a range of times for which this is a constant, which indicates

that it is dominated by particles that are effectively massless. However, at the
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latest times in the plot, where the scale factor is smallest, this quantity increases

4

which indicates that the energy density is growing faster than a=*. Thus vacuum

polarization effects are dominating near the final singularity, as might be expected.

0.4
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-0.3

FIG. 17. The quantity a*(p), is plotted versus the proper time ¢ for a solution obtained
using M4 with one iteration for a zeroth-order adiabatic vacuum state with matching time
t;1 = —4. The values of the parameters are m = 1 and A = 0.5. The corresponding solution

with two iterations is shown in Fig. 5.

The second solution we consider is discussed in Sec. V C. It is for a fourth-order
adiabatic state with m = 1 and A = 1.5. It begins at t; = —4 and undergoes a
bounce. M4 is used and, as in the previous example, (p), is computed using the
scale factor that results from the first iteration. As in the previous example, it is
found for the range of times investigated, that there is a significant cancellation
between (p)massive and (p)m—o when they are added together. This is illustrated
in Fig. 18 where the absolute values of these quantities along with that of (p), are
plotted. As for the previous example, the particles never dominate (p), when they act

like massive particles for the times considered. However, they provide the dominant
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contribution to (p), near the bounce, where they are acting like massless particles as

is shown in Fig. 19.

10710
-4

FIG. 18. The energy density and two contributions to it are plotted versus the proper
time ¢ on a semilog plot for the solution in Fig. 12 obtained using M4 with one iteration.
The matching time for the fourth-order adiabatic state is t; = —4 and the values of the
parameters are m = 1, A = 1.5. From top to bottom, the curves are for (p),—o (dashed

red), [{(p)massivel (solid blue), and (p), (dash-dotted black). Note that the curves for

(p)m=0 and ’<p>massive‘ overlap.

In [9], the effects of particle production due to a massive scalar field in de Sitter
space in spatially closed coordinates were investigated in the test field approximation
where backreaction effects due to the quantum field are not taken into account. It is
shown in Fig. 11 of that paper that near the bounce the particles for m = H = \/g
dominated the energy density for a second-order adiabatic state. In Fig 12 it is
shown that they are effectively massless near the bounce. Our results in Fig. 19 are

consistent with those results.
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0.16

FIG. 19. The quantity a*(p),. is plotted versus the proper time t for the solution in Fig. 12
obtained using M4 with one iteration. The matching time for the fourth-order adiabatic

state is t1 = —4 and the values of the parameters are m =1, A = 1.5.

VII. SUMMARY

We have investigated backreaction effects due to both conformally invariant fields
and conformally coupled massive scalar fields in closed Roberson-Walker spacetimes
when a positive cosmological constant is present. It is assumed that the fields are
in homogeneous and isotropic states so backreaction effects do not destroy the ho-
mogeneity and isotropy. In one case classical radiation is also included. Because
the spacetimes are conformally flat no particle production occurs for the conformally
invariant fields. In contrast, the conformally coupled massive scalar field is not con-
formally invariant and so particle production can occur. For this field we consider
adiabatic vacuum states of various orders instead of the Bunch-Davies state. As
argued in [9] there is a sense in which these are more natural states for this field in

a spacetime that begins like collapsing de Sitter space.
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We consider initially collapsing models for two reasons. One is that there are inter-
esting models that have been investigated, for example in loop quantum cosmology,
which begin with a collapsing universe that undergoes a bounce. The other is that
backreaction effects usually become more important as the collapse phase progresses
whereas in many models of an expanding universe they become less important as the
expansion progresses.

The stress-energy tensors for the quantum fields contain higher derivative terms.
For the massive conformally coupled scalar field these are exactly the same as for the
massless field. None of the terms which involve the mass contain higher derivatives of
the scale factor. We have used four different methods to reduce the resulting fourth-
order semiclassical backreaction equations to second order. The method we call M1 is
a direct adaptation of the Parker-Simon method to the case when particle production
occurs. M2 involves solving the semiclassical backreaction equations when the terms
proportional to W H,, and ) H,, in (Tup) are ignored for the zeroth iteration. These
terms are evaluated in the resulting metric and used as source terms for the next
iteration. Further iterations proceed in the same manner. M3 involves solving the
semiclassical equations when only the terms proportional to M) H,, are ignored for
the zeroth iteration. These are the terms that contain third and fourth derivatives
of the scale factor. The iterations work in the same way as for the second method.
M4 is due to Agullo [20]. Tt involves starting with the classical solution, evaluating
the full stress-energy tensor for the quantum fields in that geometry, and using it as
a source term for the next iteration and so forth.

If no classical matter is present and quantum effects are ignored, then the solution
to Einstein’s equations is the de Sitter solution. It undergoes a bounce at a value of
the scale factor that is inversely proportional to the square root of the cosmological
constant A. If classical radiation is present then the bounce occurs at a smaller

value of the scale factor or, if enough radiation is present, the Universe collapses to
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a singularity. This same effect is found for the massive scalar field when no classical
radiation is present. If enough particle production occurs then the bounce is removed
and appears to be replaced with a singularity.

For the case when there is no classical radiation and only conformally invariant
quantized fields in the conformal vacuum state, it turns out that all of the meth-
ods result in exact de Sitter space solutions with various values of the parameter
H = \/m, with A.g the effective cosmological constant. For the exact solution
to the semiclassical backreaction equations, H depends on the value of the actual
cosmological constant A and the parameter [, in (4.3b). Because the term propor-
tional to oy in (4.3a) vanishes for the de Sitter metric, M3 is equivalent to solving
the exact semiclassical backreaction equations. If H? is expanded in powers of f3,,
then M1 results in an expression for H? that is equal to the zeroth- and first-order
terms in that expansion. M2 and M4 are equivalent in this case. The ith iteration
reproduces the expansion of the exact solution to order (3,)’, but it is not exactly
the same because there are terms proportional to higher powers of 3.

If classical radiation is present, then exact de Sitter space is no longer a solution
to the classical Einstein equations. The various possibilities are discussed in Ap-
pendix B. For this paper the focus is on classical solutions which undergo a bounce.
These will occur if there is not too much classical radiation present. When only
conformally invariant quantum fields are present the different methods give slightly
different modifications of the classical solution with bounces that occur at smaller
values of the scale factor than the classical solution for the examples investigated.
In this case M2 and M4 are equivalent. It is found that near the bounce only small
differences occur between the classical solution and the solutions obtained by each
method. M2 and M3 involve iterations, and in the examples investigated, it was
found that the iterations appear to converge. However, the scale factors that the

iterations appear to converge to are slightly different for M2 than M3.
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The semiclassical backreaction equations were also solved when a conformally
coupled massive scalar field was present but there was no classical radiation and
no conformally invariant fields. For this field it turns out that it is mathematically
consistent in a homogeneous and isotropic spacetime to consider zeroth- and second-
order adiabatic states as well as the fourth-order adiabatic states that work for
arbitrarily coupled scalar fields. All four of the methods we use work for zeroth-
order adiabatic states. The issue for higher-order adiabatic states is how to fix the
initial conditions. We were not able to adapt the Parker-Simon approach to second-
or fourth-order adiabatic states. M2, M3, and M4 can also be used for second-order
adiabatic states. However, only M4 works for fourth-order and higher adiabatic
states.

Because particle production occurs for the massive scalar field, if one starts with a
solution that is initially contracting, there are two possibilities. One is that, as for the
corresponding classical solution, the cosmological constant causes a bounce to occur.
The other is that enough particle production occurs that there is no bounce and the
Universe contracts to a final singularity. As for the case when conformally invariant
fields are present and no particle production occurs, the different methods result in
slightly different solutions. In principle there could be cases in which one method
results in a bounce and another in contraction to a final singularity, but these would
only occur for fine tuning of the initial conditions. For the cases considered here, the
answer to the qualitative question of whether a bounce or a singularity occurs did
not depend on the choice of method. The solutions for the different methods tend
to get farther apart as time progresses. However, this happens much more rapidly
for the solutions which approach a final singularity than for those that undergo a
bounce.

We also examined the behavior of the energy density of the massive scalar field

for a solution to the semiclassical backreaction equations that approaches a final
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singularity at @ = 0 and one that undergoes a bounce. In both cases we find that for
the range of times considered, the WKB approximation for the modes of the quantum
field is a relatively good approximation. We come to this conclusion because there
are cancellations between the part of the energy density that depends directly on the
modes and the part that survives in the massless limit and results entirely from a
fourth-order WKB approximation for the modes. Particle production is a nonlocal
effect and cannot be obtained directly from the type of WKB approximation we use
here. Our results show that after the cancellations, the full energy density of the
quantum field is dominated by the particles for a range of times as the singularity
is approached, but vacuum polarization effects become important at later times.
The particles at these times are effectively massless. For the solution undergoing
a bounce it was found that the energy density is dominated by particles near the
bounce. Again the particles during this time period are effectively massless. The
results for the second solution are consistent with those found in [J] for a massive
field in de Sitter space when semiclassical backreaction effects are not taken into
account.

Given that the four methods of order reduction result in very similar solutions to
the semiclassical backreaction equations, one can ask which method or methods is
preferred. For calculations that involve only conformally invariant quantum fields,
M1 is the easiest to use because it involves no iteration. If quantum effects are very
small then this is probably the preferred method. If quantum effects are more signifi-
cant, then one of the methods involving iteration may give a more accurate answer. If
conformally noninvariant quantum fields are present then M4 is the preferred method
because it is straightforward to implement it for a state of any adiabatic order. We
have shown that it gives similar answers to the other methods for zeroth-order adi-
abatic states for the massive conformally coupled scalar field. Thus, there is good

reason to believe that it will be a reliable method of order reduction for more general
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cases including spacetime geometries that are not conformally flat and/or quantum

fields that are not conformally invariant.
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Appendix A: WKB Approximation and Adiabatic Vacuum States

The states we consider for the massive scalar field are adiabatic vacuum states [7].
We construct them using the WKB approximation for the modes. A zeroth-order
adiabatic state is constructed using a zeroth-order WKB approximation, a second-
order adiabatic state is constructed using a second-order adiabatic approximation,
and so forth.

There are two common time coordinates used in cosmology. One is the proper
time ¢ which we use here when solving the semiclassical backreaction equations. The
natural form for the time dependent part of the mode function in this case is f;.
The other is the conformal time 7 for which the natural time dependent part of the

mode function is ¥;. The relation between the times is dt = a dn and that between
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the mode functions is f; = y/avy. One can derive WKB approximations for both

Y, and fj using the same type of ansatz. For v, one has
~exp(—i S W (z)d)

W// 3 WI2
W2 =Q* - AT (A1b)
O = k* + m*ad® (Alc)

with 7y an arbitrary real number. This can be solved by iteration with the zeroth-
order term being

Wi =q. (A2)

For f;, the WKB expansion in terms of proper time is

_exp(—i ft'; W (x)dx)

Je = o (A3a)
L, W 3W?

W2:Q2—W+ZW, (Agb)
~ 2 a® la
92:—2+m2+@—§a, (A?)C)

where t; is an arbitrary real number.

One can fix an adiabatic vacuum state by choosing a matching time 7; and using
a particular order of the WKB approximation to obtain starting values for v, and
. It is convenient to choose 19 = n; in which case the zeroth-order adiabatic

approximation gives

1

e

There is an ambiguity in the first derivative. One can either choose

Yi(m) = —i\/g , (A5a)

Uy (m) = —i\/g - (QSW : (A5D)

(A4)

or
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Substitution of (A4) and either (Aba) or (A5b) into (2.5) and subtracting off the
renormalization counterterms results in finite expressions for the energy density and
trace. Thus both expressions result in acceptable zeroth-order adiabatic states.

It is worth emphasizing that for any adiabatic state the solutions to the mode
equation are exact solutions. The WKB approximation is only used to obtain starting
values for these solutions at some time 7.

Since there is a WKB approximation for f, one would guess that one could also
use the WKB expansion (A3) to define adiabatic states. While this is correct, it is
not as straightforward as it is when using (A1). To see this, one can try following

the same procedure as above but using (A3). Then,

Je(t1) = —

2l
2

fu(tr) = —i

o | i

(A6)

The problem is that if (A6) is substituted into (2.8) and the adiabatic counterterms
are subtracted, one finds that all of the ultraviolet divergences in (p), have not been
canceled.

Because of this we use the following method to obtain an adiabatic vacuum state
of order n. First iterate (Alb) % times to obtain the WKB approximation to the
correct order. We will call the solution Wén). Then substitute it into (Ala) with
no = m and evaluate at time n = ;. Next compute the time derivative of (Ala) and
substitute the WKB expansion into it, keeping only terms up to and including the

terms with n derivatives of the scale factor. The result is

1
= — A7
¢k(n1) 2W’§n) (1’]1) ; ( a)
, W(n) ! W(")
¢k<771) _ k (771>3/2 — 4 # 7 (A?b)
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For zeroth-order adiabatic states we use (A2) and W,EO), = 0. For second-order

adiabatic states we use

5m4a2a/2 mz a/2 m2aa”

W =W+ g

5 3
sw”aw” aw©
_ mPad

/(2
Wi - i
k

and for fourth-order adiabatic states we use

: (A8b)

5m*a?a?  m2d? m2aa”  1105mBaa’®

5 3 3 11
sw aw@” aw 07 128w
221mSa?a™  19m*a™® 221mSala?a”  61m*ad?d”
9 7 9 - 7
32w % 32w [0 32 16w,
19m4a2a//2 N 3m2a//2 7m4a2a/a/// N m2a/a/// N m2aa////
- 7 5 7 5 5
32" 16w, s aw @ 16w

3 2m4a2 a’a” 3m2a/a// m2 CLCL/”

W~ W+

(A9a)

m2aa’  25mSata”®  2mtad

- + — — .
7 5 5 3 3
Wk(O) 8W,§0) Wéo) W,fo) 4{1,]50) 4”7150)
(A9b)

W,:M) —

These can be converted to starting values for f, and f, by substituting the ap-
propriate expressions for a given adiabatic order into (A7) and using the relations

dt = adn and fi, = a'/?yy,.

Appendix B: Solutions to the classical Einstein equations when radiation and

a cosmological constant are present

If we set both (0]p|0) in (4.13a) and (0|7°|0) in (4.13b) to zero, then the classical

Einstein equations are
a‘=—=—-14—, (Bla)

(B1b)
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where (4.13a) has been used to obtain the second equation.

The solution that gives the Einstein universe occurs for A = % and is
3
—1/=. B2
a=1/5 (52)
Two exact dynamical solutions are
ar =V —Ae*2T 4 3cosh® T | (B3a)

T — 170
V3
with 79 an arbitrary constant. Note that a. both are reduced to the de Sitter solution

a = +v/3cosh T in the limit A — 0.

T=

(B3b)

For A > 0 there are three cases that need to be considered separately. For A = %,
the ay solution begins with a, = oo at T = —oo. It contracts to ay = \/g at
T = oo. The solution a_ has the opposite behavior, beginning at a_ = % at

T = —oo and expanding to an infinite size in the limit 7" — oo.

For 0 < A< %, solutions reach extrema at

o, — g<1i,/1—§A>. (B3c)

One can show by substituting a., into (B1b) that the plus sign corresponds to a

minimum and thus a bounce while the minus sign corresponds to a maximum. By
successively taking derivatives with respect to 7 of (B1b), it is easy to see that the
solutions are time symmetric about the extrema. The solutions a. both begin with
at = oo at T' = —oo0, contract down to the same minimum size given by a., and
then expand to ax = oo in the limit 7" — oco. There are also solutions that begin at
a = 0, expand to a maximum size given by «._ and then contract to o = 0.

For A > %, the a, solution begins with o, = oo at 7' = —oo and contracts to

zero size at a finite value of T'. The a_ solution begins with a_ = 0 at a finite value
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of T and expands to a_ = oo in the limit T — oo.
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