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Possible origin of CMB temperature fluctuations: Vacuum fluctuations
of Kaluza-Klein and string states during the inflationary era
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We point out that the temperature fluctuations of cosmic microwave background can be generated in
a way that is different from the one usually assumed in slow-roll inflation. Our mechanism is based on
vacuum fluctuations of fields which are at rest at the bottom of the potential, such as Kaluza-Klein
modes or string excited states. When there are a large number (typically of order N ~ 10'%) of fields
with small mass in units of Hubble parameter during the inflationary era, this effect can give significant
contributions to the cosmic microwave background temperature fluctuations. This number N makes it
possible to enhance scalar perturbation relative to tensor perturbation. Comparison with the observed
amplitudes suggests that models with string scale of order 107> of four-dimensional Planck scale are

favorable.
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I. INTRODUCTION

Observation of cosmic microwave background (CMB)
provides an excellent opportunity for testing theories of
high energy physics. The CMB radiations are the pho-
tons emitted at the era of recombination reaching us
almost unscattered. It has a very homogeneous distribu-
tion over the whole sky with thermal spectrum at 7 ~
2.7 K with fluctuations 87 /T of order 10~>. Temperature
fluctuation is directly related to the gravitational potential
at the last scattering surface by the relation, 67 /T =
—®/3 (see e.g. [1]). Gravitational potential ® is essen-
tially frozen in the matter or radiation dominated
universe, thus the observation of CMB enables us to
trace back the Universe to the era much earlier than
recombination.

It is believed that there has been a period of exponen-
tial expansion (inflation) in the early Universe [2]. Had
the Universe been decelerating (matter or radiation domi-
nated) since the beginning, the observable universe
would have to be made of many spatial regions which
have been initially independent, making it difficult to
explain the homogeneity of our universe. Exponential
expansion brings these regions in causal contact in the
past. This is the only compelling resolution of this
horizon problem.

The fluctuations generated during inflation has nearly
scale invariant spectrum. At each time 8¢t ~ H~! (where H
is the Hubble parameter of inflation), fluctuations of order
6¢ ~ H will be created in a spatial region of horizon
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size ~H~!'. This fluctuation is stretched by the cosmic
expansion, and once the wavelength of fluctuation exits
the horizon, it is frozen and treated classically. Quantum
fluctuations continuously exit the horizon, and this mecha-
nism creates the same structure of perturbations at every
length scale (see e.g. [3]).

The observations of WMAP [4] find a nearly scale
invariant spectrum of primordial temperature fluctua-
tions. It is often stated that WMAP confirmed inflation,
and the results expected from PLANCK satellite will
narrow down possible models of inflation. In making
such a statement, it seems that a particular mechanism
[5] for generating CMB fluctuations is assumed, which
is based essentially on slow-roll inflation [6]. Regarding
the fact that theories of inflation have not been derived
from fundamental theory of quantum gravity yet, we
believe it is important to examine whether there are any
issues that are overlooked in making predictions from
inflation.

In this paper, we point out that the temperature fluctua-
tions of CMB can be generated by purely quantum effects,
which is different from the mechanism usually assumed in
the slow-roll scenario. Our mechanism is based on the
vacuum fluctuations of a large number of fields that are
classically at rest at the bottom of their potential. The effect
from each field is small, but we show that a sufficiently
large number of fields from Kaluza-Klein (KK) modes or
string excitations can produce an observable level of tem-
perature fluctuations. The effect of these fields on the
tensor perturbation is small.

By comparing the temperature fluctuations obtained
from our mechanism to the observed amplitude, we find
that a theory with relatively low fundamental scale (i.e.
string scale being 5 orders of magnitude lower than the
four-dimensional [4D] Planck scale) is favored.
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A. Temperature fluctuations

To clarify the difference of our mechanism for generat-
ing temperature fluctuations from the one in slow-roll
scenario, let us briefly review the latter [5].

In most of the currently studied models of inflation, it is
assumed that a scalar field (inflaton) goes through a clas-
sical motion. In slow-roll inflation [6], inflaton rolls down
the potential which is flat enough for vacuum energy
dominates over the kinetic energy. In chaotic inflation
[7], potential is generic but the friction due to the expan-
sion makes the motion effectively slow. In other models,
such as N-flation [8], slowly moving classical field is
effectively involved in a certain sense.

The equal value surface of the inflaton field provides a
natural time slicing. Thus, fluctuations of inflaton §¢ can
be reinterpreted as the fluctuation of time duration, or how
much the Universe has expanded: The slice of ¢ = 0 is
obtained by gauge transformation, 8t = —8¢/ ¢, and on
that slice, fluctuation of the spatial curvature R = —H 4t
is generated' (which can be translated into the gravitational
potential ®). In the slow-roll scenario, curvature perturba-
tion is enhanced due to the slowness of the classical motion
1/¢,. Using the fact that 8¢ ~ H, and the slow-roll
approximation, ¢, = V//(3H), curvature perturbation is
written as R ~ (1/€)(H/m,), where €= (V'm,)?*/
(87V)? is a slow-roll parameter characterizing the flatness
of the inflaton potential (see e.g. [11]).

During inflation, tensor perturbation is also generated
[12]. In the linearized approximation around an isotropic
background, transverse-traceless (TT) tensor is decoupled
from other fields. It satisfies massless equation of motion,
and the amplitude is of order H/m,, as is clear from
dimensional analysis, where m, is the Planck scale.
Tensor perturbation will produce B-mode polarization in
the CMB. This is not observed at present, and the tensor to
scalar ratio is bounded above by rr/g = 2T?%/R?*<0.2.
This leads to an important conclusion that H is at least
5 orders of magnitude smaller than my,.

We propose a mechanism for generating temperature
fluctuations by vacuum fluctuations of the fields which
are classically at rest. (Our mechanism is different from
N-flation [8] in this sense.) Energy-momentum tensors are
quadratic in these fields, and their effect on the gravita-
tional potential ® is neglected in the usual first order
perturbation theory. Each field gives a small contribution
of order (H/my)* to ®, but when there are many fields
(typically of order N ~ 10'#), this can sum up to an ob-
servable level.

! Although this heuristic derivation gives the correct answer in
the slow-roll limit, for a consistent analysis, one should use the
gauge invariant variable defined in [9], which corresponds to the
curvature perturbation on comoving hypersurfaces. This enables
one to study the general cases; see e.g. [10].
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The fields with small mass compared to H do not
oscillate during inflation, since the friction due to cosmic
expansion overdamps the oscillation. These fields contrib-
ute to temperature fluctuations. When there are extra di-
mensions whose size L is large L > H™', we have a large
number of KK modes which contribute. The effect of these
fields on tensor fluctuations is shown to be small. In our
approach, the enhancement of scalar perturbation to tensor
perturbation is due to the large number of fields that
contribute to the former.

In this paper, we first compute fluctuations assuming the
background is pure de Sitter, and later discuss the changes
needed when Hubble is time dependent. Since the fluctua-
tions originate from massive fields, the spectrum is tiled
towards the UV (spectral index n, > 1), if Hubble parame-
ter were constant. However, the spectral index is strongly
dependent on the time-dependence of H. It can be lowered
if Hubble decreases with time. We cannot know the dy-
namics of Hubble unless we know the origin of vacuum
energy during inflation. In this paper, we do not make
definitive statement, but we mention the possibility that
quantum fluctuations of these fields (renormalized expec-
tation value of energy-momentum tensor) is the source of
vacuum energy.

Related work has been done by Nambu and Sasaki
[13]. They computed correlation functions of energy-
momentum tensor at the quadratic order in fluctuations,
and related them to curvature perturbations. Their analy-
sis is very similar to ours, but the setup and the inter-
pretation are different. They consider a scalar field in an
unstable potential m? < 0 (with a suitable regularization).
Their goal is to rederive density fluctuations in slow-roll
inflation from purely quantum analysis without directly
using the classical solution which rolls down the poten-
tial. On the other hand, we are considering fields in the
stable potential m?> >0, and studying their vacuum
fluctuations.

B. Organization of this paper

We will include descriptions of some known facts to
make this paper self-contained and to clarify our
assumptions.

In Sec. II, we review quantization in de Sitter back-
ground. In Sec. III, we study Einstein equations and ex-
press gravitational potential ® in terms of matter fields.
In Sec. IV, we obtain two-point functions of ®. In Sec. V,
we find the CMB temperature fluctuations, and compare
our formula with the observed amplitude to find typical
value of parameters of fundamental theory. In Sec. VI, we
study the spectral index, and discuss the effect of time-
dependent Hubble constant. In Sec. VII, we consider non-
Gaussianities. We compute three-point functions at the
lowest order in the interaction, and we estimate the im-
portance of interactions. In Sec. VIII, we give a summary.
In the Appendix, we perform the analysis of fluctuations,
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including an inflaton field as an effective model for time-
dependent Hubble.

Part of the results of this paper has been reported in our
previous publication [14].

I1. QUANTIZATION IN DE SITTER SPACE

In this and the following two sections, we derive the
formulas assuming the background is pure de Sitter space.
We will discuss later what kind of changes are needed
when Hubble is time dependent. We start by reviewing
the calculation of correlation functions in de Sitter space,
paying attention to the behavior in the small mass limit,
which will be important for later applications.

We will consider free fields, since we are mainly inter-
ested in weakly coupled theories. The magnitude of tem-
perature fluctuations described in this paper depends on the
number of fields which have masses smaller than the
Hubble scale, but not on the details of the theory, so our
conclusions will be valid even in the presence of interac-
tions. We will discuss the effect of interaction in Sec. VIIL.

The metric of de Sitter space is

ds* =dr* — a*(t)d%%, a()=H 'ef’, (—c0o=t=o)
2.1
1
— 2 2 g2 — —=T<
a*(r)(d7*—dx*), a(r) CHY (—o=7=0),

2.2)

where the conformal time 7 is defined by 7 = [ dr/a(1) =
_ e*Hr‘

A. Scalars

Let us consider a free massive minimally-coupled scalar
field,

s=1 f dx =gl pord — m e (2.3)

It is convenient to define a rescaled field, x(7, %) =
a(1)¢(7, X), which has the standard kinetic term. The
equation of motion for the Fourier mode y;(7), where

X(7,%) = f[(d3k)/(277)3],\/l;(7')€“2} is
40e) o+ {IRE + (2 =) %}X;(T) —0. @4

The canonical quantization condition is
[x(7, %), ¥'(1, ¥)] = i83(¥ — /). We define the creation
and annihilation operators al}r, agp by

&k 1

(2)3? \/ﬁ

x(7,%) = [M,;(T)a,;e”;'f + M;E(T)a;;re*”;';‘]’

(2.5)
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where u ,;(T) is the solution of (2.4) which is normalized as
Eu i = 2ilk|l. We take the solution which ap-
proaches u;(7) — e M7 at early time 7 — —oo, so that
the choice of the vacuum reduces to the one for flat space-
time in the short-distance limit. We will take Bunch-Davies
vacuum, which is annihilated by a;’s in (2.5), throughout
this paper. The explicit form of u(7) is

o . > >
u7) = 2 N 1R 26

with

u,;ul; —u

2.7

Asymptotic behavior at the late times (in the superhorizon
|k|/a < H limit) is given by up ~ (—1kl7) "/ or in
terms of the original field, ¢ ~ (—7)%/277, as we can easily
from the equation of motion (2.4): The |k|*> term drops out
from the equation at late times, and the scaling with respect
to time is independent of |k|?; de Sitter symmetry tells us
that the spatial (|k|) dependence enters as a multiplicative
factor with the same scaling dimension as the one for 7 (see
e.g. [15)).
Fields with small mass,

mH™' <3 (2.8)

do not oscillate in time.: The friction due to the cosmic
expansion overdamps the oscillation due to energy of
massive field.

We are interested in correlation functions, which are
the expectation values taken with Bunch-Davies vacuum
as in and out states. Two-point function at equal time is
given by

1 &k 1

b 2 ikGE—7)
2@ ) @y 2 PR

(p(1, ) (7, X)) =
(2.9)
Substituting the late time expression for u(7), we get
(p(r,x)¢(7, X)) = H*C(y)(Halx = x')77,  (2.10)
where
vy=3-2p, (2.11)
and
sin(Z (y = DII'G)

O i G P

(2.12)

In the limit of small mass mH ' < 1, we have
v~ (2/3)m*H 2, and

Cly) ~ (2.13)

47727
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The coefficient C(y) diverges in the mH ™' — 0 limit,
but physical quantities such as the gravitational potential
@ stays finite in this limit as we will see below. In the
massless limit, the exponent y approaches zero, and the
decay is slowest. We will see that fields with small mass
(more precisely mH ™' < 10™!) mostly contribute to ®.

The energy-momentum tensor for a minimally-coupled
scalar is given by

5T = {0,00,0 = 36,07 60,8 =292 214

This serves as the source for the gravitational fields. Let us
look at the time dependence of the 67, component. Since
¢ ~ (—7)?/2, the leading term of 8T, scales as

8Ty ~ (—7)7 2. (2.15)

We will see in the next section that this produces the
gravitational potential ® ~ (—7)”, which decays slowly
when y ~ (2/3)m>H 2 < 1. The fields that give impor-
tant contributions are those which give 06Ty ~
(—7)" 20 H™) 4t ate times. We can safely neglect the
fields for which 6T, decay faster than this, when we
compute ® in the late time limit.

So far we have considered minimally-coupled scalar. If
there is coupling to the curvature, the action becomes

S = %fd“x\FE{aM(ba“qﬁ — (m? + éR)@?},  (2.16)

where R is the scalar curvature of the background; £(= 0)
is a constant, which takes the value & = 1/6 for the con-
formally invariant coupling. For de Sitter space, we have
R = 12H?. The curvature coupling effectively increases
the mass by

m? — m? + 12H?&, 2.17)
and changes v to
v =3 - 12¢ — m*H 2, (2.18)
The late time behavior of such a field is
b ~ (—n)A-NOm-newE (g )

For the conformal scalar (¢ = 1/6, m = 0), ¢ decays as
¢ ~ (—7)!. To have the exponent close to zero, so that the
field contributes to ®, we need & = 0 (minimal coupling)
or close to zero, and mH ! < 1.

B. Vectors

Massive vector field (Proca field) is described by the
action

m>
- Tg’u”’ AMA#/)'

(2.20)

1 ! !
S = [d4x1/—g<1g“" 8" FuF iy
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Vector field arising from the KK reduction of a gauge field
in higher dimension is such an example.

The equation of motion in de Sitter space (in the con-
formal coordinates) is

P 0,(9,0A, — 0,A,) + m2a?A, = 0. (221)
We act 9, on this equation, and find a constraint,
doAg + 2H Ay = 9,A,, (2.22)
where
3{=“—I= _ (2.23)
a T

To solve the equation of motion, we decompose A; into
the transverse and the longitudinal part,

A =A" + 0a, (2.24)
where 9 iAﬁ-T) = (. The transverse part satisfies
(32 — A + m*a®)Al" = 0. (2.25)

The component A, satisfies the same equation after a
rescaling by the scale factor,

(03 — A + m*a®)(aA,) = 0. (2.26)
The scalar function « is determined by
A
Aa = 9,4, — 222, (2.27)
T

These equations (2.25) and (2.26) are equivalent to the
equation of motion satisfied by a@ ., Where @ o 1S a
scalar with conformal coupling, m?>H* — m>H?* + 2. At
late time and in the limit of small mass, the fields scale as

Ag ~ Peons ~ (—7)! FOUPH), (2.28)

AET) ~ APcont (_T)O(mZHiz)-

(2.29)

Also, from (2.27), we find a ~ (—T)O(mzH’z).
The energy-momentum tensor for massive vector field is

8T, = Fup Fi —m?A A, — %gweraF’” - m2ApAP).
(2.30)

To see the scaling of 67T, at late times, let us look at its
mass-dependent part,

) _ _m?
8Ty ' = —— (AoAg + A;4). (2.31)
The leading time dependence is given by
(m?) m2 2,2 24+0(m*H™?)
8Tog  ~ =5 " @eon ~ (—7) .3

The energy-momentum tensor scales in the way as if we
had the scalar field ¢.,,;- Whether the field contributes to
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® or not depends on the effective mass in the equation of
motion. Vector field in (3 + 1) dimensions has conformal
coupling (due to the conformal invariance in the massless
limit), decays faster than the minimally-coupled scalar at
late times, and does not contribute to ®.

C. Spinors

The action of Dirac spinor is

S = f d*xy=g{W(iehy*D,, — m)¥}. (2.33)

In the background (2.2), this is written as
S = fd“x{(ayz‘i’)(i'yﬂﬁﬂ — ma)(@®?¥)},  (2.34)

reflecting on the fact that spinors are conformally invariant
in the massless case.

The Dirac equation is
(iy*9, — ma)(a®?¥) = 0, (2.35)

and the independent components [a¥/2W = (¢, _) in
certain representation of gamma matrices] satisfy

= 0. (2.36)

ZH—Z + H—l
(a(z)_A+m n )¢t

72

Note that in the massless limit, (2.36) is the equation
satisfied by the conformal scalar a¢.,¢. Thus, the original
field scales as W ~ a =12 ~ (—7)3/2T0mH) 4t Jate
times.

Energy-momentum tensor for spinors is (see e.g. [16])

i - -
8T,uv = E{‘I")’(#Dv)q’ - (D(#\If)‘yy)q’} (237)
The 6T, component scales as
8T ~ WyoDoV¥ ~ (=)' 001, (2.38)

since yg = e0y™ has one factor of a ~ (—7)7!, and 9,
decreases the power of 7 by 1. This 6T is smaller than
that for the massless minimally-coupled scalar, so spinors
do not contribute to P at late times.

D. The fields that are important at late times

We have seen that minimally-coupled scalar with mass
mH ™' < 1 decays most slowly, ¢ ~ (—7)°*H ) in the
late time limit. Coupling to the curvature effectively in-
creases the mass, and fields such as conformal scalars
decay faster. The fields whose independent components
scale in the same way as minimally-coupled scalar can
contribute to ® in the late time limit.

We can have small mass for the KK modes when extra
dimensions are large enough L > H~!. Let us list possible
origins of the fields which have minimal coupling.

(1) Massless minimally-coupled scalars in higher

dimensions.
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(i) The scalar fields which appear from the KK reduc-
tion of gauge fields whose indices are along the
internal directions: As long as the size of the extra
dimension is stabilized independently of the scale
factor for the 4D spacetime, these field do not have
coupling to the curvature. Higher dimensional
graviton with indices in the internal directions is
also such an example.

(iii) Massive tensors (in 4D) from the KK reduction of
higher dimensional gravitons: In the massless limit,
the transverse mode satisfy the equation of motion
equivalent to massless minimally-coupled scalar

(see (3.25) below), thus contributes at late times.

Whether the first type of fields exist or not may depend on
the theory, but the second and the third (oneform gauge
fields and gravitons) will exist in fundamental theories in
general. In the following, we will not ask how many of
these fields exist. We will ignore order 1 factor coming
from this multiplicity, since this is much smaller than the
huge multiplicity of the KK modes for each field. In the
explicit analysis, we will take minimally-coupled scalar
fields. Other fields can be studied in the similar manner by
considering the independent components which satisfy
scalar-type equations of motion, as long as we are consid-
ering vacuum fluctuations of these fields.

II1. EINSTEIN EQUATIONS

We now study Einstein equations. Einstein equations are
constraint equations which allow us to write the gauge
invariant metric fluctuations (such as gravitational poten-
tials ® and W) in terms of matter fields. The metric
fluctuations are decomposed into scalar, vector, and tensor
modes, each of which can be studied separately. Tensor
mode is the part which is transverse-traceless in the spatial
directions, vector modes are those which are divergence-
less, and scalar modes are those which can be written as
derivatives of scalar functions. We follow the notation
of [1].

A. Scalar fluctuations

The scalar part of the (0,0), (0, i), (i, j) components of
Einstein equations are given, respectively, by

AV —3H (V' + H D) = 47G8T,y, (3.1)

(W' + HD),; = 4nGSTY, (3.2)

[\P” +HQV+ D)+ H'+ HH)D +%(<I> - \If)]aij

= 47GoT. (3.3)

rij

1
(@ =)

We take the background spacetime to be pure de Sitter
space (a = —H'/7, H{ = —1/7). The left-hand side is
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the Einstein tensor expanded to the 1st order in metric
fluctuations. ® and W are the two gauge invariant variables
constructed from the scalar components. In the longitudi-
nal gauge, they are given by

dsi, = a*{(1 +2®@)dr* — (1 —2W)§;dx'dx'}.  (3.4)

On the rh.s., we take the energy-momentum tensor
which is quadratic in the matter fields. We consider
minimally-coupled scalars here. We assume there are
many free scalar fields. The energy-momentum tensor is
a sum over the contributions,

5T, — Z{amm e (37 a, b m2¢2>}. (3.5)

For brevity, the label on the field is suppressed, and the sum
is understood to be over the species. The fields ¢ have
vanishing classical background, and are gauge invariant.
Each component of 67, is given by

8Too = D Ho™ + 9,0, + m*a®p?}, (3.6)

8Ty = D {d'9:9}, 3.7)

oT;; = Z{3i¢aj¢ +38,(¢” — 9;9d;p —m 024’2)}
(3.8)

The superscript (S) in (3.2) and (3.3) denotes the scalar
part. Recall that 67, and 6T;; can be decomposed as

5T()i = 8,5 + u; (39)

1

ij =9 J ij

(3.10)

where u; and v; are transverse vectors d;v; = d;u; = 0,
and 1;; is a transverse-traceless tensor, d;t;; = t; = 0. By
the scalar part, we mean the part involving § in (3.9), and
the part involving s and f in (3.10).

We can find § and s by taking divergence and applying
inverse Laplacian,

B 1 1
§ =1 00To = > ~ ('3 ), (3.11)
A A
3 1
S=5A2 3k31(5Tk1 3 5k15Tmm>
(3.12)

S
= Zmaiaj(a,-qsa,qﬁ - ?jakgbak(ﬁ)'

Using Einstein Egs. (3.1), (3.2), and (3.3), we can solve
for @ and ¥ in terms of ¢. First, from the traceless part of
(3.3), we find

PHYSICAL REVIEW D 85, 104027 (2012)
d -V = —-87Gs. (3.13)
Using this in (3.2),

O+ HD= 877G{—s’ + ia[(c,b'a,»(b)}. (3.14)

The last term is the part that we would get if we had
O =1,

Let us solve (3.14) by substituting the late time asymp-
totics of ¢ on the r.h.s. This is a valid procedure, since we
are interested in the correlation functions of @ in the late
time limit, and @ only appears as external lines. Special
care is needed if the leading term (which has the lowest
scaling dimension) is degenerate with another term, which
can happen at certain values of the parameter; we will
comment on this point when necessary.

In the late time limit, the time and space dependence of
the field ¢ factorizes,

¢(7,0) = (=)D (),

where vy is defined in (2.11). Time dependence of @ is
found from the time dependence of the r.h.s. of (3.14),

(3.15)

7'<1 (IJ)/ ~(—r) = ®~(—1). (3.16)
T
Thus, ® at late times can be written as

d(1, x) = (—7)7D(x). (3.17)

Time derivative is given by
¢’ = ¢. From (3.14), we get

O =2d, W =2y,

_ DA

(3.18)

where we have used 9,(¢9,¢) = A$?/2 to rewrite the last
term. This solution is consistent with all the other compo-
nents of Einstein equations.

The expression (3.18) diverges at vy = 1. At this special
value, (3.14) cannot be solved with the naive ansatz
® ~ (—17)”, since the left-hand side vanishes. In this
case, we can solve the equation by setting & ~ (—7) X
log(—7).

Also note that there is always a freedom of adding a term
which has time dependence ~(—7)! to the solution of
(3.18), but we can eliminate this piece by requiring that
the solution does not blow up in the early time limit.

B. Vector fluctuations
The vector modes are the following part of the metric
fluctuations,
ds* = a’ldm* + 28,dx'dT — (8;; — F;; — F;;)dx'dx'],
(3.19)
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where 9;5; = 0;F; = 0, and, i denotes derivative with
respect to x'. There is a gauge invariant combination,

The vector part of the (0, i) and (i, j)) components of the
Einstein equations are

AV; = 167GST., (3.21)

(Vij + V) +23(V,; + V,;) = 16mGST)), (3.22)

13 ’
where the superscript (V) denotes the vector part, which
are the part of 67(; and 67;; which involves u; and v;, as
defined in (3.9) and (3.10). u; is given by subtracting the
scalar part from 67y;,
ST = u; = ¢/'9;¢p — a 10,(d' 0, ). (3.23)

The leading term of u; at late times is smaller than it
naively looks. Recall that ¢ ~ (—7)"/2$(1 + O(72)). We
can see that the order (—7)”~! term of the r.h.s. of (3.23)
vanishes by using ¢’ = - ¢ and ¢9,¢p = 9,(¢?)/2. Thus
the leading term of the r.h.s. of (3.21) scales as (—7)¥*!,
which implies V; ~ (—7)”*!. This behavior is consistent
with the Eq. (3.22).

Since V; decays at least as (—7)!, we conclude that the
vector perturbation produced by the matter fields ¢ is
negligible at late times.

C. Tensor fluctuations

The TT tensor fluctuation h;; (V'h;;
fined by

= hi =0) is de-

ds? = a*[d* — (8;; — h;))dx'dx/]. (3.24)

It is sourced by the TT part of energy-momentum tensor,

hY, +23H hl; — Ah;; = 87GOT,! . (3.25)

The general solution to this equation is given by the
solution h(o) for the homogeneous equation on top of a
particular solution hl /> which depends on 8T§1-T).

The homogeneous equation is equivalent to massless
scalar equation of motion. Its solution hi-?) is the usual
gravitational wave, which scales logarithmically in space

and time. This has the scale invariant spectrum with the
amplitude H/my,

The time dependence of h(l) is determined by (3.25) to
be hgjl-) ~ (—=7)Y*2, since 8Tfj) ~ (=7)”. Care is needed
when y = 1. In this case, (—7)?"? = (—7)3 is degenerate

with the (decaying) solution of the homogeneous equation,
and (3.25) cannot be solved with this ansatz. In this case we

have to take h(l) ~ (—=7)*log(—7). In any case, h(l) decays
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at late times, and the effect of 6Tij) for the tensor fluctua-
tions is negligible at late times.

IV. CORRELATION FUNCTIONS

Having expressed ® in terms of ¢, it is straightforward
to compute correlation functions of ®. Let us compute the
two-point function.

We decompose @ in (3.18) into two pieces,

b =P, + P, 4.1)
By = —7G—L— 2, (4.2)
L=y
0% 3 1
®, — 4#GH(A2a,-aj(a,¢aj¢> - K(wam),
4.3)

where @ is the part which we would get when ® = W,
and @, is the part which depends on s defined in
(3.12).

The (P P,) correlator is just a product of two propa-
gators,

<q)0(7-’ x)(DO(T) x/)>
= 2(wG)? Z(
= 2(mGH?)? Z(

) ($(r, ) (7, x))?

) o -,
4.4)

where as in the last section, the sum is taken over all
species of ¢. When the mass of the fields are small
(y < 1), we get

(Do(7, 2) Do (7, 5)) ~ o— LGy Y (=) — 72

4.5)

The contribution from the fields with y << 1 is finite, since
the two factors of 1/ from the propagator are canceled by
the two factors of y from (4.2).

The other parts of the correlator can be computed by
using the formulas such as (9! = 9/dx})

1 8 (x; —x)(x; — x")
;0" :,\{ A+2 #}
Nx—x'A Ix— /|).+2 —( ) lx— x|+
(4.6)
1 —1
A _ A ) 4.7)

lx — x'|" - |x — x/|A+2’

which are valid up to possible contact terms. The cross
term (P, D) is
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One-loop in field theory

FIG. 1.
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<S5

String torus diagram

One-loop diagram: One-loop diagram in field theory corresponds to the torus diagram in string theory. String theory can be

regarded as a field theory with an infinite number of fields, which are the Fourier modes on the world sheet spatial direction.

(@7, 0y(r ) = 861 T (2|

3
A?

;0 0; (7, x) (7, X )X9;(7, )b (7, x'))

- b D) 0,(7, Db )

s ()

L=y

)R

(4.8)

In the following, we will find that the fields that mostly contribute to the CMB temperature fluctuations are the ones with
mH~! < 107!, so let us study the y << 1 behavior here. In this limit, (4.8) is smaller than (4.5) by a factor of 7.

The part (&, D),

Y(2y* +4y - 3)

C(=7Px =¥,

(@5, 007 2) = 16(xGH2) 3 (1)

is smaller than (4.5) by a factor of y2. Thus, we can
consider only the (®(d,) part when y < 1.

A. Summing up KK modes

Let us perform the summation over the massive fields ¢,
assuming they are Kaluza-Klein modes from the compac-
tification of extra dimensions. For definiteness, let us as-
sume there are D dimensions which are compactified on a
torus T? with the periodicity L (assumed to be the same for
all directions for simplicity) being large compared to the
inverse Hubble of inflation, L > H~!. We assume the
internal directions other than these D dimensions are com-
pactified on a space with the string scale size.

The mass of a KK mode with {n,} units of momentum on
TP is

& (2mn,)*

me =3 Tl

a=1

(4.10)

When the level is sufficiently dense, the density of states in
the mass interval dm around m is given by

Sp_1n|P~Vd|n| = Sp_(L/2m)PmP~ ' dm,

where S;,_; = 272/2/T(D/2) is the volume of the D — 1
dimensional unit sphere. This relation states that the num-
ber of states is proportional to the phase space volume (the
volume element of the KK momentum space times the
volume of the internal space).

Using (4.11), we convert the sum in the (®®) correlator
to an integral,

4.11)

(y+ Dy +3)2y — DRy + 1)

(4.9)

[

4 fm,
<(I)(I)>=CDLD(£) [ dmmP~V(Ha|3—31)"%", (4.12)
mpl 0

where ¢, = Sp_,/(4(27)P*?). We have used the expres-
sion (4.5) for the correlator in the y << 1 limit. The upper
limit m, of the integration should be m, ~ (3/2)H as long
as we are working in Einstein gravity, so that the field ¢ are
the ones which do not oscillate.

However, if string scale is less than Hubble scale, m <
H, string states also have to be taken into account. In this
case, we expect that the sum over the mass is effectively cut
off at m,. ~ my for the following reason. Let us assume the
two-point function of @ comes from the one-loop diagram
in string theory (Fig. 1). String theory can be regarded as a
field theory with infinitely many fields, except that one-
loop amplitude effectively has UV cutoff due to modular
invariance. The integral over the moduli 7 is restricted to
the fundamental domain (Fig. 2), and the Schwinger proper
time (Im(7)) is cut off at string scale. There is no physical
meaning to time interval shorter than string scale, or os-
cillations much higher than string scale. This means the
internal states in the loop which has mass much larger than
string scale do not have physical effect. This argument is
based on the perturbative string theory in flat spacetime,
and it is not clear whether it is valid in an arbitrarily curved
background, but we believe this is a reasonable estimate.”

?In fact, the precise value of the upper limit of integration is
not very important in the parameter region of interest. The
conclusion that mgH ! ~ 0.1 is favored does not change even
if we take the upper limit to be (3/2)H instead of m;.
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FIG. 2 (color online). Fundamental region: Integration over
the moduli of the torus should be restricted to the fundamental
region, since other regions are physically equivalent to this
region due to modular invariance. Im(7), which corresponds to
the Schwinger parameter, is cut off at the distance of order string
scale.

V. CMB TEMPERATURE FLUCTUATIONS

A. Generation of adiabatic fluctuation

The formula (4.12), which was obtained with constant
H, is approximately valid during inflation. H decreases
towards the end of inflation. When H becomes less than the
mass of a field ¢, the field will undergo classical oscilla-
tion, and decay into radiations and stable particles. The
energy density from this process produces curvature per-
turbation. This is similar to what happens in the ‘“‘curvaton
scenario’ [17], in which the curvaton field (different from
inflaton, and usually assumed to be one field), produces
curvature perturbation. The situation that we are consider-
ing has similarities and differences with the situation
usually considered in curvaton scenario. Even though it
is helpful to have curvaton mechanism in mind, we em-
phasize the following specific assumptions that we make.

We assume that the KK modes and string states decay
sufficiently fast so that they do not interfere with the
standard big bang nucleosynthesis. The decay products
are assumed to be in local thermal equilibrium, and can
be treated as a single fluid which dominates the energy
density of the Universe. We do not assume low-energy
(such as TeV scale) supersymmetry. In such a case, it
will be generically expected that the decay products inter-
act among themselves, reaching thermal equilibrium. This
is the reheating mechanism in our model. The particles that
have conserved quantum numbers at present, such as bary-
ons, cold dark matter, etc., will be produced after the above
thermal equilibrium has been established. In this case,
fluctuations of the density of these species are determined
solely by the local temperature, and obey the adiabaticity
relation (see e.g. discussion in [18]). In the context of
curvaton, this corresponds to the case where matter (such
as cold dark matter and baryons) are produced after curva-
ton decays, in which case there is no isocurvature fluctua-
tions [19]. Even though the mass scale of KK modes is
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lower than the Hubble of inflation, it will be much higher
than the scale of standard model of particle physics. In such
a case, we do not have reason to expect that the fluctuations
of particular species of KK modes to be directly related to
those of cold dark matter or baryons. Thus, we do not
expect there to be significant isocurvature perturbation
(which is strongly constrained by observation; see e.g.
Sec. 3.6 of [20]) in our model.

The amplitude of the energy density fluctuations pro-
duced by the above process is determined by the quantum
fluctuations of ¢’s during inflation. We assume the tran-
sition from quantum fluctuations to classical oscillation
and the decay of these fields occurs quickly and more or
less simultaneously for all the fields. (This is a simplifica-
tion to make the argument simple; we leave more general
analysis to future work.) Under this assumption, we iden-
tify @ evaluated at the end of inflation as the one sourced
by the thermal fluid described above. Once the Universe is
in thermal equilibrium with a single fluid dominating the
density, the superhorizon mode of ® basically remains
constant (see e.g. [1]). It changes only by order 1 factor
at the transition between matter and radiation domination,
but ignoring this factor, ® at the end of inflation is directly
related to its value at the recombination.

One may worry that this mechanism produces anisot-
ropy, since there are fields with nonzero spin (such as KK
modes of gravitons) whose components separately undergo
classical oscillation. However, note that the inhomogene-
ities 6p/p that result from the fluctuations of many fields
scales as 1/ \/ﬁ as the number of fields N increases. This is
because the possible classical density p will be propor-
tional to N, but the fluctuations dp (or more precisely, the

root of the square expectation value y/(8p?)) will be of
order /N if the fields fluctuate independently. Therefore,
total anisotropy from the fluctuations of many fields scales
as 1/+/N and is kept small. This type of suppression of
anisotropy due to a large number of fields appears also in
the context of “vector inflation” [21].

B. Amplitude of the CMB temperature fluctuations

Having stated our assumptions which lead to the iden-
tification of ® at the end of inflation with ® at recombi-
nation, let us now study the CMB temperature fluctuations
S8T/T.

Temperature fluctuation of CMB is related to & at
recombination (at redshift z ~ 1100) by 8T/T = —d/3.
The angle # on the sky corresponds to the distance d, =
2R, sin(6/2), where R, is the radius of the surface of last
scattering. This is of order the inverse of the present
Hubble parameter R, ~ H; '. The modes outside the hori-
zon at recombination correspond to the angle 3° = 6 (or
angular momentum / = 60). These modes have been out-
side the horizon since the inflation, and ® is frozen (remain
constant at fixed comoving distance). The distance d,
corresponds to the distance
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(a,/a))d, = 2Rsin(6/2) = a,|x — ¥| (5.1

at the end of inflation. The radius R = (a,/a,)R, will
depend on the scale of inflation. We will take the standard
estimate RH ~ 10% ~¢% in the following, which
amounts to the assumption that the reheating temperature
is not much lower than the grand unification scale.

The angular power spectrum C; is defined by

8T, 8T &
<7 (0)7(0)> = ;(21 + 1)C,P(cosh). (5.2)

We will focus on the superhorizon modes. To find ampli-
tude of these modes, we expand the coordinates in the
correlation function (4.12) (around @ = ) as

(Halx — ¥'[)72 ~ 2RH)~?(1 — 2ylog(sin(6/2)),
(5.3)

and recall that —2 log(sin(0/2)) is 1/(I(/ + 1)) in harmonic
space. From (4.12), we find the square amplitude &2 =
1+ 1),

2 LP ( H\* [m, _ 202
5% = ECDm<m—pl) 0 dmmDH(ZRH) @/3)m*H

~ o) @m)P(3E) Moo

(5.4)
27 o

Note that the integrand is strongly suppressed at m =
H/10, due to the factor (2RH)~&/3m*H? 1n (54), we
have taken the upper limit to be m,. = m,. This is a good
approximation even when mg; > H, since the integral has
little contribution from the region near the upper limit. We
have defined

4 m?

— log(2RH).

1 2
Mp() = [0 dre ¢ P+ $H = 3

(5.5

To see the qualitative behavior of 8%, it would be helpful
to note M (£y) ~ &5 P2 when ¢, > 1. In this limit,
we have 8% ~ (%)“(LH)D(log(ZRH))_(D”)/2 up to con-
stant factors. 8% is enhanced when extra dimensions are
large, (LH)P > 1, since many fields contribute to it. 67

becomes small if log(2RH) were larger due to the decrease
of massive wave function at large separation.

C. Comparison with the data

We will now use observational data [4],

51 ~26X 1075, r, =022, (5.6)

to constrain the parameters in our model. This implies

H/my = 4/(97/2)8%3rs = 0.81 X 107*. Let us first as-

sume this inequality is saturated. Then the amplitude
(5.4) provides the relation between the two parameters
m, and L, or equivalently, between m, and the string
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log 1o (Lmypi)
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mg/H
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)

FIG. 3 (color online). log;o(Lmy) as a function of m;/H, with
87 =2.6Xx1073, rys = 0.22, RH ~ 10.

coupling g,, since L is written as (Lm,)P =

7 g2y m2)

Figures 3 and 4 show (Lmy) and g, as functions of
m,/H, respectively. It is easier to have weak coupling
with small D, while it is easier to keep L not too large
with large D. Typical values that are consistent with (5.6)
would be:

{D=2m/H=021Lmy=102¢ =3}, (57
{D=3,m/H=02Lmy=10"g, =5}, (58
{D=d4m/H=01,Lmy=10°¢g,=T. (59

The number of the fields that participate in 6T/T is
roughly N ~ (Lm,)”. For the above choice of parameters,
10" < N < 10'S.

30

25

20

5.0

gs

= =]
\ A0
o i mn
DO WN —

o

0.2 0.4 0.6 0.8 1.0

FIG. 4 (color online). g, as a function of m,/H, with §; =
2.6 X 1073, rys = 0.22, RH ~ 10°7.
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VI. TIME-DEPENDENT HUBBLE

So far we have studied the fluctuations generated during
inflation, assuming the background is pure de Sitter. Let us
now consider the effect of time-dependent Hubble.

A. Spectral index

Since 6T /T originates from the fluctuations of massive
fields, the spectrum is stronger in the UV. The spectral
index ny is slightly larger than 1,

B d
dlog(Halx — ¥'|)
4mi Mp(o)
3H?> Mp_»(Lo)

ng =1

T T
1og<5T (. %) 57 (r, 5&/))

(6.1)

This is in the range 1 < n, = 1.02 when D =2, and
1 = n, = 1.05 for D = 6 (see Fig. 5).

The above values are obtained by assuming the Hubble
is constant. However, n; is sensitive to the time dependence
of H. As long as the change of Hubble is adiabatic
|H|/H? < 1, it would be reasonable to assume the ampli-
tudes are determined in terms of H at the time of horizon
crossing. We will have to replace the prefactor (H/m)* in
the (®P) two-point function (4.12) to (H(the)/my)?,
where ;. is the time of the horizon exit for the scale of
interest (e o ~ |x — x/|). Since the long wavelength
mode exits the horizon early, the amplitude is lifted in
the infrared. The spectral index is lowered by 0.5 if there
is time dependence of order H/H? ~ —0.01.

It would be necessary to understand the origin of vac-
uum energy during inflation to understand its time depen-
dence. In this paper, we cannot make a definitive statement,
but we would like to mention a possible origin of vacuum
energy in the next subsection.

1.05

S 1.02
1.01

D=1
D=2
1.00 D=3
D=4
D=5
0.99 . . D=6

0 0.2 04 06 08 1.0

ms/H

FIG. 5 (color online). Spectral index as a function of m,/H.
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B. Possible origin of vacuum energy

In most inflationary models, the presence of vacuum
energy (or a nearly flat inflaton potential) is simply
assumed and its origin is not clear. Also, in the recent
constructions of de Sitter vacua in string theory, the mecha-
nism for uplifting from supersymmetric vacua to de Sitter
vacua is not fully understood. In the study of low-energy
effective action of string theory, it has been very difficult to
find de Sitter vacua in a controllable approximation. (See
e.g. [22] for a recent discussion.)

It might be necessary to understand vacuum fluctuations
of the fields to find de Sitter vacua. In string compactifi-
cation models with large internal space [23], which is
believed to be realizable generically, there are many light
KK fields. Quantum fluctuations of these fields might be an
important source of vacuum energy.

With this motivation in mind, in this subsection we
discuss a possible dynamical scenario in which vacuum
fluctuations and Hubble are determined in a self-consistent
manner.

Consider the expectation value (one-point function) of
the energy-momentum tensor. This quantity is UV diver-
gent, and we will renormalize it so that it vanishes in the
flat background. Because of de Sitter symmetry, the expec-
tation value is proportional to g,,,.

The renormalized expectation value of energy-
momentum tensor of a scalar field in de Sitter background
is given by (see (6.183) of [16])

L

+ w(% — V) — log(l2m2R_1)}

(- D= Lo

6/ 18"
1 1\2 1
_ _ R2 + R2i|,
2(f 6) 2160

where ¢(z) = I"(z)/T'(z), and v is the order of Hankel
function as described in Sec. II. (T#V>ren is renormalized by
subtracting the divergent piece in the flat background.
When there are N scalar fields (assuming massless mini-
mally coupled), we have

6.2)

61

T =N——
Ten = N g0

H'g,,. (6.3)

It would be possible that de Sitter space during inflation is a
self-consistent solution of
R,uv - %g,U,VR = _87TG<T,u,v>ren' (64)

The condition that both sides of the equation balances
implies
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H? NH4:>H !
my’ my o /N

(6.5)

In fact, our scenario is not consistent with this equation
as it is. The value of NV, which produces the observed level
of temperature fluctuations, is at least N ~ 10'> with
H/my ~107%, and N is too large by a factor of 10* for
(6.4) to be satisfied. However, this is not a contradiction.
We do not expect that Einstein Eq. (6.4) is applicable, since
our preferred value of string coupling is m,/H ~ 0.1, and
the left-hand side will be corrected by string (') effects,
which are not negligible when m,/H < 1.

Presumably, the self-consistent de Sitter solution of (6.4)
1s an unstable solution, and small fluctuation of H will
drive the background to flat space, which is another solu-
tion of this equation. To study time dependence, we will
have to compute the expectation value (T, )., in the
background with H # 0. This with (6.4) will tell us the
evolution of Hubble. We will leave this analysis as an
important open question.

It is not clear whether the dynamics of quantum expec-
tation value (7', )y, is similar to the dynamics of inflaton,
but let us assume it is for the moment. In the Appendix, we
perform the analysis of fluctuations including inflaton
fluctuations 6¢. We take 6¢ to be of the same order as
@, W. The gravitational potential d has a term induced by
¢ in addition to the term from the matter fields that we
have studied. The relative importance of inflaton and the
matter fields depends on the details, such as the slope of the
inflaton potential and the time between horizon crossing
and the end of inflation. The effect of the matter fields will
be important unless the slope is fine tuned to a small value.

VII. NON-GAUSSIANITIES

Non-Gaussianities appear in a characteristic manner in
our mechanism. We first describe the calculation ignoring
interactions among the matter fields ¢. We then remark
that the magnitude of non-Gaussianities is controlled by
the coupling constant in higher dimension.

The three-point function of @ is given by the triangle
diagram where each pair of points is connected by (¢ ¢),

(P(7,5)D(7, y)P(7,2))

1 H 6 - > = S11 > SN —
:—8773<m_) >R -Flly-zllk -z (7D
pl

We define the nonlinearity parameter fy; by a local re-
placement, ® — ¥, + fNL<I)§ [24], with a Gaussian field
®,. Let us consider three points at superhorizon separa-
tion, and estimate fy; by expansing the coordinates as in
(5.3). The local form of fyy, is enough to characterize the
magnitude of non-Gaussianity in this approximation.
From (7.1),
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FIG. 6 (color online).
m,/H.

Non-Gaussianity fy; as a function of

2 a

=58\ w) My

This is proportional to ry/, and further suppressed by
the other factors (see Fig. 6). For r, = 0.22, we have
i < 1074,

The reason for the smallness of non-Gaussianity is that
(®®) is roughly proportional to the number of fields N,
and (P D) is also proportional to N in our setting. This
makes the non-Gaussianity small [y ~ (PDD)/
(®D®)?> ~ N~! in the large N limit. This is in contrast to
the curvaton case [17], where non-Gaussianity is neces-
sarily large if curvaton is the only source of curvature
fluctuations [19].

When there are interactions among ¢’s, we will have
higher loop diagrams, such as the ones in which a propa-
gator traverses two sides of the triangle. (See Fig. 7.) Even
though there are many fields, interactions do not neces-
sarily make fy, huge. Since the fields ¢ are KK modes or
string states, there will be conserved quantities, such as
momentum in the internal space or the excitation number
of strings. The third field in the right diagram in Fig. 7 is
determined by the first two, and this diagram will be of

<>

® <b.¢,> (I) ©26,0,> <g,0,> P

FIG. 7 (color online). Diagrams for the three-point function of
®. Left panel: Ignoring the interaction among the fields ¢, this is
of order N (the number of fields). Right panel: Higher loop
diagram where ¢; and ¢, are independent, but ¢; will be
determined from the conservation law (such as KK momentum
conservation). This is of order A2N2.
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order A2N?. The natural magnitude of the coupling A will
be Ay/~/V where A, is the coupling constant in higher
dimension, and V is the volume of internal space. This is
because the canonically normalized KK fields ¢ has a
factor 1/ \/V relative to the higher dimensional field, and
the interaction A¢> has one more ¢ than the kinetic term.
Since V ~ N, as mentioned in Sec. , the factor A2N2
associated to the right diagram of Fig. 7 is just given by
A3. (This is equivalent to saying that the correlation func-
tions are computed by Feynman rules in the higher dimen-
sions with the diagrams of the type of Fig. 7.)

If A takes finite but small enough value that perturba-
tion theory is applicable, non-Gaussianities will be given
by the diagrams such as the ones in Fig. 7. The shape
(momentum dependence) [25] of this type of non-
Gaussianity will be different from those arising from the
usual slow-roll inflation [26]. The difference will be seen
by studying the three-point correlations at subhorizon sep-
arations. We will leave this analysis to future study.

VIII. CONCLUSIONS

We have shown that the CMB temperature fluctuations
(adiabatic perturbation) can be generated by the purely
quantum effects of fields which are classically at rest.
When there are a large number of fields, this can produce
observable level of fluctuations. Tensor fluctuations are
hardly affected by this effect, and will remain of order
H/ my. In our mechanism, the enhancement of scalar
fluctuations relative to tensor fluctuation is due to the large
number of fields involved, and not due to the smallness of
the slow-roll parameter as in the usual slow-roll scenario.

When the size of the extra dimensions are large com-
pared to the inverse Hubble during inflation, we have a
large number of Kaluza-Klein modes which contribute to
this effect. String excited modes also contribute if m; < H.
We compare our results with observed amplitude, and find
that m,/H ~ 0.1 is preferred. The size of extra dimensions
is typically of order 107 GeV ™! or smaller.

There have been models of inflation based on TeV scale
supersymmetry (see [27] for a review). Inflation and re-
heating have been studied in explicit string compactifica-
tion in [28]: Supersymmetry is broken by the hidden-sector
branes wrapped around internal cycles, and inflaton is
given by closed string moduli. In that case, it is important
to make sure that the decay of inflaton reheats the visible
sector dominantly and not the hidden sectors significantly,
which has been checked in [28]. This is necessary to avoid
cosmological problems, such as the generation of large
isocurvature perturbations.

In our case, we do not assume low-energy supersymme-
try. In this case, it will be generically the case that massive
fields, such as KK modes, decay and reach thermal equi-
librium. This will occur well before the standard big bang
nucleosynthesis begins. In this situation, there will be no
isocurvature perturbations, as shown in [18].
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We performed our analysis assuming the extra dimen-
sions are compactified on a torus 7°. We believe this
captures the qualitative features of quantum effects of
KK states in the general compactifications with
L > H™! whenever the multiplicity of the KK modes is
similar to that for 7. There have been studies on string
compactifications which realizes supersymmetric vacua
with all moduli fixed. It is argued that the large-volume
compactification is generically achievable in the construc-
tion of [23]. Understanding of the mechanism for uplifting
to de Sitter vacua or realizing inflation is at a more quali-
tative level at present. Brane-antibrane pair [29] will be a
candidate for such a mechanism. We expect our mecha-
nism for generating CMB temperature fluctuations should
be relevant in these contexts.

Non-Gaussianity in our mechanism is given by triangle
diagrams, with possible corrections. The magnitude is
controlled by the coupling constant in higher dimension.
It would be possible, in principle, to distinguish our mecha-
nism from others by the precise measurement of non-
Gaussianities.

The main purpose of this paper is to study fluctuations
without asking the origin of vacuum energy during infla-
tion. However, as we mentioned in Sec. VI, it would be
possible that vacuum fluctuations (the renormalized expec-
tation value of energy-momentum tensor) of a large num-
ber of fields are the source of vacuum energy. It is
important to understand the dynamics of this vacuum
energy [30]. We have included the analysis of fluctuations
in the background with time-dependent Hubble by intro-
ducing inflaton in the Appendix, but it is not clear to what
extent this captures the dynamics of quantum vacuum
energy.
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APPENDIX: PERTURBATIONS
INCLUDING INFLATON

In this appendix, we assume the dynamics of time-
dependent Hubble is effectively described by an inflaton
field ¢, and study fluctuations including the inflaton fluc-
tuation 6 ¢ in addition to matter fields ¢.
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We assume inflaton and matter are not directly coupled
with each other. Thus, the equation of motion for ¢ is the
same as above,

[02+2H a9, — A+ a®>m*]¢p =0, (A1)

except that JH and a are the ones for general backgrounds
now. This does not couple to fluctuations of other fields, so
the quantization of ¢ can be done at first.

The action of inflaton is

S = fd“x\/—g(%g“”a#soam - V(qo)).

We decompose ¢ into classical part (which is homogene-
ous in space) and fluctuations,

(A2)

@ = ¢o(7) + do(7, X). (A3)
Classical part satisfies the equation of motion
ey +2H d,00 + a’V, = 0. (A4)

To find the equation of motion for §¢, it is convenient to
take the longitudinal gauge,

ds®> = a’[(1 + 2®)d7* — (1 — 2W¥)dx?], (AS)
and expand the equation of motion,

\/-— 9,(~88""9,0) +V, (A6)

to the first order in 6¢, @, W. Then, we get

[02+2Ha, — A+ d’V,,]8¢
— (@)@ + 3¥') + 24*V , & = 0. (A7)
Energy-momentum tensor for ¢ is

TWk, = 84 0d,¢ — 39793, — 2V(9))8%.  (A8)

[\P"+5{(2\P+q>)'+(23{’+3{2)® +é(c1>—~lf)]5ij—

—47TGH(§00)2(I) epd¢' +a*V. 5<p+z (% — 0,00, — m2a2¢2)}811+2{

where the summation is taken over the species of matter
fields ¢, as in the main text.

Let us study the leading behavior in the superhorizon
limit following [1]. We assume inflaton is classically slow-
rolling,

3Hey + V., = 0. (A17)

We consider inflaton equation of motion (A7) and the (0, i)
component of Einstein Eq. (A15). In terms of physical time
t (and in the slow-roll limit),

Lo-w)
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The classical part (zeroth order in d¢) is

1

700, — 2—(12((%/))2 +2V), (A9)

. 1 .
T = 5= (=(gp)* +2V)8;, (A10)

The linear part in 6¢ is
8T(‘”)0 =—( (ng)ZCI) + (b’ + aZV ,00), (All)
()0 1 /
OTY¥", = — 949,69, (A12)
a

. 1 i
5T(‘°)’j = ?((QDB)Z(I) — b’ + QZV@EQD)(S}' (A13)

Note that §7(¥) ; does not have off-diagonal components.

To write Einstein equations, we include the linear terms
in ¢ and the quadratic terms in ¢ in the energy-
momentum tensor. The (0,0), (0, i), and (i, j) components
of Einstein equations are as follows:

AV —3H (V' + H D)

= 477G{q065¢’ — (@p)*® + a*V 69

+ D U + 0,00, + m2a2¢2)}, (Al4)

(V' + HP),, = 4776{%5@ + Z%ak(qb’akd))} i

(A15)
bij
2A23k (0 pd, ) — 3k¢3k¢} ]
(A16)
3HS¢ +V ,,8¢ +2V & =0, (A18)
. I
HO = 47TG{9005¢> + Zgak(mkgb)}, (A19)

where we have ignored the terms in the energy-
momentum tensor of ¢, which are small in the small
mass limit, y = (2/3)m*H "> < 1 [we ignore the term
s" in (3.14)].

104027-14



POSSIBLE ORIGIN OF CMB TEMPERATURE ...

These equations imply

d L — ﬁ —YHt —
9 (¢ V¢) > 2 f(ge . (A20)
where we have defined f(¢) by
. H
LOBad) = = T2 p(@e (a21)
That is,
f(p)e 7 ~J¢p? (A22)
in the late time limit. From (A20),
_Ve(~_1 —yH1
b0 =7 (5 T A ) (A23)

with a constant C. We fix C so that the amplitude of §¢ is
H at the horizon exit (since d¢ is essentially a massless
scalar inside the horizon),

Vv

5 = 7*"{}1(%) 3 S e — el

(A24)

where the star denotes the quantities evaluated at the
horizon exit.

In the usual slow-roll inflation, there is only the first
term. The factor (V ,,/V) generally grows towards the end
of inflation, and it is assumed to be of order m,, at the end of

PHYSICAL REVIEW D 85, 104027 (2012)

inflation. The second term represents the effect of matter
fields to the evolution of inflaton fluctuation.
In terms of P,

o= AP, o)

P

- MTTG Z%f(dﬂe*y”’ (A25)
o) 1)
= > Gy (A26)

The first term is the part induced from the inflaton fluctua-
tion (A24) through the usual mechanism. The second term
is the effect of matter (agrees with the formula that we have
obtained), which exists even if there is no inflaton.

This expression will be valid until the end of inflation.
After inflation, ® will be constant (assuming ¢ is classi-
cally oscillating, in which case it can be regarded as matter,
or ¢ has decayed into radiation). Relative importance of
the effect of ¢ compared to that of inflaton in (A26)
depends on the details such as how steep the potential is
or how much time has passed between horizon exit and the
end of inflation.
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