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Stagflation: Bose-Einstein condensation in the early universe

Takeshi Fukuyama
Department of Physics and R-GIRO, Ritsumeikan University Kusatsu, Shiga, 525-8577 Japan

Masahiro Morikawa

Department of Physics, Ochanomizu University, 2-1-1 Ohtuka, Bunkyo, Tokyo 112-8610, Japan
(Received 1 May 2009; published 17 September 2009)

Our universe experienced the accelerated expansion at least twice; an extreme inflationary acceleration
in the early universe and the recent mild acceleration. By introducing the Bose-Einstein condensation
(BEC) phase of a boson field, we have been developing a unified model of dark energy (DE) and dark
matter (DM) for the later mild acceleration. In this scenario, two phases of BEC ( = DE) and normal gas
( = DM) transform with each other through BEC phase transition. This unified model has successfully
explained the mild acceleration as an attractor. We extend this BEC cosmology to the early universe
without introducing new ingredients. In this scenario, the inflation is naturally initiated by the con-
densation of the bosons in the huge vacuum energy. This inflation and even the cosmic expansion
eventually terminates exactly at zero energy density. We call this stage as stagflation. At this stagflation
era, particle production and the decay of BEC take place. The former makes the universe turn into the
standard hot big bang stage and the latter makes the cosmological constant vanishingly small after the
inflation. Furthermore, we calculate the density fluctuations produced in this model, which turns out to be
in the range allowed by the present observational data. We also show that the stagflation is quite robust and
easily appears when one allows negative region of the potential. Further, we comment on the possibility
that BEC generation/decay series might have continued all the time in the cosmic history from the

inflation to present.
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L. INTRODUCTION

Accelerated expansion of the universe seems not to be
exceptional. Theoretical and observational studies have
revealed that the universe experienced the era of acceler-
ated cosmic expansion at least twice; an extreme infla-
tionary acceleration in the early universe (EA) [1] and a
late mild acceleration (LA) [2,3]. We would like to figure
out the basic physics behind these accelerations and reveal
the inevitability, if any, of these accelerations. In the con-
text of the Einstein equation, we need special matter which
is endowed with strong negative pressure in order to guar-
antee the accelerated cosmic expansion.

However, it is often very difficult to find such matter in
baryons, and therefore new fields such as the classical
scalar field has been hypothesized though we have no
fundamental understanding of it. Probably reflecting this
uncertainty, this field has been named differently in various
contexts in the literature such as Higgs field, inflaton in EA,
and K-essence, tachyon, quintessence, Chaplygin gas,
phantom field, ghosts, etc. in LA.

We do not want to be involved in these particular con-
texts but instead, we would like to reconsider how the
degrees of freedom of such scalar field can arise within a
firm physics even if we still cannot fully identify this field.
To this aim, we reconfirm the fact that the basic physics
which describes the universe from the fundamental level is
no doubt the quantum field theory. Then how the classical

1550-7998/2009/80(6)/063520(14)

063520-1

PACS numbers: 98.80.—k, 95.35.4+d, 95.36.+x, 98.80.Cq

dynamical degrees of freedom of scalar field can arise
within this theory? The most natural mechanism we can
consider would be the Bose-Einstein condensation (BEC)
of some boson field [4]. This condensation process is a
phase transition and a typical mechanism that a classical
degrees of freedom emerges as an order parameter within
the quantum field theory [5].

Along this line of thought, we have developed a cosmo-
logical scenario based on BEC in order to explain LA in the
contemporary universe [6-8]. In this scenario, the dark
energy (DE) is identified with the BEC of the bosons and
the dark matter (DM) with the excited gas of the bosons.
This cosmological situation is analogous to the liquid “*He
system in the laboratory in the sense that the two distin-
guished components, super and normal, coexist and inter-
change with each other. Our unified model of DE and DM
has been successful to describe the contemporary universe
so far.

In this paper, we extend this BEC cosmology to the early
universe in order to examine how our BEC cosmology
reveal another acceleration EA. Since we treat LA and
EA on an equal footing, we should not introduce any
new ingredients into the previously developed BEC cos-
mology except for the cosmological background. Thus the
goal of this paper is to examine to what extent this BEC
cosmology can be verified when applied to the early uni-
verse. We are especially interested in how the mechanisms
of LA and EA are different with each other in BEC
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cosmology. We remember that LA, described in BEC
cosmology, has been an attractor [7,8] which guarantees
its autonomous realization. Can we also expect EA be an
autonomous mechanism in BEC cosmology?

More precisely, when we analyze EA, we should clarify
the autonomous initiation and termination processes of the
inflationary era, which naturally turns into the reheated
radiation dominated era. Actually, the BEC makes the
order parameter develop from zero to some finite value,
and therefore the inflationary dynamics with finite duration
would initiate autonomously if sufficient vacuum energy is
provided by quantum fluctuations or something. We would
verify this mechanism first. That is, we derive BEC pro-
duction rate from the microscopic Lagrangian by using the
generalized effective action in the in-in formalism. As for
the termination of the inflationary era, it may seem to be
impossible to control the ever increasing order parameter
since our BEC model assumes the negative quartic inter-
action (attractive force) without bound. However it is often
seen in many physical phenomena that a violently unstable
mode is taken over by an another stable mode via complex
nonlinear processes. We will show that this is the case for
BEC cosmology. Actually an extreme development of the
order parameter completely prevents the violent cosmic
expansion. We call this process as stagflation, where the
order parameter ever inflates while the cosmic expansion
becomes stagnant. Thus the inflationary era terminates
autonomously within a finite time scale. Moreover, this
extreme development of the ever accelerating order pa-
rameter easily gives rise to the particle production, which
provides a natural process of the reheating. Furthermore,
the instability analysis reveals that the homogeneous mode
immediately decays into the inhomogeneous localized
modes at this stagflation era, when the cosmic expansion
ceases.

This stagflation era also provides a key mechanism to
solve the cosmological constant problem. The issue is to
explain the dynamics of the cosmological ’constant’ A,
which had once been a huge value (10?'726 eV)? that
makes EA, turns into a tiny but nonzero value about
(1073! eV)? that makes LA. Though this initial huge value
for A would be naturally provided from ubiquitous vacuum
energy, there should be a certain mechanism for the very
fine tuning of A to the vanishingly small but finite value at
present. In the previous analysis of BEC cosmology ap-
plied to LA, we assumed that the zero-point of the potential
energy is exactly zero, and shown that the vanishingly
small but finite value of the effective A term appears as a
fixed point, in which the condensation speed and the
potential force balance with each other. In this paper, we
propose a new mechanism which autonomously adjust the
effective A term exactly zero. This would justify the above
assumption for LA. The essence of this A-extinction
mechanism is the fact that the stagflation takes place
exactly at the zero total energy. As explained above, the
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uniform mode of BEC becomes unstable at this stagflation
point and suddenly decays into localized objects. Thus
after the inflation, the universe evolves into the stagflation
point, where A becomes zero and then the universe be-
comes dominated by the reheated radiation. We would like
to quantitatively verify this mechanism in this paper. It will
turn out that the A-extinction is asymptotically realized
after many BEC decays.

The above instability of the uniform mode is the same as
that appears in BEC cosmology application in LA.
Moreover, the condensation process of BEC commonly
triggers all the essential dynamics of the cosmic history
in both the cases of EA and LA. It is important to notice
that these decay due to instability and the condensation of
BEC are not a coherent time change described by any
Lagrangian but are rather phase transitions and the inco-
herent evolution with dissipation and fluctuations. This
point is further discussed in the following sections.

This paper is organized as follows. After applying the in-
in formalism into BEC formation, we review the essence of
BEC cosmology applied in LA in Sec. II. In Sec. III, we
apply the BEC cosmology to the early universe in the order
of initiation, termination of inflation, reheating, cosmologi-
cal constant problem, and generation of density fluctua-
tions. In the last Sec. IV, we summarize our study
emphasizing the robust stagflation and clarifying unsolved
problems at present.

II. BASICS OF THE BEC COSMOLOGY
A. BEC in the universe

In this section, we first review our model of BEC cos-
mology from the microscopic physics. Various observa-
tions and theoretical analysis have revealed that the DE and
DM dominate the matter contents of the universe and DE/
DM ratio is of order unity at present [3]. These facts may
indicate some deep relation between DE and DM.
Therefore it seems natural to construct a unified model of
DE and DM based on a single physical principle. The
simplest thought will be to consider that both DE and
DM are actually the same dynamical matter but in different
phases of existence. DE phase should be almost uniformly
distributed and is supposed to provide accelerated cosmic
expansion. On the other hand, DM phase should be inho-
mogeneously distributed and is supposed to trace the struc-
ture of galaxies and clusters.

According to the Einstein equation, the acceleration of
the cosmic expansion requires isotropic negative pressure
comparable to the energy density p < —p/3 for DE. This
is because, in general relativity, pressure as well as energy
density works as a source of gravity. Such strong negative
pressure sounds strange if we consider fermionic fields
which constitute ordinary baryonic matter. On the other
hand for bosons, familiar static magnetic field H , for
example, shows such behavior p = —p = —fl/(Sn-) in
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one spatial direction, reflecting that the magnetic force line
has a positive tension. This negative pressure would be the
origin of the variety of bursts and accelerations in solar
physics such as flares and coronas. Unfortunately this is a
vector field and shows positive pressure in the other two
spatial directions. A natural possibility to obtain the iso-
tropic negative pressure is to consider the classical scalar
field. This would be the standard line of thought in the
modern cosmology as explained in the introduction.

However, when we construct a unified model of DE and
DM, we further have to specify the origin of such scalar
field in order to clarify the connection between DE and
DM. The problem is to find a phase which behaves as
classical scalar field in the matter which is originally
described by quantum physics. The most natural case
would be the quantum condensation of bosons in low
temperature, i.e. the Bose-Einstein condensation.
Macroscopic number of boson particles share a single
ground state in common and behaves as a coherent wave.
This condensed phase is well described by a classical mean
field. On the other hand the rest of the boson gas in excited
states should macroscopically behaves as classical gas.
Therefore we naturally arrive at the thought that the boson
gas is composed of two phases, condensed phase and gas
phase, each of which can be regarded as DE and DM,
respectively. Thus the BEC cosmology arises. Since the
basic structure of the universe in this model is quantum
physical and cosmological, we have a unique mass scale
m = (H}h?/(Gc*)V/* = 0.0092 eV obtained by equating
the present energy density p = H3/G to the energy density
associated with mass m and the Compton wave length / =
h/(mc). This scale characterizes the cosmic BEC.

The above two-phase structure is quite common in
physics in the sense that any special interactions among
boson particles are not required for BEC and it inevitably
takes place provided the temperature is lower than the
critical one. A well known such structure would be the
liquid “He system in the laboratory. The super phase and
normal phase correspond, respectively, to DE and DM;
they coexist and interchange with each other. Although
the origin of the two-phase is quantum phase transition,
the condensed phase is a classical mean field and should
not be confused with the macroscopic quantum state,
which is described by a wave function.

The BEC of boson mass m takes place provided the

de Broglie wave length A,z = /27h*/(mkT) exceeds the
mean separation n'/3

2ah2n?/3
(£(3/2)**m’

This condition requires the boson gas to be ’cold’, if we
were to realize BEC for reasonable boson mass appropriate
for DM. Actually in the universe, if the boson is the cold
dark matter, irrespective of its interaction, its temperature
(or quasitemperature) behaves as the same as above 7' «

kT < kT,, = (1)
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n*? in the cosmic expansion. Therefore BEC can always
take place and continue provided the boson temperature
was less than the critical temperature at some moment of
cosmic evolution. The corresponding critical boson mass
for BEC can be arbitrary in general, but if we temporary
assume that the boson was in equilibrium with the rest of
the matter in the past, then the upper limit of the mass turns
out to be about 19 eV [8].

In the universe the ratio of DE and DM cannot simply be
given by the standard expression for the ratio of condensa-
tion 1 — (T/T,,)*/? in equilibrium with the temperature T'.
The universe is actually almost adiabatic and therefore the
transition toward the ground state is forbidden in the first
approximation. However a small nonadiabaticity allows
the very slow condensation. We need a firm formulation
which describes this condensation process based on micro-
scopic physics. The most appropriate, but not necessarily
complete, method for this purpose would be the general-
ized effective action formalism [9—-11], on which we now
briefly explain.

The partition function, which describes all the fluctua-
tions, is given by

Z[J] = tr[T(exp[iﬁj q;ilp)] =expliW[J]], (2)

where the integration is taken over the entire space and the
doubled time contour which extends from ¢ = —oo toward
t = +o0 and then back to r = —oo again. The symbol T
rearranges the operators on its right hand side in the order
of this doubled time contour. All the quantities with over-
tilde represents that they are defined on this contour. J is
the external source field, p is the initial density matrix, and
the quantum field ¢ is in the Heisenberg representation.
This partition function can also be represented in the
interaction picture as

Z[J] = tr[T(exp[i[]J;—i[V(@]p)] (3)

= exp[f[V[igj]]exp[—é j]](x)éo(x, Y)j(Y)]
X tr[:exp[i[]d?]:p] 4)

where the Lagrangian is decomposed as the free part L[ ¢ ]
and the interaction part V[ @], L[¢] = Lo[¢] — V[ &]. The
Wick theorem is used for the last equality. It is useful to
introduce a vector and matrix representation for the func-
tions on the generalized time contour; a field X(x) can be
written as X, (x) + X_(x), where the quantity with suffix
+(—) has its support only on the forward (respectively,
backward) time contour. Then X (x) can be represented as a
vector (X (x), X_(x)). For example J(x) = (J4 (x), J_(x))
and ¢ (x) = (¢, (x), d_(x)). We also use the notation
Xalx) =X, (x) = X_(x) and  Xc(x) = (Xi(x) +
X_(x))/2 in the following. Then the notation [J ¢ means
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[T = [dxJ (x)¢p,(x) — [dx]J_(x)¢_(x), where the
subtraction on the right hand side represents the fact that
the direction is opposite in the backward time contour. This
can be conveniently expressed in the two-by-two matrix
notation,

[ i — [ dx(J (), T-()o5( (). ()T, (5)

(1 0
737 \o -1

and 7 is the transpose.
The generalized two-point function Gy(x,y) =
— T ¢ (x)p(y)) is also expressed in this matrix notation as

~ — G ( g ) G+( » )
Golxy) = (c;f(fc, M Gl ;))
_ ( —iTPpx)p(y))  —i(p(y)p(x)) ) ©6)
—i(p(x)p(y)  —iTx)d()) )
The fact that the only three of them are independent is most
clearly observed in their momentum representations,

where

sy PR EBR) s DK~ iBE)
Gplk) = m Grk) D)2 + A(k)?’
Gl — i A(k) = B(k) 7

"D+ Ak

where A(k), B(k), and D(k) are mutually independent
functions.

If we were to define the classical field as @(x) = W /8]
and define the Legendre transform I[@] = W[J] — [T ¢
as the effective action as usual, then by definition, the
equality holds 8T'/8@(x) = —J(x), which may be re-
garded as the equation of motion for @(x) including all
the quantum fluctuations. However, reflecting the fact that
the effective action is not in general real I =Rel + iIml,
the above method makes the field @(x) unphysically com-
plex. This ordinary procedure cannot describe the phase
transition dynamics. Therefore we go beyond the standard
method and decompose the effective action. We first notice
that ImI” is even in the variable @A (x) = ¢, (x) — ¢_(x),

- 1
Iml" =5 //soA(x)B(x = VesWdxdy +... ()
and the kernel B(x — y) is positive definite [9]. Therefore,

introducing an auxiliary real field £(x), we have the fol-
lowing path-integral expression.

19 = [lagipletexp| iRl + [ ittps(odr] ©)

where the weight function is defined as

Plel = New| 5 [[ ewB 6= newasar] a0
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where N is the normalization factor. Thus the field £(x) can
be regarded as Gaussian random field. Inclusion of higher
order terms in the above makes us possible to treat the non-
Gaussian properties as well. On the other hand, the real
part of the action

Re1“+f§¢A (11)

should be regarded as the standard action which describes
dynamics. Applying the variational principle for the vari-
able @ (x)

SRel + [ £¢y) -
( SQDA(X) )goA(x)—O JC(X) (12)

we obtain the evolution equation for ¢(x) = (¢4 (x) +
¢ _(x))/2, which is simply denoted as ¢(x) hereafter,

(00 + mY) e + [_’ dt’fdx’A(x — o) = &),
(13)

where the source term J-(x) is dropped. This is the
Langevin equation for the classical order parameter ¢(x)
with classical random field &(x). Actually, if we define the
statistical average by

()= [ [d€]... PL£] (14)

then the correlation function for the auxiliary fields be-
comes

(€X)EM))e = Blx — y). (15)

Moreover, Eq. (13) is necessarily causal [9] since the
kernel A(x — x') has the property A(x — x’) = 0 for x° <
x". Thus the full effective action is now rewritten as the
statistical superposition of dynamical effective action.
Note that the above dissipative nature arises as a result of
an implicit and systematic coarse graining of the original
full theory through the process of renormalization in the in-
in formalism. This renormalization process is generally
inevitable in quantum field theory to obtain finite physical
quantities. The dissipative nature however cannot arise in
the ordinary vacuum as in the standard quantum field
theory. For dissipation to arise, the system must be unstable
or permit particle production or be immersed in the dis-
sipative environment.

The above Langevin equation can, in principle, be trans-
formed into the equivalent Fokker-Plank equation for the
distribution function. This process is actually tractable if
we can use the Markovian property.

The most of the application of the above formalism to
the BEC is given in [11]. The Langevin equation is trans-
formed into the Fokker-Plank equation
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., 0 J r_ .
lhgp[d’;l] = _gm((s — iR — p)¢PLp; 1))

1 92
- Egm(ww; 1)), (16)

for the probability distribution function P[¢; ], where &
and u are, respectively, renormalized energy and chemical
potential which are related to the function D, and R, 2X are
the transport coefficient functions which are related to the
function A and B. This Fokker-Plank equation is further
transformed into the rate equation for the energy density of
the condensation p(k; 7). In the limit of small condensation,
i.e. the backreaction of the condensation to the gas is
negligible, the rate equation reduces to

p(k; 1) ;
~ [in, 17
p°a(k; t)) (17

where p®d(k; t) is the equilibrium value of the condensation
and I'" = —R + ;3K /2. The order estimate of the results
in [11] becomes,

9 )
2 plk;1) = Tin(1 =
atp( ) (

It = |APm 3 pl, (18)
if the dominant interaction is A(¢¢*)?, and
I = |al*mp s, (19)

if the dominant interaction is of type a pAd @™, where A is
the radiation field. In either case, the induced process is
neglected in the RHS of Eq. (17). It is most interesting that
the detail of the form of I'™ is not relevant for the BEC
cosmology ([8]). Any choice of I'™ (or I' in the later
argument) yields qualitatively the same cosmology. In
this flexible possibilities, we adopt Eq. (18) in the follow-
ing although Eq. (19) is equally applicable.

The above results determine the BEC condensation rate
in the uniform boson gas. Note that the above condensation
rates are transport coefficients which cannot be found
directly in any Lagrangian. This fact yields essential dif-
ference between our approach and the presently popular
interacting DE-DM scalar field models. For example
[12,13] study DE-DM coupling as an interaction term in
Lagrangian. The recent Ref. [14] study DE-DM coupling
phenomenologically by setting w = p/p as a constant
parameter. The quantity w actually evolves in time in our
model according to the equation of motion. In these as-
pects, our BEC model should be distinguished from gen-
eral DE-DM coupling models.

So far we have considered the generation of BEC. While
this condensation proceeds, the uniform BEC eventually
becomes unstable due to the Jeans instability and collapses
into localized objects (inhomogeneous DM) leaving no
uniform component. If the boson gas has attractive inter-
action, then this collapse would be further enhanced.

Thus in the universe, BEC is generated and collapses.
These dynamics can be regarded as generalized phase
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transitions which cannot be described only by the coherent
time change governed by a Lagrangian. We now examine
the detail of the BEC phase transition in the following
subsections.

B. Homogeneous mode: steady BEC

The gradual generation and subsequent decay of the
spatially uniform BEC can be summarized by the follow-
ing set of equations in a compact form

a\2 8nwG
Hz:(g) :?(Pg‘l',ozﬁ"‘ﬂl),

Py = —3Hp, — I'py, (20)
py = —6H(py —V)+Tp, —'p,,
pr= —3Hp, +"py,

where we assume a simple form of potential V = V, +
m?¢* ¢ + 4 (¢p* $)* with attractive interaction A < 0. This
potential form will be fully fixed if we can identify the
boson field in the future. The Einstein equation in the first
line of Eq. (20) gives the cosmic expansion rate H in terms
of the energy densities of gas p,, BEC p, and the local-
ized objects p;. The second line represents the evolution of
the gas energy density p, which reduces due to the cosmic
expansion —3Hp, and the consumption for BEC —I'p,.
The third line is the relativistic form of Gross-Pitaevski
equation describing BEC dynamics with the steady con-
densation rate I'p,, where I' = const [for Eq. (19)] or I «
p, [for Eq. (18)]. This form of source and loss terms *I'p,
is the most characteristic to our BEC model although they
are small. In the same line of Eq. (20), the term —I"p
symbolically represents a sudden collapse of BEC. The
detail of this collapse will be explained in the next sub-
section. The last line represents the evolution of the local-
ized energy density p; which reduces due to the cosmic
expansion —3H p,; and increases due to the BEC collapse
+I"p4. We now explain the BEC instability and the
collapse.

C. Inhomogeneous modes: BEC collapse

Uniform BEC is not an absolutely stable phase if the
interaction is attractive or gravity is concerned. It collapses
into localized object after the appearance of instability. Let
us estimate the scale of BEC instability, which determines
the time scale of the BEC collapse and the resultant mass
scale of the localized objects. We start the space-time
metric of the form

ds? = (1 +2®)d? — (1 —2®)dx’, (1)

where @ = ®(¢, X) represents the gravitational potential
and a = a(r) the cosmic scale factor. BEC is described by
the equation of motion for the order parameter ¢ =
¢(t, X), i.e. the third line of Eq. (20) neglecting I' and I"
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since the instability time scale is very short compared with
! and I""'. Up to the first order in ®, this equation
becomes

" 1 . 1
b +3%p — V2 + m2(1 + 2D)¢
a a
+ A1 +2D)|o|?p = 0. (22)
Gravity is described by the Poisson equation, in the
Einstein equation,

Vi) = 47rGa2{¢'>+¢; + Yd) -Y¢T + m?|p|?
a a

A
#2161 = o} )
where pg is the uniform background energy density. We
consider the linear perturbation on the uniform background
(1, X) = do(1) + ¢1(1, %), P, ¥) = 0+ D (1,%). (24)

where small perturbations ¢; and @, are decomposed into
Fourier modes,
by = drexp(Qr +ikF), D = Dy exp(Qr + ik 7).
(25)

The background variables satisfy, from Eqgs. (22) and (23),

Bo+3%do+ (2 + AgoP)dy =0, (26)
|
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. A
bido+ (m2 + Z|¢o|2)|¢0|2 —pe=0. @)

In these Eqgs. (26) and (27), the variable ¢ can be assumed
to be real without generality since all the coefficients are
real. Then the existence of a nontrivial solution requires
that the above set of linear equations are dependent with
each other. Thus we have the condition

2

k
47Ga?

a 2
[((22 +3-Q + t m? + 3/\453)

a

—2(m? + A2 Bo(2oQ + 2(m? + A¢3>¢o>]

. k2
X (92 +320+ > +m? + Ad)g) =0, (8
a a

which determines the instability strength () as a function of

the wave number &. The wave number & which corresponds
to the maximum value of () (i.e. most unstable mode) is not
necessarily the relevant scale since we also have to con-
sider the completion time of the collapse a/(ak), where
a(<1) is the decay speed of BEC. Thus the relevant scale
will be the wave number k. which should satisfy the
condition that the collapse time is just the instability time
i.e. ak,/a = Q. Choosing the value associated with the
most unstable mode among four solutions of ), we have

k, ("Mt \/mgff +647G(1 + a?)(m* pf — 2km* P + K2 PG\ 1/2 2
a _( 2(1 + a?) ) ’ (29)
where m%; = m* — 3k, kK = —A(>0) and adiabatic ap-

proximation H = 0, ¢, = 0 is utilized since the collapse
time scale is much smaller than cosmic and condensation
time scales in the late universe.

The actual scale critically depends on the boson mass
[8]. If it is about 1 eV, then the typical mass of the structure
will be M, = 1.6 X 10'' M which is of order of a galaxy.
If it is about 1073 eV, then the typical scale in tiny M, =
10"'g and therefore BEC collapse cannot form macro-
scopic cosmological structures. In any case, these col-
lapsed clumps would work as the ordinary DM and the
scenario of large scale structure formation exactly reduces
to the standard model.

A typical numerical demonstration of uniform BEC
mode is given in Fig. 1. Most of the characteristic features
of BEC cosmology are shown in this figure. The gas
density p, (grey line) reduces monotonically while the
BEC density p, (solid line) gradually increases toward
some instability point where it suddenly decays into local-
ized objects p; (dashed line). Then the BEC density dis-
appears and a new BEC begins. This cycle repeats several
times and finally the phase of p4 = const. appears. Thus

—
- =

< —_
éb L /"’
2 Vg
s 17
S -4
I
2 -6t
8 L L L L L L

0 10 20 30 40 50 60 70
z

FIG. 1. A typical numerical demonstration of the BEC cos-
mology. This graph represents the evolution of energy densities
of the boson gas p, (grey line), BEC p, (solid line), and the
localized objects p; (dashed line) as a function of redshift z. We
solved Eq. (20) with the parameters A = —0.51, I' = 0.2601,
m = 0.0028 eV. The BEC Collapse time sequence is z = 69, 54,
39, 36, 15. After four collapses of BEC, the energy density of
BEC p, becomes constant, which induces the accelerated ex-
pansion of the present universe.
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the universe inevitably enters into the final accelerated
expansion phase. This phase is guaranteed by the stable
balance of the condensation flow and the potential force,
and is an attractor of Eq. (20). Several other features and
predictions of this model are found in [8].

III. BEC IN THE EARLY UNIVERSE

We now extend the BEC cosmology to the early uni-
verse. As was studied previously, for the relativistic case,
the critical temperature T, p'/2 increases much faster
than the cosmic temperature T  p'/* in the course of
increasing energy density p. Therefore we safely expect
the universe is always under critical temperature provided
so at present.

The acceleration in the early universe is quite different
from that in late universe in the sense that a huge vacuum
energy V| is present from the beginning in the former.
However we do not want to introduce any new ingredients
into the model used in the original analysis in LA. This is
because we want to understand the cosmic accelerations
from a unified point of view. Actually, the mass m of the
boson is about eV and therefore is completely negligible in
the early universe. The condensation rate I" has been quite
robust in the previous study in the contemporary universe
and therefore we take the same form of I" for BEC con-
densation as used previously.

The goal of this section is to examine the following
individual steps to complete the whole BEC cosmological
scenario and verify this model: 1. Natural initiation of the
inflation from the fireball stage is expected from the steady
BEC processes. 2. This inflation stage terminates autono-
mously due to the stagflation. 3. Reheating process inevi-
tably takes place due to the nonlinear coupling in BEC.
4. The cosmological constant is autonomously adjusted to
be zero due to the BEC instability at the stagflation point.
5. We calculate the generated density fluctuations and
compare them with observations.

A. Natural initiation of the inflation

The original model of the BEC cosmology is described
by Eq. (20). Now in the application to the early universe
whose energy scale is extremely higher than eV, a typical
mass scale of the boson, relativistic damping terms should
be used:

a\2
H? = (E) = npg + Py + P1),
pg = —4Hp, — I'p,, (30)
py = —6H(py —V)+Tp, —T'p,,
p= —4Hp, +T'p,.

where u? = 87G/(3¢?), the potential is V =V, +

m?¢*p +4(p*$)* with A <0, and the energy density
for BECis py = " + V.
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In the early universe, tiny mass term m? is neglected. On

the other hand, the condensation rate I', whose energy scale
dependence is not clear, may still be relevant in the early
universe. We should consider an initial vacuum energy
Vo = my), which is huge up to 10" times the present
value.

Initial boson gas p (1) = p,;(#;/1)* and the temperature
will be reduced by the cosmic expansion a(r) =
ay(t/1;)'/2. On this background, BEC gradually proceeds
since T, < T is guaranteed from the energy density de-
pendence of them as argued above. Since the initial evo-
lution velocity of the BEC ¢ is small and the potential
energy is negligible compared with the boson gas density,
the BEC ¢ approximately obeys

3H? = Tp,, 31
whose solution, under the choice I'(r) = I'gp,(2), is given
by the fire ball solution,

/2

ot =2 (P2 - ()

The situation of each stage of BEC will be given in Fig. 4.
Then, if we identify the initiation time of inflation #;,; by
the condition

Pg(tiing) = Vo, (33)

then the initial value of the BEC when the inflation begins
will be

3/2

Copit\1/2 1/4
D ire (tiint) = 2fi< 03/)5 ) (1 - <&> ) (34)
M Pgi
or
. I p3,l/~2 172/ V\3/4
8 = bpireltiing) = (03—5) (—0) . (35)
M pgi

Although the boson gas will be diluted, this initial BEC
triggers the further evolution of BEC, and BEC proceeds
consuming the vacuum energy. During the inflation, BEC

evolves as
V = —3Hd?, H? = u?v (36)

which solves, under the initial condition Eq. (35), as

3H )12 1 (3Hiyp \1/3\~1/2
Gint(t) = <_2/\f) (fiinf —t+ 5(_/\52) ) , (37

where we approximate H> = H2; = u*V. Since the po-
tential is flat around the origin, this solution actually sat-
isfies the slow-role condition

i2
inf

2V

<1,

IL <1 (38)

3Hing hing
or equivalently under the condition Eq. (36),
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le] < 1, Inl <1, (39)
where
m2 (V\2 m2, vy
_ pl _ Mt
=—\(—), = —, 40
€ 167T( > K 87 V (40)

These conditions hold until just before ¢i,() hits the
(virtual) singularity at t = t,; (Where ¢;,; diverges).
Thus the duration of the inflation is

1 (3H;,;\!/3
Aint = feinf — iinf = 5(_/;{;;) + O(Hy{ (41)
and the e-folding number N becomes N = H,,;A;y-

In Fig. 2, we have depicted a typical time evolution of
the scale factor. We do not seek for the most favorable
values of parameters in this paper since our aim is to clarify
the basic mechanism and to show the robustness of the
BEC cosmological model in the early universe.

This mechanism of inflation is the same as the standard
models and especially the period of inflation itself is de-
termined as usual. The BEC mode (the order parameter)
behaves in quite similar ways to the ordinary scalar field.
However, the initiation of the inflationary era is quite
different from the standard model as shown above.
Moreover, the termination of it is also different as we
will see in the next subsection. In the inflationary phase,
BEC develops by consuming the vacuum energy contrary
to the case of BEC evolution in LA in which BEC develops
by consuming the boson gas energy.

Though the order parameter is complex, the condensa-
tion is simply assumed to have a common phase and there-
fore the field behaves as a real scalar field. However

1015 ;
102}

10°

<

100 |

55% 1014
5.x10M4
45x1014
4.x 1014
35x 1014

1000 f

““““
33.834.034.234.434.634.835.0
1 1 !

1k ‘ ‘ ‘
0 5 10 15 20 25 30 35
t

FIG. 2. The time evolution of the scale factor a(r). The scale
factor is normalized by itself at the beginning of the inflation.
This is a solution of Eq. (30) with parameters: A = —0.5, V, =
1, ¢(0) = 0, $(0) = 0.001, p,(0) = 5, [, = 1, in the units of
Hiyp for H, H ! for t, H2./u? for p, where H2; = u?V,. The
inflationary phase, i.e. a « e’ naturally appears with suffi-
cient e-folding number. The total energy density vanishes and
the expansion ceases at the stagflation point ¢ = t; = 34.8,
where the strong instability of the uniform BEC mode actually
invalidates the evolution after t,. The inset magnifies the local
region around #,, which is marked by an arrow.

PHYSICAL REVIEW D 80, 063520 (2009)

actually there must be a finite coherent scale only on
such domain this assumption is applicable. The phase
boundary may have an extra energy density, which we
simply neglected in the present paper. However these
structures are much more complicated than the usual treat-
ment of multiple uniform scalar field models which may
give rise to isocurvature modes (Refs. [1,15]). This issue
goes beyond the scope of the present paper and should be
addressed in our future research.

B. Termination of inflation

As is shown in Fig. 2, this inflation sharply terminates
within a finite time. This can be easily understood as a
general feature of our BEC cosmology. In the late stage of
inflation I', I”, p, are neglected, and Eq. (30) reduces to

87G . .
P=Sa e be=3HEL (@)

and, provided H # 0, further to

H= —% urd>. (43)
Since the right hand side of Eq. (43) is negative and ¢>
increases in time, the expansion rate H eventually crosses
0, at time t = t,, after that the universe terns into the
contraction phase. The dynamics of BEC in this process
corresponds to the over-hill regime in the original BEC
cosmology [7].

When the cosmic expansion ceases at t = t,, Eq. (30)

yields, neglecting p,,

H=0,  py=0,  ps=0, (44)
which guarantee the energy density smoothly vanishes at
t =t,. However, we should notice that H # 0 from
Eq. (43) and the continuity. We call this phase as stagfla-
tion regime, i.e. the cosmic expansion is ’stagnant’ while
the BEC is steadily accelerating and ’inflating’. In the
previous approximate solution Eq. (37), the termination
time 7. 1S almost #: t, = fgins-

Figure 3 shows the energy densities of the boson gas p,
(grey line), and of BEC p, (solid line) in the same time
evolution as in Fig. 2. The stagflation regime is magnified
in the inset of this figure. The dashed line shows the Hubble
parameter which smoothly changes its signature, expand-
ing to contracting at f,.

We would like to comment briefly on the virtual history
of the universe after the stagflation regime though it ac-
tually does not exist, as will be explained in the following
subsections. The stagflation regime Eq. (44) does not last
forever; the kinetic term ¢?> eventually develops and sur-
passes A¢* term. In this kinetic term-dominant regime,
Eq. (30) yields d($*/2)/dt = —3Hd> and H? =
u2?/2, and therefore
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FIG. 3. This graph represents the evolution of energy densities
of the boson gas p, (grey line), and of BEC p, (solid line) as a
function of time ¢. The energy density is normalized by
(Hipe/p)* and the time by H;!. The inflationary phase even-
tually terminates and the universe turns into the contraction
phase. It finally approaches the virtual singularity, if we do not
consider the instability and the decay of BEC. Inset is the
magnified graph at the last stage of the inflation. Dashed line
is the Hubble parameter, which crosses zero and the total energy
density vanishes at the stagflation point t = ¢, = 34.74 (marked
by an arrow). The strong instability of the uniform BEC mode
actually invalidates the evolution after z,.

.3
¢=ﬁﬂ¢2, (45)

where we must choose H <0 and ¢ >0 for consistent
solution. These lead to the implosive solution

2
¢imp = const — \/—_ log(. — 1), (46)
3u

where the universe hits the singularity at time f.. The
cosmic contraction becomes

a = const(t, — 1)'/3, (47)

which explains the virtual behavior in Fig. 2 for t — ¢,.
(See also Fig. 4.)

As a whole, the early universe suffers the BEC phase
transition as depicted in Fig. 4. This figure represents the
whole evolution of BEC field ¢(r), numerically obtained,
and several analytical approximations whose validity is
limited within each local region. Analytic solutions are
¢fire in Eq (32)9 ¢inf in Eq (37)’ ¢stag in Eq (51) (Wthh
will be described shortly), and ¢y, in Eq. (46). The
solutions ¢y, and ¢;,; are matched at f;,¢, defined by
Eq. (33). The stagflation time ¢, marked by an arrow, is
defined by Eq. (44). The implosion time ¢, is the time when
BEC field diverges as Eq. (46).

In the real world however, the infinite amplitude ¢ — oo
and velocity ¢ — oo for BEC are not allowed. Actually,
before the universe enters into this phase, there appear two
new features in this scenario and the singularity, which we
call implosion, is avoided. One new feature is the particle
production due to the ever accelerating BEC ¢ — o0. This
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FIG. 4. This figure represents the evolution of BEC field ¢ (1),
numerically obtained, and several analytical approximations,
Drires Dints Psags and @y The applicability range for each
solution is shown by shaded region. The solutions ¢y, @i are
matched together at #;;,; = 0.16. The stagflation time 7, = 34.7
is marked by an arrow. The BEC field ¢ diverges at the
implosion time #, = 35.1.

is the origin of the reheating that some portion of the
original vacuum energy V|, is converted into thermalized
gas of bosons. Another new feature is the instability of the
uniform mode of BEC at 7 =~ ¢, and p,4 = 0, and subse-
quent decay of the uniform BEC into the localized objects,
without leaving any vacuum energy. This is the mechanism
which did adjust the final vanishing vacuum energy, or
vanishing cosmological ’constant’, despite the huge vac-
uum energy set before inflation. Let us examine each of
these features separately in the following.

C. Initiation of reheating

The rapid increase of BEC ¢ — oo at the late stage of
the inflation yields plenty of particle production, which will
reheat the universe, through the self-interaction. If this
particle production is effective to turn sufficient amount
of kinetic energy of BEC into thermal gas, the universe can
go into the big bang phase. In order to demonstrate this
scenario, we consider a simple model of particle produc-
tion; an addition of the term —y¢? ( + y¢?) to the right
hand side of py (p,, respectively) in Eq. (30). We can
approximately evaluate the particle production during the
inflationary era. By using Eq. (37), we obtain

Yo _ YHins
3Hipy  3u*

o .
poltg) =y | ¢t = (48)

Lijnt
If we set y = my =~ 1 eV, then the reheating temperature,

4

. . 8K\ d
using the expression p, = (55;5.4)7", would be
10

1/4
kpTm < (P vmgl) (Hing/my)'*

~ 1.17 X 10"2(H;p¢/my)/* GeV.  (49)
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Note that the particle production in the BEC model is

caused simply by the accelerated evolution of the back-
ground field ¢.

D. Autonomous adjustment toward the vanishing
cosmological constant

Let us discuss on another new feature which does not
allow the implosive singularity. As in the previous argu-
ments on the BEC cosmology in LA, the instability of BEC
actually develops and the homogeneous BEC phase col-
lapses into many localized objects. Thus dynamics of BEC
is not closed within the homogeneous mode contrary to the
recent arguments on the DE-DM coupling ([13]), for
example.

In the middle of the inflationary phase, the BEC fluctua-
tions cannot develop. However, they have a chance to grow
after the inflationary phase. We now examine this around
the stagflation time when the energy density vanishes at
r=1t,.

The middle of Eq. (44) allows us to approximate the
evolution equation, neglecting V), as

¢ = Jkd?, (50)
which immediately solves
by = K21, = 1) (51)
where k = —A(>0). In this regime 7 = f,, the instability
scale Eq. (29) becomes
k.
= _ (877)1/4G1/4K1/2¢§éé
= 8m)AG 4k (1, — 72, (52)

which increases without bound for t — #;,. On the other
hand, the cosmic expansion is almost ceased in this regime
t = t,. Therefore, we expect a strong instability takes place
and BEC rapidly collapses into localized objects, whose
density is denoted as p;. Moreover, there is sufficient time
(¢, — t) for the completion of the BEC collapse before the
universe escapes from this regime ¢ = t:

(t, — ) > a/k. = (1, — 1)>/% (53)

This is similar to what happens in the over-hill regime in
the late time BEC cosmology. Thus all the BEC component
turns into localized objects, which behave as dust fluid,
leaving vanishing vacuum energy or cosmological ’con-
stant’, despite the initial value of the vacuum energy V.
The fate of these localized objects is not yet clear. If they
form light black holes, they may eventually evaporate into
radiation including the boson gas. If they form heavy black
holes, they may remain until now and yield significant
effects on the cosmic structure. We simply choose the
former case in our numerical demonstration in this paper.

More precisely, we have numerically checked the above
instability directly based on Eq. (28) without the approxi-
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FIG. 5. Time evolution of the BEC order parameter ¢ is
shown. It shows a sequence of BEC collapses. It may happen
that this BEC reduction sequence leads to the era of LA in
Ref. [1]. However, the numerical calculation extending over 100
digits is almost impossible and we could not reveal the full
extension of the reduction sequence.

mation Eq. (29). It has turned out that the collapse of BEC,
estimated from the linear instability analysis, takes place
just before the stagflation point #,. This means that a small
amount of vacuum energy remains at this point since p =
O realizes only exactly at t = t;. However further evolution
of the uniform BEC from that point leads to the next
instability of this BEC, which yields much smaller remnant
vacuum energy. These sequence of BEC collapse continues
many times and the vacuum energy reduces at each time.
Figures 5-7 show a typical example of the numerical
demonstration of this sequence. Figure 5 shows the time
evolution of the BEC order parameter ¢. Each segment
represents a history from the generation toward the decay
of BEC. The average value of ¢ reduces in time and the
duration of each history becomes longer. Figure 6 shows
the time evolution of the scale factor a(z). Initial infla-
tionary era, which is a straight line on this graph, is
followed by much milder expansion era. The latter is
shown in the inset of this figure and is almost the same
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FIG. 6. Time evolution of the scale factor a(f) is shown in
logarithmic scale against the cosmic time 7. Initial inflation era is
followed by the almost radiation dominated era. The inset is the
later evolution.
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as radiation dominated cosmic expansion. Figure 7 shows
the time evolution of BEC energy density p, (solid line),
boson gas energy density p, (gray line), and the Hubble
parameter H (dashed line). The reduction sequence is
apparent. In our demonstration Fig.(7), the vacuum energy
at each segment era reduces as 1.0, 0.0063, 0.00072,
0.00016, 0.000046, 0.000014, 4.6 X 107°, 1.5 X 1076...
in the unit of the original vacuum energy V.

Thus there is no artificial fine tuning in simultaneously
realizing the inflationary acceleration due to the huge
vacuum energy and the reduction of the vacuum energy
to zero in our model. The essences of the autonomous fine
tuning are, (a) the decay of the uniform mode, which
contributes to the huge vacuum energy, into the localized
states, (b) this decay always takes place whenever the
universe enters into the stagflation era, (c) this stagflation
always exists whenever the kinetic term can reduce the
cosmic expansion in Eq. (43) to zero, and (d) such a case is
guaranteed by allowing the negative region of the potential,
which will be further discussed in the summary section.

E. Generation of density fluctuations-comparison with
observations

As we have examined in the previous two subsections,
both the reheating due to the particle production and the
decay of the vacuum energy due to the BEC instability are
most effective at around the stagflation time ¢ = ¢,.
Furthermore, we observed that this set of BEC generation
and decay repeats many times and this sequence makes the
effective cosmological constant reduce toward zero.

. -
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FIG. 7. Time evolution of BEC energy density p4(solid line),
boson gas energy density p, (gray line), and the Hubble pa-
rameter H (dashed line) in cosmic time 7. The original gas
density p, reduces almost completely due to the exponential
expansion during the inflationary era. In the later stage of the
inflationary era, uniform BEC becomes unstable and collapses
leaving some fraction of p,. At the same time, p, gradually
recovers due to the particle production process caused by the
rapid change of the background field ¢ and eventually domi-
nates pg4. However p, reduces faster than p in the subsequent
cosmic evolution. Eventually the second instability of BEC takes
place. These sequence of BEC and its decay repeats and the
effective cosmological constant reduces toward zero.

PHYSICAL REVIEW D 80, 063520 (2009)

Although the detail depends on the BEC decay dynamics
which is quite nonlinear and goes beyond the present
paper, we may naturally assume that the universe ap-
proaches toward the hot FRW universe. Then its fate will
be well described by the standard cosmology until it enters
into LA regime in most recent era. Therefore the most
characteristic feature of our model will be related to the
phenomena around the stagflation point #,. Then one of the
remnant characteristic features to our BEC model will be
the power spectrum of the produced density fluctuations
reflecting ever increasing development of the BEC compo-
nent toward the end of the inflationary era.

We now calculate the produced density fluctuations
during the inflation. Since our BEC behaves almost like
scalar field during the inflation and therefore we can safely
apply the standard analysis on the density fluctuations.
Based on the squeezed quantum state in de Sitter space
with slow-rolling approximation, we can estimate the cur-
vature fluctuations and the tensor fluctuations. The power
index ny for the former is given [1] by

ng=1-6g+2n (54)

where € and 7 are defined in Eq. (40). We can calculate
them based on the approximate solution ¢;,¢(¢) during the
inflation Eq. (37)

Ou’H?
3(1 + ll;KN‘St

ng=17=— 9uPH 5’ (55)
N1 - T6xN®

which reduces, after use of Eq. (41), to

3 1
=1-——+0(—=) 56
ng N (N3) ( )
where N is the e-folding number defined by Eq. (41) and
the next line. The tensor to scalar ratio r = Py/Pg = 16¢
becomes

r= 9M2H12nf — 9M2H12nf + O( 1 ) (57)
Qu’H?, 3 4 )
KN3(1 _ llgkngt)Z kN N

In our model, they are estimated as

ng = 0.95 for N = 60, (58)
r=42x10"12 for N = 60,
(59)
/-‘(’Hinf == 1074, k= 0.1.

These values are well within the observationally allowed
range so far [15]:

ng = 0.960 £ 0.013, (60)

r<0.22. (61)

We will need to examine other observational tests in the
next step in order to confirm the unified BEC cosmology.
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We will save the sequel of this analysis for our future
papers.

IV. SUMMARY AND DISCUSSIONS

In the previous papers, we developed the BEC cosmol-
ogy to describe DE/DM in a unified manner in LA. In this
paper, we have applied this model to the early universe and
unified EA and LA without introducing new ingredients.

It turns out that the BEC cosmology well fits to describe
inflationary dynamics. Being triggered by the condensation
of bosons in the environment of huge vacuum energy, the
inflation naturally initiates. This inflation autonomously
terminates due to the stagflation stage which inevitably
takes place exactly at zero energy density. At the stagfla-
tion point, particle production and the decay of BEC occur.
The former makes the universe connect to the standard hot
big bang stage and the latter guarantees the vanishingly
small cosmological constant after the inflation. Further, we
have calculated the density fluctuations produced in this
model, which turns out to be in the range allowed by the
present observational data.

There is no artificial fine tuning in realizing the infla-
tionary acceleration and the reduction of the vacuum en-
ergy in our model. The key mechanism to reduce the huge
energy scale of inflation exactly to zero is the stagflation,
i.e. the moment of the cosmic expansion stops (Fig. 2).
This stagflation is quite robust as will be discussed shortly
bellow. In this stagflation era the uniform mode of BEC,
i.e. the energy density of the negative pressure component,
becomes unstable and decays into localized objects
[Eq. (52)]. Even if this decay were not complete, due to
the fact that the decay is completed just before the exact
stagflation point, the universe inevitably points toward the
second stagflation era and the uniform mode further re-
duces and so on until finally the uniform mode of BEC
completely vanishes (Fig. 7). Thus the reduction of the
initial huge energy to the vanishing energy is not due to the
fine tuning by hand but is due to the instability of the
stagflation which is a solution of the Einstein equation
including all the energy density [Eqs. (44) and (51)].

The above mechanism in the early universe sets the
vacuum energy to be exactly zero irrespective of the initial
energy density V. The energy scale of the present accel-
eration is due to the tiny mass scale of the boson, which we
have to assume about 1 eV. However this is not a fine
tuning; it can be 1073 eV or smaller (Ref. [8]). In EA we
have huge cosmological constant V|;, and the boson mass is
negligible. The initial vacuum energy V) is eaten by p,
(Fig. 3) and dissipates into localized objects during the
stagflation (Fig. 7). After the stagflation we have no cos-
mological constant.

Whereas in LA, we have no cosmological constant but
the boson mass is not negligible, and therefore we have a
finite hill in the potential. After possible several BEC
collapses, the condensation flow finally balances with the
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potential force, V' = I'p gqb (Fig. 1). The realization of this
balance is also autonomous, i.e. the attractor (Ref. [8]).

It should be remarked that this stagflation regime is
important to solve several problems in the early universe.
Although this stagflation regime seems to be unique to the
BEC model, it is not true. The stagflation is actually
general and robust in various cosmological models pro-
vided that the potential of the condensation or the inflaton
can become negative. It means that there is no necessity to
adjust the potential minimum as the zero point of energy
from the beginning but it is realized autonomously through
the stagflation. The stagflation is a normal physical mecha-
nism and does not violate any fundamental principles. The
total energy density, for example, is guaranteed to be non-
negative despite the negative potential. Furthermore the
potential unbounded from below for a uniform mode of the
condensation does not mean the catastrophe of the whole
system, but only yields BEC collapse into nonuniform
modes.

In order to demonstrate that the stagflation is a general
mechanism in the universe, we pick up several typical
models of inflation and slightly generalize them by adding
small negative constant term —V;. The models are the
chaotic inflation, the new inflation, and the inflation with
exponential potential. The potentials of them are general-
ized to

1
Vchaotic(d)) = Em2¢2 - Vl’ (62)
1 242 A 4
Vnew(¢) = _Em ¢ + Z¢ - Vl) (63)
Vexponemial(qs) =e ¢ - Vi, (64)

with m?> >0, A > 0, V; > 0. We numerically calculate the
fate of the inflaton field ¢(r) in Fig. 8. In this figure, the
columns show, from left to right, inflation models of cha-
otic, new and exponential potential. The rows show, from
top to bottom, the potentials V(¢), time evolutions of BEC
order parameter ¢(¢), time evolutions of scale factor a(r),
and time evolutions of energy densities (grey line for p,, (1),
solid line for p,(t)) as well as the Hubble parameter
H(r)(dashed line). All of the models show stagflation,
market by arrows in the figure, without any fine tuning.
BEC cosmology seems to be able to describe the two
accelerating stages of the universe in different ways, one is
the early inflationary acceleration (EA) and the another is
the contemporary mild acceleration (LA). The dynamics of
the inflation is triggered by the BEC condensation and the
instability of BEC around the stagflation point guarantees
that the cosmological constant is vanishingly small irre-
spective of the initial vacuum energy. On the other hand,
the contemporary mild acceleration inevitably takes place
from the balance of the condensation speed and the poten-
tial force. Its attractor nature guarantees the existence of
the tiny cosmological constant presently observed. EA
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FIG. 8. Demonstration of the robustness of stagflation in various models of inflation. The columns show, from left to right, chaotic
inflation, new inflation and the inflation with exponential potential. The rows show, from top to bottom, the potentials V(¢), time
evolutions of BEC order parameter ¢(t), those of scale factor a(t), and those of energy densities (grey line for p,(#), solid line for
p (1) as well as the Hubble parameter H(r)(dashed line). All of them show stagflation, market by arrows, without any fine-tuning.

corresponds to the over-hill regime and LA the mild-
inflation regime in the general BEC cosmology [7].

These two acceleration regimes may be connected with
each other by multiple collapses of BEC, as suggested in
Figs. 5-7. In this paper, we have demonstrated the post-
sequence of BEC collapse after inflation and the prese-
quence of it before the final acceleration. These two se-
quences may actually be connected to form a single
sequence of BEC collapse. Unfortunately, the detailed
analysis on this possibility and the mechanism of BEC
collapse itself go beyond the present paper. We will figure
out the dynamics of BEC probably by numerical technique
and report them in the near future.

Novel properties of BEC cosmology in this paper is
realized by the phase transition of BEC, which cannot
directly described by a unitary Lagrangian dynamics. It
will be important to notice that the universe may not be a

mechanical machine whose time evolution is unitary, but
be a whole sequence of phase transitions allowing the
emergence of new structures in various stages. This paper
is also a first proposal for the resolution of the cosmologi-
cal constant problem based on the nonunitary phase tran-
sitions including nonuniform modes of condensation. We
believe the most appropriate method to describe such
incoherent evolution is the generalized effective action
formalism [10] on which we would like to report compre-
hensively in our future paper including various applica-
tions and verifications of BEC cosmology.
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