PHYSICAL REVIEW D 80, 124031 (2009)
Entanglement of a coarse grained quantum field in the expanding universe
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We investigate the entanglement of a quantum field in the expanding universe. By introducing a
bipartite system using a coarse-grained scalar field, we apply the separability criterion based on the partial
transpose operation and numerically calculate the bipartite entanglement between separate spatial regions.
We find that the initial entangled state becomes separable or disentangled after the spatial separation of
two points exceed the Hubble horizon. This provides the necessary conditions for the appearance of
classicality of the quantum fluctuation. We also investigate the condition of classicality that the quantum
field can be treated as the classical stochastic variables.
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I. INTRODUCTION

Inflation provides the mechanism to generate the seed
fluctuation which leads to the formation of the large scale
structure in our present Universe. During the accelerated
expansion stage of the inflationary universe, short wave-
length quantum fluctuations of the inflaton field are gen-
erated by particle creations and then they becomes
longwavelength fluctuations larger than the Hubble hori-
zon by the cosmic expansion. The generated longwave-
length fluctuations are considered as the classical
fluctuations responsible for the origin of structure in our
Universe. The important question is how such quantum
fluctuations change to classical fluctuations; quantum fluc-
tuations must acquire the classical stochastic nature and
transfer to classical density perturbations which lead to the
gravitational instability to form the nonlinear structure in
the Universe. We must explain what kind of mechanism
causes such a quantum to classical transition of primordial
fluctuations [1-8].

In this paper, we aim to investigate this problem from the
viewpoint of the quantum correlation, entanglement. The
entanglement is the specific nature of the quantum system.
When we calculate a correlation function of observables,
we have a possibility that the correlation function cannot
be reproduced using a classical probability distribution
function if the system is entangled and the classical locality
is violated [9,10]. Thus, we cannot regard the quantum
fluctuations as the classical stochastic fluctuations as long
as the system is entangled. If the quantum fluctuation
becomes classical, the entanglement must be lost. We
consider the entanglement of the quantum field between
two spatially separated regions in the expanding universe
and investigate how the quantum fluctuation acquires the
classical nature during inflation. For the quantum field to
behave as the classical stochastic field, it is necessary to
lose the quantum correlation and the classical distribution
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function must appear. The entanglement property for the
general N-partite system is complicated and we do not
have a general tool to treat such a system. For a bipartite
system, however, we have the necessary and sufficient
conditions for the existence of quantum correlation (en-
tanglement) [11-14] and apply this criterion to our
problem.

In our previous work [15], we investigated the behavior
of the entanglement of the quantum field using a lattice
model of a scalar field. We considered the entanglement
between spatially separated two blocks and found that the
bipartite entanglement between these two blocks is lost
after their separation exceeds the horizon length. We also
discussed that the disappearance of the entanglement
yields only the necessary condition for the quantum fluc-
tuation to be classical. For the establishment of the classi-
cality of the quantum fluctuation, the existence of the
classical distribution function which reproduces any corre-
lation function of the quantum field is necessary. We
presented this condition of the classicality in terms of the
symplectic eigenvalue of the covariance matrix [15]. In this
paper, we prepare a bipartite system for the scalar field
using the coarse graining of the quantum field. As the
coarse graining, we introduce the infrared and the ultra-
violet cutoff of the Fourier expansion of the scalar field.
This coarse graining formally corresponds to the stochastic
approach to inflation [16] which derives the quantum dy-
namics of the longwavelength mode of the scalar field as
the classical Langevin equation. We investigate the entan-
glement and the condition of the classicality for the coarse-
grained scalar field. Especially, we concentrate on the
effect of the expansion rate of the Universe and the effect
of the mass of the scalar field on the entanglement. We
further investigate the condition of the classicality and look
for the condition of the appearance of the classical sto-
chastic nature.

This paper is organized as follows: In Sec. II, we first
introduce the concept of the bipartite entanglement and the
condition of the classicality. Then, we define the bipartite
system for the scalar field via coarse graining. In Sec. III,
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we investigate the entanglement of the scalar field in the
Minkowski spacetime. In Sec. IV, we consider the entan-
glement of the scalar field in the expanding universe and
investigate the effect of the expansion rate and the mass on
the entanglement. We further derive the condition for the
classicality. Section V is devoted to the summary and
conclusion. We use units in which ¢ =7 =8nwG =1
throughout the paper.

II. FORMALISM

A. Bipartite entanglement and condition of classicality

In this paper, we focus on a bipartite system composed
of two Gaussian modes. A quantum state p of the bipartite
system is defined to be separable if and only if p can be
expressed in the following direct product form

Spi=1  p;=0 (1)
J

where pj, and p;p are density operators of the modes of
subsystems A and B. If the state of the system cannot be
expressed in this form, the quantum state of the system is
entangled. If the state is entangled, the observables asso-
ciated to parties A and B are correlated and their correla-
tions cannot be reproduced with purely classical means.
This leads to the phenomena peculiar to the quantum
mechanics such as the EPR correlation [9] and the viola-
tion of Bell’s inequality [10].

For a bipartite Gaussian state with two modes, we have
the necessary and sufficient conditions for the separability
and we can judge whether the system is entangled or not
using these criteria. We adopt in this paper a criterion based
on the partial transposed operation for a bipartite system
[12—-14]. The canonical variables and the commutation
relations for the bipartite system with two modes are ex-
pressed as

p= ij.bjA ® pjp
J
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The Gaussian state is completely specified by the following
covariance matrix

Vik = %(gjék + ék$j> = %Tr((éjék + ékéj)ﬁ) €]

where we assume the state with (& ;> = 0. For a physical
state, the density matrix must be non-negative and the
corresponding covariance matrix must satisfy the inequal-

ity [13]

where
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which is the generalization of the uncertainty relation
between two canonically conjugate variables. The separa-
bility of the bipartite Gaussian state is expressed in terms
of the partially transposed covariance matrix V obtained by
reversing the sign of party B’s momentum. The necessary
and sufficient condition of the separability is given by the
inequality [13,14]

?+%QEQ (6)

which represents the physical condition for the partially
transposed state.

The covariance matrix can be diagonalized by an appro-
priate symplectic transformation § € Sp(4, R), SQST =
Q as follows: [17,18]

SVST = diag(vy, vy, v, v_), v, =v_=0, (7)

where v. are symplectic eigenvalues. In terms of sym-
plectic eigenvalues, the physical condition (5) can be ex-
pressed as

v. =

=

and the separability condition (6) can be expressed as

- 1

v_ = 2 (8)
where 7 represents the symplectic eigenvalue of the par-
tially transposed covariance matrix V. The logarithmic

negativity which measures the degree of the entanglement
is defined by

Ey = — min[log,(27_), 0]. 9)

If Ey > 0, the bipartite system is entangled. If Ey = 0, the
bipartite system is separable.

For the establishment of classicality of the bipartite
system, the separability condition (8) is necessary but not
sufficient. The separability only means disentanglement of
quantum correlations. For the classicality, the quantum
expectation values of any operators must be reproduced
by an appropriate classical distribution function. Then
classical stochastic variables can mimic the original quan-
tum dynamics. We have discussed in our previous paper
[15] that the condition for the symplectic eigenvalue

>4 (10)

is required for the system to be regarded as classical. If the
system is separable, there exists a positive normalizable
function called the P function [13,14,19]

1 1
P(§) = mx/detPexp(— §§TP§)’ (11)

-1
P= (V + %QSTSQT) ,

124031-2



ENTANGLEMENT OF A COARSE GRAINED QUANTUM ...

where § € Sp(2, R) ® Sp(2, R) is the local symplectic
transformation of each party and transforms the covariance
matrix V to the following standard form [14]

ar cr
alr c/r
VII = SVST = / / ,
cr ar
/
c/r a/r (12)
a—|c|
r= .
a—|cl

Using the P function as a distribution function, it is pos-
sible to calculate the quantum expectation value of the
normally ordered product of any operators

CFGn P G D)) = [ dqsdpadqsdpy

X P(qa» P> 95, PB)

X F(qa, Pa> 98 PB)- (13)
If the condition (10) is satisfied, the P function acquires the
feature of the classical distribution function; the quantum
expectation value for any operators can be reproduced by
using the P function as the distribution function. This
implies that noncommutativity between operators becomes
negligible.

B. Entanglement of the quantum field

We consider a massive scalar field in the spatially flat
expanding universe. The metric is

ds®> = —dt* + a*(t)dx? = a’(n)(—dn? + dx?). (14)
The equation of motion for the scalar field is
Cl//
o+ <m2a2 - —)qo -V =0 (15)
a

where / denotes the derivative with respect to the conformal
time 7). To define the bipartite system for the scalar field,
we introduce the coarse-grained scalar field using a filter
function in k space. That is, we only include modes with
ko = k = k. in the Fourier expansion of the scalar field.
The lower bound kg is the infrared cutoff and corresponds
to the system size. The upper bound k.. is the ultraviolet
cutoff and this value determines the resolution of the
measurement. The quantized field ¢ and its conjugate
momentum p can be expressed as

&Pk
WWOH(k — ko)0(k, — k)

X (fréy + frat,)es,

o(n,x) =

(16)
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3
pnx) = [ S Wable — koot — ()

X (gl — gpal e,

[ax,, af ] = 83 (k; — k), (17)

where W is a normalization constant of the filter function.
The mode functions obey

a//
i+ (k2 + m?a? — —)fk =0,
a
. a (18)
8k = l(f;'{ - —fk),
a
fe&r t g =1

The commutation relation between the coarse-grained
fields (16) and (17) becomes

iw2
(@m0, plm, 22)] = 5 505 [(sinker) = (ko) cos(her)
~ Gin(kor) = (ko) costhor)}

r= |x1 - x2|. (19)

For kg = 0, k. = oo, W = 1, the ordinal equal time com-
mutation relation is recovered

[¢(n, x)), p(n, x2)] = i8°(x; — x,). (20)

As our purpose is to define the bipartite system for the
quantum field, we specify two spatial points x;, x, and
define the phase space variables using the scalar field at
these points:

e
:_ | Pxy
£ &(x)

plxy)

21

The variables (&(x;), p(x;)) and ($(x,), p(x,)) correspond
to each mode of the bipartite system. For these variables to
satisfy the condition of the bipartite system (2), the com-
mutation relation (19) must vanish for x; # x, and equals
to be i for x; = x,. The latter condition gives the normal-
ization of the filter function

W2 — 67
0= :
e

To analyze the former condition, we consider the following
equation

f.(x) = (sinx — xcosx) — (sincx — cxcoscx) = 0,
0=c=1 (22)

Let x, = x¢(c) be the solution of this equation. As shown
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FIG. 1 (color online).
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The function xy(c). Each line corre-

in Fig. 1, the function x,(c) is the multiple valued function
of ¢ and

1’ 2’ 3’ e
(23)

Xo = X, (), Xon(1) = nr, n=

To make the commutation relation vanish at r # 0, the
distance r must satisfy the following equation

k
kr= xo(k—o), ko = k.. (24)

Conversely, for any given two points with r # 0, this
relation provides the scale of the coarse graining ky/k,
which defines the bipartite system for the variable (21). In
other words, if we specify the distance between spatially
separated two points, at which we want to observe the
quantum correlation between them, the scale of the coarse
graining of the scalar field is determined by the relat-
ion (24). If this condition is satisfied, a measurement of
the scalar field as the bipartite system becomes possible.
We rewrite Eq. (24) as

k()r = 6)(0(8) (25)
where
ko
5=—, 0=6=1
ke

determines the scale of the coarse graining. For 6 =
1(k, = k), the distance is maximum

k()rmax = )C()(]) = nm. (26)
As the value r,,, corresponds to the system size related to

the infrared cutoff k,;, we must set n = 1. Hereafter, we
adopt the smallest branch x; as the function x,(c).
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The correlation functions of the scalar field are given by

&1 = 3P0 p () + Ber)p(x)

w2 k
[ dkk2(sm r>|fk|2
T ko

= —<ﬁ(x1)f7(x2) + plxy) plxy))

w3 sinkr
dkk2< ) 2
277_ " r |g kl (27)

c3 = —<¢(x1)f?(x2) + plxy)@(xy))

w3 sinkr .
=3 [ aue(SE0) ki~ Fiso)

a; = c,(r=0),

a, = c,(r =0),

ay = c3(r =0).

By changing the integral variable to z = k/k., we have
_ 3 b 2 2
1 = W ,[5 dzz Jo(xo(5)2)|fk(77)|k:koz/5,

3 1 :
€ = 1-8° /; dZZZJo(x0(5)Z)|gk(77)|i=k‘]z/5, (28)

es = s [ i@ 5 (i)
- f;:(’?)gk(n))lk:koz/ﬁ-

They are components of the 4 X 4 covariance matrix (4)
o A C [ a as
V_<C A>’ 4 (613 az)’
cz("l @)
3 O

Using these components of the covariance matrix V, the
symplectic eigenvalues are expressed as

2a3¢5],

(29)

(v_) =aja, — a3+ cjc; — 3 —lajey + azey —

(7_)* = ajay — a} — cic + ¢ — |(ayc; — ayey)?

+ d(a c; — aze))ayes — azey)|V (30)

III. ENTANGLEMENT OF THE QUANTUM FIELD
IN THE MINKOWSKI SPACETIME

As an application of our formalism, we first investigate
the entanglement of the massive scalar field in the
Minkowski spacetime. The mode function for the vacuum
state in the Minkowski spacetime is
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FIG. 2 (color online). The relation between the spatial distance
r and the logarithmic negativity Ey [log plot of Ey(r)]. Each line
corresponds to the different value of the mass m/ky = 0 (blue),
10 (red), 20 (yellow), 40 (green) (top to bottom). The inset is the
same plot in the small » region and shows exponential decay of
Ey. The decay rate depends on the mass m in the small r region.

1 . w _,
fk — e—ta)t’ & = i‘/:e—l(ul’
V2w 2 31)
w = VK + m2.

The correlation functions are

252 1/2
€ = 2ko ] _53f dzz Jo(xO(é)z)<z + ) :
3k 82\1/2
=0 +
o= s [ i@ ko) ,
Cc3 = 0.

The relation between the distance r and the logarithmic
negativity is shown in Fig. 2. For any value of m, as the
distance increases, the logarithmic negativity monotoni-
cally decreases but does not become zero. This implies that
the Minkowski vacuum is always entangled. For r < r,. =
1/m, we observe that r dependence of Ey is given by

Ey~e /" (32)

and the exponential decay rate is proportional to the mass
m (see the inset of Fig. 2). The entanglement concentrates
in the region with the size of the Compton wavelength
~1/m. For r, < r < 1, the decay law is

Ey~e "/ (33)

where r, is a constant independent of mass m. In this
region, the decay rate of the entanglement is the same for
different values of m including the massless case.
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IV. ENTANGLEMENT OF THE QUANTUM FIELD
IN THE EXPANDING UNIVERSE

We investigate the effect of the expansion rate of the
Universe and the scalar field mass on the entanglement of
the coarse-grained scalar field. We assume the following
power law expansion of the Universe

a(t)=<l+%),

The conformal time is given by

1 Hor\1-
n=[’ﬂ=——p [(1+—°t) p—1], (35)
oa Hyl—p P

and in terms of the conformal time, the scale factor is

p/(1=p) 1
a(n) = (1 + 1) , Ny = — —f . (36)
Mo Hyl—-p

p>1,  Hy>0. (34

For the accelerated expansion p > 1, we have —o0o < 7 <
— 1o and in the limit of p — oo,

lima = = exp(Hyt).

1
p—® 1-— Ho’T]
We set the initial time and the initial scale factor as t =
n =0and gy = 1.
We choose the cutoff parameter for the coarse graining
of the scalar field as follows

k. = meaH = 7T€H0<1 + i) l,
Mo

At the initial time t = 1 = 0, we prepare the spatial region
with the size H; ! and investigate how the entanglement of
the scalar field between the spatially separated regions
evolves as the Universe expands. We introduce the parame-
ter € to specify the scale of coarse graining and this
parametrization is conventionally used for the stochastic
approach to inflation [16]. In our analysis, this parameter
must satisfy

ko = 7THO. (37)

Ho =€ (38)
aH
which comes from ky, = k.. The value € need not be
smaller than unity that is usually assumed for the stochastic
approach to inflation. We calculate the symplectic eigen-
value 7_ as a function of the physical distance

1 H,
rphys = dar = el xO(Ea_H) (39)

and the e-folding N = In(a/a,). What we are interested in
is the condition of the separability (8) and the classicality

(10). We plot these conditions in the (r,ys, N) space.

A. The effect of expansion rate on the entanglement

We first investigate the effect of the expansion rate of the
Universe on the entanglement of the massless scalar field.

124031-5
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In our previous paper [15], we used a lattice model of the
massless scalar field and found that the bipartite system
becomes separable when the size of the spatial region
exceeds the Hubble horizon. We aim to confirm this be-
havior for the accelerated universe with the power law
expansion. The mode equation for the massless field is

2 1/4 13p — 1\2
,Z+<k2—7a /2>fk=0, a2=—(p )
(n + no) 4\p—1

T P fk )
8 l(f" 1—pn+ny)

(40)

As the quantum state of the scalar field, we choose the
Bunch-Davis vacuum state, the mode function is given by

Nz

fi = Tei(2a+1)”/4(—(77 + o)) 2HY (= k() + 1)),

(41)
=~ T~ )2
X HY (—k(n + n)). (42)

We first present the spatial dependence of the logarith-
mic negativity Ey at the e-folding N = 10 for the power
index p =100, 10, 5, 3 (Fig. 3). Ey decays as r,
increases and becomes zero at rypye = Fgeparable- FOT large
spatial separation rgparable < Fphys>» £y = 0 and the system
is separable. We numerically check that the p dependence
of r separable is given by

phys

_ N _
rseparable = H() ! exp(;) =H 1- (43)

Fphys

FIG. 3 (color online). Spatial dependence of the logarithmic
negativity at N = 10 for the massless field. The distance rppy is
in the unit of Hy . Ey goes to zero at Tphys = Tseparable- EacCh line
corresponds to p = 100 (blue), 10 (red), 5 (yellow), 3 (green)
(left to right).
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Hence, the horizon scale gives the scale of the separa-
bility and this result is consistent with our previous analy-
sis using a lattice model [15].

In Fig. 4, we show the behavior of the symplectic
eigenvalue (7_)? in the (rynys, N) space for the power index
p = 100, 10, 5, 3. For the Universe with the power law
expansion, the horizon scale H~' changes with time. We
observe that the line of the separability condition (#_)> =
1/4 asymptotically coincides with the horizon line (the
thick solid line). When the distance between two points is
smaller than the horizon H !, they are entangled and they
become disentangled after their separation exceeds the
horizon length. This behavior of disentanglement does
not depend on the expansion rate p and the condition of
the separability is determined by rp,,, = H ~1. Thus, for
any value of p > 1, for a sufficiently large value of e-
folding, the boundary between separable and entangled
regions coincides with the horizon line H~!. This means
the accelerated expansion of the Universe or the existence
of the horizon determines the property of the separability
of the massless scalar field in the expanding universe.

The line (#_)*> = 1 giving the criterion of classicality,
asymptotically approaches several times larger than the
horizon scale. In the region (#_)? > 1, the noncommuta-
tivity between canonical variables can be neglected when
we evaluate the expectation values of operators and bec-
consistent with the result obtained in the previous analysis
for the behavior of the each comoving wave mode [1,5-8];
for superhorizon scale quantum fluctuations, the noncom-
mutativity between canonical variables becomes negligible
because the growing mode solution is dominant and we can
neglect 7 in the uncertainty relation. We confirmed the
equivalent condition for the classicality from the condition
of the existence of the classical distribution function and
the symplectic eigenvalues.

B. The effect of the mass on the entanglement

We next investigate the effect of the mass of the scalar
field on the entanglement. For the massive scalar field in
the de Sitter spacetime (p = o), the mode equation be-
comes

2 1/4 9 m?
PRSI S
(n + 7o) 4 0 (44)
} fx 1
N PR
¢ o+ 0 H,

Assuming the Bunch-Davis vacuum state, the mode func-
tion is given by

N

fio= LT e DT (g 4 30)) P (K + )
(45)

124031-6
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10

Tphys Tphys

FIG. 4 (color online). The value of the symplectic eigenvalue (#_)? in the (Fphys» N) space for the massless scalar field in the Universe
with power law expansion. The distance r, is in the unit of Hjy ! Each panel corresponds to the different expansion rate p = 100, 10,
5, 3 from the top left to the down right. The contour lines (#_)> = 0.25, 1.0, 1.5 are shown. The dark green region corresponds to
(#_)*> < 1/4 and the system is entangled in this region. The light green region corresponds to 1/4 < (#_)?> < 1 and the system is
separable but the classicality condition is not satisfied. The pink region corresponds to 1 < (#_)?. The blue solid line is 7y, = H !
(horizon scale) and the black solid lines represent different comoving scales.

phys

8k = "\/Tgei(zaﬂ)”/“(—(n + 7)) 1/2
3
xKa—9H9eﬂn+m»+mn+m>

XHﬁﬁ—Hn+n&ﬂ- (46)

Ex

Figure 5 shows the spatial dependence of Ey at N = 10
for m?/H§ = 0, 1/4, 1/2, 1. Ey decays as ryyy, increases
and becomes zero at rpnye = Feparable- FOT large spatial
separation Fyeparapie < 'physs Ex = 0. We observe that the

mass dependence of rpqrabie 18 given by

n n
0.0 0.5 1.0 15 2.0 25 3.0
Fphbys

2
m

-1/2
T'separable ~ H()_1<1 — Cp —) , Co ~~ 1.4. (47)

FIG. 5 (color online). Spatial dependence of the logarithmic
negativity at N = 10 for the massive scalar field in the de Sitter

spacetime. The distance ry, is in the unit of Hy!. Each line

For m # 0, reparaple does not coincide with the horizon hys

scale H, !, which is the characteristic scale of the disen-
tanglement for the massless scalar field. The mass depen-

corresponds to m*/H3 = 0 (blue), 1/4 (red), 1/2 (yellow), 3/4
(green), 1 (blue) (left to right).
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dence (47) of rgeparale €an be understood as follows. Let us
recall the form of the mode equation (18). The mode
changes its behavior depending on the following wave
numbers:

(48)

For k > k., the mode behaves oscillatory and for k < k.,
the mode becomes unstable and frozen. This critical wave
number corresponds to the physical length

1 m2\~-1/2
=_(1 __) .
H, 2H}

If the physical wavelength of the scalar field is smaller than
this length, the scalar field behaves oscillatory and then
becomes frozen after its wavelength exceeds r. by the
cosmic expansion. For the massless case, r, coincides
with the horizon length H~' and the nonzero mass in-
creases the length r,. Our numerical result (47) indicates

(49)

10

PHYSICAL REVIEW D 80, 124031 (2009)
(50)

T'separable = T

Figure 6 shows the (rpys, N) dependence of the sym-
plectic eigenvalue (#_)>. For the massless case, for the
sufficiently large value of the e-folding, the system be-
comes separable after the physical distance between two
points exceeds the horizon H,, !. As the mass increases, the
line (#_)?> = 1/4 representing the separability condition
deviates from the horizon line H ! as expected from (50).
The line #_ = 1, which gives the criterion of the classi-
cality (10), corresponds to the scale 6 ~ 7 times larger than
the horizon size.

We compare this behavior of the mass dependence on
the entanglement with the Minkowski case. For the
Minkowski spacetime, the characteristic size of the en-
tangled region is given by the Compton wavelength 1/m
and this size decreases as the mass increases. For the
de Sitter case, if we consider a sufficiently small region
compared to the horizon length, we can neglect the effect
of the cosmic expansion and the behavior of the entangle-

10

10

0 5 10 15 20

Tphys

FIG. 6 (color online).
spacetime. The distance rppy

The (rphysr

Tphys

N) dependence of the symplectic eigenvalue (#_)? for the massive scalar field in the de Sitter
is in units of H; . Each panel show (#_)? for m?/H3 = 0, 1/4, 1/2, 1 from the top left to the down right.

The contour lines (#_)> = 0.25, 1.0, 1.5 are shown. The dark green region corresponds to (#_)?> < 1/4 and the system is entangled.
The light green region corresponds to (#_)> > 1/4 and the system is separable. The pink region satisfies the condition of the
classicality (#_)*> > 1. The black solid lines represent the different comoving scales. The line (#_)> = 1/4 deviates from the horizon
scale H, I (the blue solid line) as the mass increases.
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FIG. 7 (color online).
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T T T T T T T T

The dependence of the comoving scale 6 of the symplectic eigenvalues for the massive scalar field in the

de Sitter universe. The left panel shows (»_)? (the upper line) and (#_)? (the lower line) at N = 2. The right panel is at N = 5. The
mass of the scalar field is m*/H} = 1/4. At any time, 5 > 1/2 for 1/a <8 = 1.

ment is the same as the Minkowski case. For larger scales
T < Iphyss the system becomes separable and this disen-
tanglement behavior does not occur in the Minkowski
spacetime. The size of the entangled region is larger than
the horizon scale and increases as the mass increases. We
expect that this behavior of the entanglement is related to

the causal structure of the de Sitter spacetime.

C. Classicality condition and scale of coarse graining

In this subsection, we discuss the relation between the
classicality and the scale of coarse graining. As we have
already observed, the coarse graining with a sufficiently
large scale leads to #_ > 1/4 and the system becomes
classical. To investigate the effect of the scale of coarse
graining on the classicality, we plot the symplectic eigen-
values as the function of 8§ = k/k, in Fig. 7: The relation

between § and the coarse-graining parameter € is

As the physical distance is

ar = ()~ (52)
meH “\eaH eH
o represents the comoving scale of the bipartite system.
For the super horizon scale H,/(aH) < 8 = 1, as we have
already confirmed, the separability condition (#)> > 1/4 is
satisfied. For late time a >> 1, the classicality condition
(#)> > 1/4is also satisfied for a wide range of the comov-
ing scale 6. However, as is shown in the right panel of
Fig. 7, for too large a value of &, the classicality condition
is not satisfied as v, ¥ are decreasing functions of 6 for 6 ~
1. Thus, we have the maximum scale of the coarse graining
to retain the classicality. We can estimate this scale using
the asymptotic form of the correlation functions (28) and
the definition of the symplectic eigenvalue (30). Assuming
the large scale coarse graining € < 1, we obtain the fol-

_ Hy lowing asymptotic form of the symplectic eigenvalue v and
o0=——=1 5D
eaH 7 for the massive scalar field in the de Sitter spacetime:
|
S)ta—4 = (1)2 for 6 ~ 0),
Vv, 07~ (Czltazzt (5) | _ _4m?/(3H2) 12 4 1 (for : (53)
a (1—=208) +;=€"/BM(a—2>+; (for 6~1)
where we have used a =~ 3/2 — m?/(3H3), m*/Hj < 1. e 3HY/Cm) ¢ (55)

For the small comoving scale é ~ 0, the classicality con-
dition #> > 1/4 requires € < 1 and this is consistent with
6 ~ 0 provided that a > 1 (late time). Thus, sufficiently
large scale coarse graining € < 1 is necessary to obtain the
classicality of the scalar field. For the large comoving scale
&~ 1, to keep > > 1/4,

1 < €2m2/(3H(2’) — eZmz/(3H§)lne (54)

is necessary and this yields the lower bound of e:

Therefore, we need the following condition for the coarse-
graining parameter to guarantee the classicality of the
coarse-grained field

e /) & e 1. (56)
For the massless scalar field in the Universe with a power
law expansion, we have

124031-9
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Hy

where we have used @ = 3/2 + 1/p, p > 1. The condi-
tion #2 > 1/4 leads to

exl. (58)

The conditions (56) and (58) for the coarse-graining pa-
rameter € are the same as the ones that appeared in the
stochastic approach to inflation [16,20,21] to ensure the
amplitude of the stochastic noise is independent of the
coarse-graining parameter. With these conditions, the sto-
chastic calculus based on the Langevin equation reprodu-
ces the field theoretic result of expectation values.
However, in the context of the stochastic approach, it
was not clear why these conditions guarantee the validity
of the stochastic approach. From the view point of the
entanglement and the classicality of the quantum field,
the conditions (56) and (58) are equivalent to #> > 1/4;
with this condition, the coarse-grained quantum field be-
comes separable and there exists a classical distribution
function which reproduces the expectation values of the
original quantum system. In other words, we have appro-
priate classical stochastic variables or stochastic processes
that mimic the original quantum dynamics. This supports
the validity of the stochastic approach which treats the
quantum field as the classical stochastic variables.

V. SUMMARY AND CONCLUSION

We investigated the behavior of the bipartite entangle-
ment of the scalar field in the expanding universe. To define
the bipartite system for the quantum field, we introduced
the coarse graining of the scalar field. In our formalism, the
scale of the coarse graining corresponds to the spatial
distance between two points at which we want to measure
the bipartite entanglement. This defines the bipartite sys-
tem with the two mode Gaussian state and we can judge the
separability of the system by the criterion based on the
partial transpose operation.

For the massless field, the disentanglement occurs when
the scale of the coarse graining equals to the horizon length
H~!. The horizon scale determines the causal structure of
the accelerated expanding universe and two points are
causally disconnected beyond this scale. We have con-
firmed that the quantum correlation or the bipartite entan-
glement disappears beyond this scale for the massless

alfyta=4(] — §)2 + 1= 674/17(% =12 +1 (for6~1)
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(for & ~ 0), 57

|

scalar field. This disentanglement behavior is necessary
for the quantum field to acquire the classical nature. With
inclusion of the mass of the scalar field, we found that the
mass increases the scale of the disentanglement. The sys-
tem becomes separable when the oscillatory behavior of
the mode function stops and changes to be frozen. This
scale is larger than the horizon length and corresponds to
the sonic horizon which discriminates the behavior of the
mode function. After the disentanglement occurs and the
system becomes separable, the classicality condition is
satisfied at a sufficiently late time or for sufficiently large
scale coarse graining. We derived the condition for the
scale of the coarse graining needed to satisfy the classi-
cality condition at late time and found that the upper and
the lower bound for the coarse-graining parameter. These
bounds are equivalent to ones that appeared in the stochas-
tic approach to inflation to guarantee the cutoff indepen-
dence of the stochastic dynamics of the scalar field.

After the classicality condition is satisfied, it is possible
to calculate the quantum expectation value of any operators
using the classical distribution functions such as the P
function and the Wigner function. However, this does not
mean that the information on the quantum correlation or
the entanglement before the classicalization is lost. The
remnant of the quantum correlation is encoded in the
classical distribution function and this is responsible for
the origin of structure in our Universe. It will be interesting
to investigate the relation between the classical stochastic
property of the fluctuation after the classicalization and the
encoded quantum correlation. The analysis towards such a
direction will make clear the mechanism of the quantum to
classical transition of the quantum fluctuation in the infla-
tionary universe.
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