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I investigate quantum decoherence in a one-body density matrix of a composite particle consist-
ing of two correlated particles. Because of the two-body correlation in the composite particle,
quantum decoherence occurs in the one-body density matrix that has been reduced from the two-
body density matrix. As the delocalization of the distribution of the composite particle grows,
the entanglement entropy increases, and the system can be well described by a semi-classical
approximation, wherein the center position of the composite particle can be regarded as a classi-
cal coordinate. I connect the quantum decoherence in the one-body density matrix of a composite
particle to the coarse graining in a phase space distribution function of a single particle and
associate it with the Husimi function.

Subject Index D10

In recent decades, quantum entanglement has attracted a great deal of interest in various fields.
To estimate correlations in quantum systems, entanglement measures such as the entanglement
entropy (EE) have been intensively studied [1-9]. Many entanglement measures are defined by
reduced density matrices which describe the structure of the Schmidt decomposition and contain
information about entanglements in quantum systems. In entangled states, the EE is produced by
quantum decoherence caused by a reduction in the number of degrees of freedom (DOF).

In nuclear systems, many-body correlations are essential features in various phenomena. In light
stable nuclei, « clusters are formed by four species of nucleons, spin-up and -down protons and neu-
trons, because of the four-body correlation as known in 3Be and ’Ne having 2« and '°0 + « cluster
structures. Concerning two-body correlations, deuteron and dineutron correlations, which are the
two-nucleon pairing in the isospin 7" = 0 channel of a proton and a neutron and that in the 7 = 1
channel of two neutrons with strong spatial correlations, are recent hot subjects in unstable nuclei.
To measure many-body correlations, a one-body density matrix p(!) can be useful. Uncorrelated
(non-entangled) states satisfy p(1) = { o }2, and therefore correlations can be measured by anal-
ysis of p1. In this sense, the EE for the one-body density matrix is a promising measure to probe
many-body correlations. In my previous papers, I calculated entanglement measures of the one-body
density matrix in nuclear systems [10,11] and showed that the EE is enhanced by the delocaliza-
tion of the distribution of clusters, which are composite particles of spatially correlated nucleons.
The enhancement of the EE is consistent with the entanglement in composite particles described
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by deformed oscillators in Ref. [12]. My first aim in the present paper is to understand how quan-
tum decoherence occurs and how the EE is produced in the one-body density matrix of correlating
particles.

Quantum decoherence—that is, the quantum entropy—has also been investigated with the coarse
graining of distribution functions in a phase space. The Husimi function [13—15] is known to have
finite Wehrl and Rényi—Wehrl entropies [16,17] because of the coarse graining by a Gaussian smear-
ing of the Wigner function. It has been shown that the Wehrl and Rényi—Wehrl entropies are increased
by delocalization of the distributions in quantum systems [18-21]. Campos et al. have discussed a
correlation between the EE and the Rényi—Wehrl entropy in entangled states [21]. One of the funda-
mental questions in quantum physics is how the quantum decoherence in the reduced density matrix
of entangled states can be connected to the coarse graining of distribution functions. My second
aim in this paper is to understand the correspondence between the quantum decoherence in the one-
body density matrix of correlating particles and the coarse graining in the Husimi function of a
single-particle state.

In this paper, I investigate the EE of the one-body density matrix of a two-body system in which
two particles are strongly correlated to form a composite particle, and I discuss how quantum deco-
herence occurs in the reduction of the DOF. To describe two-body wave functions, I adopt a cluster
wave function in the generator coordinate method in nuclear physics [22,23]. Let us consider a sys-
tem where two particles (c1 and c2) with masses m and um form a bound state with an attractive
inter-particle force. I assume that the bound state is described by the lowest state of a harmonic oscil-
lator (ho) potential and can be approximately treated as an inert composite particle, where intrinsic
excitations cost a relatively high amount of energy compared with the center of mass (cm) motion of
the composite particle. In this approximation, a total two-body wave function is given as

v = /dsF<s>|s; bils: ba)a. )

<r,-|s; b)l. = exp |:—2—l1)2(r,- — s)z] /<b271>1/4, )

where by = b/\/u, and <\IJ(2)|IIJ(2)) = 1. r1 (rp) is the coordinate of cl1 (c2). Here, I describe the
one-dimensional case, but the present model can also be extended to the three-dimensional case.
|s; b)1ls; by)o indicates the composite particle localized around the mean position s, and W@ is
given by the superposition of different s states with the weight factor F'(s). We should comment that
the present model for the two-body wave function gives the one-body density matrix of c1 equivalent
to the one-body density matrix for a cluster composed of (1 + u) particles with the equal mass m.
|\IJ(2)> can be expressed by the cm motion and the intrinsic wave functions as

(W @) = |G (R) ini (1), 3)
F 1
(RI06(R) = [ s enp [—W(R _S)Z] @
b¢ G

with the cm coordinate R = u1ry + uzrp (u1 = 1/(u + 1) and ur» = u/(u + 1)), the relative coor-
dinate r = r; — rp, and bg = Ju1b. Here, (r|¢in(r)) = exp [—%b%rz] /(bfn)l/4 with b, = b/ /u>
is the lowest intrinsic state for the ho potential, Upo (i, by; 1) = —h2r? / 2,ubf, with . = upm. Thus,
general low momentum states of the inert composite particle can be expressed by the form (1), in

which the cm motion ®(R) is expressed by the shifted Gaussian expansion as given in Eq. (4).

2/8

9T0Z ‘Z 1800100 U0 A1SBAIUN 010AY ‘9IN11ISU| J01Jeay Uoteasay Jo Ariqi e /Bio'sfeulnolpiolxo-deid//:dny wouy papeojumoq


http://ptep.oxfordjournals.org/

PTEP 2015, 051D01 Y. Kanada-En’yo

The one-body density matrix pw(z) for cl is defined by the matrix reduced from the many-body
density matrix ,0(2) ‘\If(z)> <\P(2)‘ as ,0(1) =Tr, [,o v (2)] and is given as

v w@ —
P = f dsds'F*(s') F(s))2(s": bals: ba)als: by (s bl, 5)
F*(s')F(s)
(1) ~(1)
p\p(z) (QL q1 <C]1‘p\y(2) C]1> /ds dS/W
u 2 2 1 2
xexp[ 4b2(s—s) ]exp[ 2b2(q1_ —2—[92(41’ s/) i|’ 6)

where Trﬁl(l,l?z) = 1. Note that ,o\p(z) for u = 3 equals the one-body density matrix of an « cluster

composed of four nucleons with an equal mass investigated in previous papers [10,11]. The Wigner

transformation (Wigner function) of p\(;()z) is

i
p (/0\(1,()2)"]1,171> /d77<q1+ =850 a1 — >exp[_%]
F*(s")F(s) u 5
:2/deS/WCXp [—m(s _s/) ]
B 21 ) b ih 2
Xexp[_zbZ(m_s) ~ (=) _ﬁ{pl_@(s‘s/)} }

The Rényi EE of order 2 (Rényi-2 EE) and von Neumann EE for ¥® with the one-body density

G| .
matrix ,o\(p ()2) are given as

5% (o $<)2>) —In < [{pr]()z)}zD = —In (/ dmdpl{pw(ﬁ$32>;q1,p1>}2), )
SVN( $22)> —Tr [p \;()Q)IH ,5\(;()2)] )

The latter equality in Eq. (8) generally holds because of the definition of the Wigner transformation.
IfpWV (,6\(111()2) 3q1, P 1) > (0 1is satisfied in the entire phase space, I can consider the phase-space Shannon

dqgd 1
entropy S5 (p(q. p)) = — [ %L p(q. p)ln p(q. p) for p¥ (541 1. p1) as,
— ~(1 ~(1
gW—sh (P\(I,()n) _ gSh <:0W(:0\(y<)2>; an, Pl)) ’ (10)

which I call the “Wigner—Shannon EE.”

~(1)
w2

and produces the EEs because of the factor (s'; ba|s; ba)2 = exp [ — yrel (s — s’)z], which originates

in the reduction of the DOF of ¢2. Indeed, in the case of u = 0, without this factor, p) = {,6(1) }2
and the Rényi-2 and von Neumann EEs are zero, corresponding to a pure single-particle state.

In the one-body density matrix o, and its Wigner transformation, quantum decoherence occurs

Let us consider a semi-classical approximation of ﬁf;()z). The factor exp [— W (s —s ) ], which
is the source of the quantum decoherence, has a sharp peak around s’ ~ s with a width 2b/./u.

I assume that the function F(s) is a slowly varying function compared with exp [ 4b2 (s —s )2],
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and it can be approximated as F (s/ ) ~ F(s). Then I obtain a semi-classical approximation,

2
(1) NS / | f(s)] 1 I 2
s ~ s = d _— —_— — —_ —= — 11
Py (a1:41) &y (415 41) / s (b%n)l/z exp 27 (g1 —s) 2 (g1 — ) (11)
where f(s) o« F(s) whose normalization is determined by [ dql,ol(yl()z’)Cl (q1,q1) = [ds|f(s)|* = 1.
This corresponds to

A~ LDl
Pl = Py = f ds| f ()15 by)11(s: by . (12)

In the large u limit—that is, the large c2 mass limit— p(q1, ¢1) — (g1, ¢}) and b, — b, and the
parameter s and the squared amplitude | f (s)|? are regarded as a classical coordinate and a classical
distribution of the second particle (c2), respectively. Note that, even in the large u limit, |s); and
|s’)1, which are states of the first particle (c1) parametrized by s and s’, are not orthogonal to each
other for s # s’ because of the quantum fluctuations of the c1 position around the second particle.
Therefore, we call Eq. (12) a “semi-classical approximation.”

We should comment that in the large m limit, that is, the large mass limit of the two particles c1 and
c2,|s)1 and |s"); become approximately orthogonal to each other for s # s’, and Eq. (12) corresponds
to the Schmidt decomposition meaning that the system corresponds to a classical system with the
distribution probability P (s) = | f(s)|2. In this classical limit, the von Neumann EE is given just by
the Shannon entropy in the coordinate space for the classical value s as SYN — — f dsP(s)InP(s).
This relation of the von Neumann EE to the coordinate-space Shannon entropy in the classical limit
corresponds well to the work discussed for Ising models in Ref. [26].

In the semi-classical approximation given by Eq. (12), the Wigner function is approximated as

pw(ﬁ(l) g1 Pl) S Z/dSIf(S)IzeXP [—i(s —q1)* — b_sz} (13)
w91 b2 2P|

which is positive semidefinite. Using ,63()2’)0] I also define the EEs in the semi-classical approximation:

A(1),cl - —Sh( ()¢l
SR2.cl _ SRZ(Pq,(z)C) and SW—Shcl — ¢W Sh(pq}(z)c )

As a simple example, I first consider the zero-momentum state of the composite particle in a
finite volume V described by a constant F(s). I assume that V > b and the contribution of the
box boundary can be ignored, and obtain

1 1
) 2
:0\;,(2)(611,611) =7 P [—@(6]1 - q1) ], (14)
2b, /2 b?
A(1
M) =25 e [-] "

In this case, pfpl()z) (ql, qi) = p\(pl()z’)c ! (ql, qi) is satisfied. The Rényi-2, von Neumann, and Wigner—

Shannon EEs are
SR2 = In Vegr — $In (27), (16)
SN = gW=Sh — gR2 L 1(1 —1n2), (17)
where Vs = V /b, denotes the effective volume size for the cm motion. These results are not valid
for a small V¢ because of the box boundary.
The one-body density matrix is diagonalized in the momentum space with a Gaussian distribution,
2
exp [— Z—g p%] This indicates that the one-body density matrix of a free composite particle is equiva-

lent to the thermal state of a single particle at finite temperature kT = h?/2mb?. The temperature is
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of the same order as the mean kinetic energy, i>/2mb?, of constituent particles confined in the com-
posite particle. Strictly speaking EEs are not thermodynamic entropies; however, by associating the
one-body density matrix of the free composite particle with a quantum mixed state of a single parti-
cle, I can propose an interpretation of the entropy production and thermalization as follows: when the
DOF of c2 are reduced, the quantum decoherence occurs, producing the entropy, and simultaneously,
the intrinsic kinetic energy of the composite particle is converted into heat.

Next, I consider a composite particle moving in an external ho potential, where the lowest state of

% /(an)1/4. This

gives the exact solution to the two-body wave function, (ri, r2|W®) = (R, r|¥®), for ho poten-
tials Uno(M, B; R) + Uno(1, by r), with M = (u + 1)m and B = /B? + u1b>. Note that, in the
case of u = 3, it corresponds to the one-dimensional Tohsaki—Horiuchi—Schuck—R&pke wave func-
tion [24,25] for an « cluster confined in an external field [10], whereas, in the case of a large

the composite particle is given by the Gaussian distribution F(s) = exp [—

u, it corresponds to the model of a composite boson of a proton and an electron discussed in
Ref. [27]. Inthe B = 0 limit, ¥'® describes a localized composite particle that corresponds to a non-
entangled (uncorrelated) state of two constituent particles and has zero Renyi-2 and von Neumann
EEs. As B enlarges and the delocalization of the cm of the composite particle grows, the EEs increase.
The Wigner function and EEs for ,6\(111()2) are

2/vb 1 yb?
W A(D) | 2 2
" (i) = e [_mql T (19
1 1
SR = (1 + v2) — Sy, (19)
sW=Sh — GR2 L 1 —In2, (20)

where ¥ = (14 (u + 1)vZ;)/(1 + uvk;), and ves = B/b denotes the effective volume size.
The EEs increase as veg enlarges and approach In vegr in the large vegr limit. In the semi-classical
approximation, the Wigner function and EEs are

N o 2b 1 b?
P (B ) 2 e e e

e —_—— —_——
N e B E 2

1 1
gR2 < gR2cl _ Eln (14 v7 o), (22)
SW—Sh f%,l SW—Sh,Cl — SRZ,C] + 1 —1In 2’ (23)

where v off = B/b,. The EEs for u = 1 and u = 8 are shown in Fig. 1. SYN is calculated numer-
ically, as was done in the previous paper [10]. SR>l for the semi-classical approximation agrees

well with SR?

in the vegr > 2 case to within 10% error for u = 1, and the agreement is better for the
larger mass ratio, u = 8. SV ~S" has a constant shift 1 — In2 (a constant scaling ¢/2 in the ¢5 plot
in Fig. 1) from SR2 and it is finite even at verr = 0. S¥N starts from zero at vegr = 0 and approaches
SW=Sh ag vegr increases. As the mass ratio u increases, the EEs converge on values in the large u
limit.

Finally, I connect the quantum decoherence in the one-body density matrix of the composite
particle to coarse graining in the phase space distribution function of a single particle and asso-

ciate it with the Husimi function. Let us start from the Wigner transformation of the full two-body
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@ i (6)
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SVN _ ,
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3 S 2T 3
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1 /4/\ 1 1 1
0 1 2 3 0 1 2 3
Veff Veff

Fig. 1. EE of a composite particle with a Gaussian distribution for (a) u = 1 and (b) u = 8. ¢° for the
Rényi-2 (S®? and S**<!), von Neumann (S*N), and Wigner—Shannon (S™~5") EEs are plotted as functions
of the effective volume size, ver. The Rényi-2 EE in the large u limit is also shown in panel (b).

density matrix ,6(2)

w2
W(AQ) . _ n §1.2 n 3
P\ Py 415 P1,q2, p2) = | dnd§ q1+§, CI2+§ Py |91~ 5> CI2+§
Lo — ot (24)
X €X —_— - - .
P| =7 P11 =3P

It is rewritten by a separable form in the phase space for the cm and relative coordinates as
A2 ~(G A
oY (pfl,?z); q1, P, 42, pz) =p" (ppr); 0, P)pw (pé’ijt; q, p), (25)

where ,65;2 = |®¢) (®g| and ﬁq(;ijt = |@ine) (¢ine|- The Wigner function of the one-body density

matrix can be written as

X dgxdpy w( s
PV (55 a1 p1) = / T P (P a2 )

2mh
_ 1 [dedP 0.P) ). ,pi— P 26
u» 27Th o ('Oq)G Q p p¢mt uy P “1 ( )
I [dQadp W(A(G) 1 ) b7 2
= | == : ,P) - — 0 — ZL(p1—u1P)?|.
" 5 P \Pag 0 exp b%M%(QI 0) hz(m ui P)

27

Here I use the relations ¢ = (g1 — Q)/u2, p = p1 —u1 P and the transformation dg>dp; =
|J|dQd P with the determinant of Jacobian |J| = 1/u>. This means that p" (,6\(;()2); q1, p1) is
regarded as a coarse-grained distribution function of pw(ﬁé)GG); 0, P) with a Gaussian smearing. In
other words, the quantum decoherence caused by the reduction of the DOF of c2 can be interpreted
as the coarse graining in the phase space distribution of a single-particle state. It is important that,
if the internal DOF are decoupled from the cm motion of the composite particle, Eq. (26) describes
a general form of the coarse-grained distribution function that corresponds to the Wigner function

A(1
of ,ofp()z).
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Let us consider the u = 1 case and associate the coarse graining in Eq. (27) with the Husimi
function. Eq. (27) for u = 1 is rewritten as

dQdP ) A n iPn
(. 5 B T h2
pm( L g, p)/n(h/Z) d"<Q+ 2 2>exp[ h/z]
1 2 2
X exp [—&(Q -0) - (h/2)2 (p—P) :| ) (29)

where ,0,1;1/2 is normalized as [ 27‘1121—;?/”2) ,O;I;[/Z =1. ,o,I;I/2 eventually has the same form as the normal
Husimi function, except for the scaling of Planck’s constant &7 — h/2. | call pgﬂ the “h/2-Husimi

function.” It is clear that pW (,6\(;()2); q1, pl) for the two-body state W is equivalent to twice the
h/2-Husimi function for the single-particle state, |® ). The Gaussian smearing in the coarse graining
originates from the reduction of the DOF of c2 in ,ow(ﬁ gizt; (g, p)) , as shown previously. Note that the
h/2-Husimi function is not a distribution function for a physical single-particle state, but is regarded
as a “distribution” function defined in the down-scaled phase space, h — h/2. The reason for the
down scaling h — h/2 is that the (g2, p2) phase space is scaled down in the transformation from
(41, p1, 92, p2) to (q1, p1, O, P).

Considering the one-to-one correspondence between p% (,6\(;()2); q1, p1) and pg/z (ﬁé,GG); q1, p1),
I can connect entropies defined by the 4/2-Husimi function to EEs as

G - 2
swam(p)) = SV (0 ) + 1n2, (30)
_ ~(G 2
52/22 Wehrl<p<(I>G)> — SR2<pfp()z)> +In2. 31

Here I define the Wehrl entropy and the Rényi—Wehrl entropy of order 2 in the down-scaled phase
space as

) dqdp
hel [ A(1 1
Sma (67) =_/W”£‘/2( Vg, p)inpi(@. p).

e dqdp ?
SREWetrl (510) — _Jp [/W{pgz( M, 4 P)} ]

In summary, I investigated the quantum decoherence in the one-body density matrix of the com-
posite particle that comprises two correlated particles in the inert composite particle approximation.
Because of the two-body correlation in the composite particle, the quantum decoherence occurs by
the reduction of the DOF of the second particle. As the delocalization of the distribution of the
composite particle grows, the entanglement entropy increases. I found a one-to-one correspondence
between the quantum decoherence in the reduced density matrix and the coarse graining in the phase
space distribution, which is related to the Husimi-like function defined in the down-scaled phase
space. In the present paper, the inert composite particle approximation is applied to static systems
but it can also be extended to time-dependent systems if the energy scale of the internal DOF of the
composite particle is decoupled from that of the external DOF. The present study may shed light on
the fundamental problems of quantum decoherence and coarse graining which produces entropies
in quantum systems. I discussed general features of quantum entanglement of a composite particle,
and it is interesting to apply the present concept of entanglement to various systems such as hadron,
nuclear, and atomic systems.
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