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Abstract. For both cases with and without interactions, bipartite entanglement of two fermions from
a Fermi gas in a trap is investigated. We show how the entanglement depends on the locations of the
two fermions and the total particle number of the Fermi gas. Fermions at the edge of trap have longer
entanglement distance (beyond it, the entanglement disappears) than those in the center. We derive a lower
limitation to the average overlapping for two entangled fermions in the BCS ground state, it is shown to
be \/Q/2M, a function of Cooper pair number @ and the total number of occupied energy levels M.

PACS. 03.67.Mn Entanglement production, characterization, and manipulation — 03.65.Ud Entanglement
and quantum nonlocality — 05.30.Fk Fermion systems and electron gas — 74.20.Fg BCS theory and its

development

As one of the most characteristic features of quan-
tum systems, quantum entanglement lies at the heart of
the difference between the quantum and classical multi-
particle world. It is the phenomenon that enables quan-
tum information processing and quantum computing [1,2].
Quantum entanglement is usually considered as existing
between different degrees of freedom of two or more par-
ticles with mutual interactions, it is only recently that re-
searchers have started to investigate entanglement in sys-
tems containing a large number of particles, in particular
in a noninteracting Fermi gas [3-6]. Entanglement seems
to play a crucial role in condensed matter systems, and has
shown of relevance to thermodynamical quantities [7] such
as the degeneracy pressure [8] and the number density of
the gas [5], multipartite entanglement is also promising to
make a breakthrough in solving unsolved problems such
as high-T, superconductivity [9].

Entanglement for noninteracting Fermi gases in a free
space has already been studied [3-5]. It was found that all
entanglement vanishes if the relative distance |r — r’| be-
tween electrons is greater than the entanglement distance
1/kp, where kp denotes the Fermi momentum. In this
situation, quantum entanglement is purely due to Fermi
statistics and not due to any physical interactions. A nat-
ural question then arises, is this a general property of non-
interacting Fermi gases? or it is special for the Fermi gas
in a free space, and how the inter-particle interactions in-
fluence the entanglement?

In this paper, we will try to answer this question
by studying the entanglement in noninteracting Fermi
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gases in a harmonic trap, and examining the effect of
inter-fermion interactions on the entanglement. As will
be shown, bipartite entanglement measured by Wootters
concurrence depends not only on the relative distance be-
tween the two fermions but also on the total number of
particles in the gas, the larger the particle number of the
gas IV, the shorter the entanglement distance. The entan-
glement distance is no longer a constant 1/kr (depending
on the particle density) as in free space, it is related to
locations of the two fermions. Our numerical simulations
show that the entanglement distance is longer at the edge
more than that at the center of trap. Further, we show
the effect of interactions on the bipartite entanglement
for the Fermi gas. The model adopted is the reduced BCS
Hamiltonian, it is shown that the bipartite entanglement
of BCS ground state depends on the overlapping of the
time-reversed states, the minimum average overlapping is
/Q/2M depending on the ratio of Cooper pair number Q
to the total number of occupied energy levels M. These
results clearly establish the fact that entanglement should
be taken into account when studying macroscopic observ-
able, even if the system is in its ground state and the con-
stituents of the system are not coupled with each other.

Suppose we have a collection of noninteracting
fermions in harmonic traps. The Fermi gas may be elec-
trons in a metal or ultracold atoms. Unless stated oth-
erwise, we treat the Fermi gas in this paper as ultracold
atoms, but the representation is applicable for all Fermi
gases. At zero temperature, the atom gas is in its lowest
energy configuration. All energy states are occupied up
to the level M = N/2, where N is the total number of
atom and assumed to be even (the case with odd number
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of particles will be discussed at the end of this paper).
For simplicity, we consider throughout this paper a one-
dimensional harmonic trap. This condition is met if the
trapping frequencies in the other directions are consider-
ably large. The ground state of this system is

M
) =[] bl bl [Vac), (1)
n=1

where |V ac) denotes the vacuum, and b}, (o =1, | ) creates
an atom in state ¢, (x) with spin o. We are interested in
entanglement between two atomic spins at different loca-
tions. To solve this problem, the density matrix describing
the spin state of two atoms at locations x and z’ is needed.
It can be defined by [3]

pastar = (Folh (@) (@)s (') bs(@) W), (2)

where wz (x) creates an atom of spin ¢ at location x. This
definition is reasonable, because the normalized second
order correlation function can be considered as quantum
states from the viewpoint of quantum measurement [6].
This density matrix also may be calculated by

psststrr = Tr([Wo) (Wl - |st(x)) (st (z')]), (3)

with |st(r)) standing for the two-atom state with spins s
and t at location r. Writing () in terms of the an-
nihilation operator b,, and eigenfunctions ¢, (x) of the
harmonic oscillator, we obtain the density matrix in the
following form,

Pss’jtt! = N(x)N(m/)éts(st/s’ - 5ts’5t/sF2(x7 l‘/), (4)

where F(z,2') = M ¢5 (2 )pa(z) = F, N(z) =
> o |¢a(z)|> = N,. Term F represents a sum over overlap-
ping of the two atoms at locations x and z’, respectively.
N (z) is the number density of atom at location z. In basis
{10,114, 111), 1 L1)}, the density matrix takes the form,

()= — 1
P\ ) = AN N, — 2F?
N,N, — F2 0 0 0
0 NN, —F? 0
x 0 “F2 N,N, 0 , (5)
0 0 0 NN, — F2

where the subscript 1, 2 denotes the index of the two
atoms. The entanglement of formation [10] measured by
Wootters concurrence can be given by

2

CIQ(IaJ)I) = |4N N., 72F2|

max {2F2 — NN, 0} .
(6)

Obviously, the Wootters concurrence C12 is maximal when
z = z' and it equals to 1. The corresponding entangle-
ment state is the spin singlet 1/v/2(|T]) — | 11)). With
the relative distance between the two atoms increasing,
F? behaves as a damping function of |z — 2'|. As a conse-
quence, the entanglement decays with |x — 2’| increasing,
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Fig. 1. (Color online) Wootters concurrence of two atoms
located at z and z’, respectively. The figure was plotted for
20 trapped atoms. o = \/mw/h, m is the mass of atom, and
w is the trapping frequency.

this was shown in Figure 1, where the bipartite entangle-
ment in a system with 20 atoms was plotted as a function
of locations z and z’. The entanglement arrives at the
maximum 1 at points |z —z’| = 0 and decays as atom sep-
aration increases from the Pauli exclusion principle. This
can be understood as a result of more and more triplet
states mixed in with the singlet. In contrast with the en-
tanglement between two fermions in a free space, the en-
tanglement between the two in a harmonic trap appears
to be location dependent. It is clear from Figure 1 that
the entanglement distance is longer for atoms at the edge
of the trap than that at the center [11]. The reason for
this is the following. The bipartite entanglement roughly
depends on how and how many triplet state are mixed
in with the singlet. At points |z — 2’| = 0, there are no
triplet states involved in from the Pauli exclusion, so the
bipartite entanglement is maximal at these points. With
the atom separation increasing, more triplet states are in-
volved in, the two atom state is then a weighted sum over
the singlet and triplet states, the weights depend on the
locations of atoms. Because the overlapping of the wave-
function for atoms in the center is on average larger than
that at the edge, the weights at the edge benefit the entan-
glement. The bipartite entanglement also depends on the
total number of atoms, as shown in Figure 2, where one
atom was located at 0.5a, & = \/mw/k, m is the mass of
atom, and w stands for the trapping frequency. Clearly, the
larger the number of atoms, the faster the damping of the
bipartite entanglement. This results can be understood
by considering F'(x,z"), which represents a sum over the
overlapping of atom states at « and z’. F'(z,a’) is propor-
tional to the probability transfer of an atom from location
x to ' (vice versa), it decreases with the atom number
growing, and finally tends to the J-function in the ther-
modynamical limit [12]. We would like to notice that the
dependence of the entanglement on local particle density
is involved. At first sight the entanglement decreases with
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2. (Color online) The bipartite entanglement as a function
of the second atom’s location z. (a—e) are for different total

number of atoms. The number corresponding to (a), ..., (e) is

2, 4, 10, 14, 18, respectively.

the local particle density growing, however, this is not the
case because F'(x,2’) depends on the local particle density
through ¢, (z) and ¢4 (z'), too.

Up to now, we have not considered any interaction be-
tween the atoms. In the following, we study how the inter-
action influences the entanglement of the two atoms. For
repulsive interactions, perturbation theory tells us that
weak interactions modify the eigenvalues and the cor-
responding eigenfunctions of the free Hamiltonian, this
results in a level shift to every eigenstate of the free
Hamiltonian, and consequently there are more eigenfunc-
tions participating in the summation for F', N,, and N,.
So, the damping in the dependence of entanglement on the
relative distance would be faster than that without inter-
actions. For attractive interaction, we will investigate the
entanglement in trapped atoms by using the reduced BCS
model. The reduced BCS Hamiltonian has received much
attention as a result of effort to understand pairing cor-
relations in nanoscale metallic system [13,14]. We assume
the model Hamiltonian in our consideration is [15],

Hpcs = Zajnj - dAZbJer;*bk"‘bk_’ (7)

where j,k =1, ..., M represent a set of doubly degenerate
single particle energy levels with energies €; and cor-
responding wavefunctions ¢;(z), A is the dimensionless
coupling, and d is the mean level spacing. bji(b} L) rep-
resents the annihilation (creation) operator for atoms at
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level j with the labels £ referring to a pair of time reversed
states, and n; was defined as n; = b ijr +b _b;_, which
is the atom number operator for level 7. The ground state
entanglement (called ALC — average local concurrence)
shared among different energy levels in this model was
investigated in [16], it shown a simple relation between
the ALC and the key order parameters in this model.
The conventional BCS theory employs a grand canoni-
cal ensemble, by the Bogoliubov transformation ~;; =

’Lbjbj+ — ’Ujb;r-i, Yio = ’Lbjbj_ + ’Ujb}Jr, with U? + ’U]z =1,
v} = A%/(e2 + A?), and A = A YL (bj_bsy), it
gives

Hpcs = Z (g5 (uf —v}) — 2Au;v;] (7;1’)’3'1 + ’Y]T‘O’on)
J
+ constant. (8)

In this situation, the pair of time-reversed states would
play the same role as the spin in the discussion for
free atoms, we hence consider entanglement between two
atoms in the two time-reversed states + and —. The den-
sity matrix representing this entangled state can be rep-
resented by

Pty = Tr(|BOS)BOS||st(x))(s't' («)]),  (9)

where |BCS) is the well- known ground state in the BCS

model, |[BC'S) = HM (uj4v;b! i b j )|0), s,t, 8"t =+, —
By the standard procedure, equation (9) ylelds,

2

5os 5t55t’5’ - 5ts’5t’s

Pss’: it Z |vj|2

J

x Re(f(x, 2" )w?(z,2")), (10)

where

7)) =) 6(@)6; ("
2) =D _vie;(@)e; ("),

Here, Re(...) denotes the real part of (...). In basis
{l++),|+=),| =+),| =)}, the density matrix in equa-
tion (9) follows,

(11)

see equation (12) below.

Here f = f(x,2') and v? = v*(z,2'). As well-known,
> ; 0]2- equals the total number of Cooper pairs () in state
|BC'S), while f characterizes the overlapping of the two

(32, v71? — Re(fv?) [ZO o ( | 0
_ 1 0 505 fo? 0
pgcs(””’“_zx[z] o7F — 3Re(f02) 0 SRUAR) 3,022 0 (12)
0 0 0" [, 032 - Re(f1?)
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particles’ wavefunctions. The state (12) is entangled iff
the Peres-Horodecki condition [17] is met, i.e., 2Re(fv?) —
Q% > 0. Assume ¢%(z)¢;(z') = y independent of z,
x’ and j, the Peres-Horodecki condition leads to |y| >
V@Q/2M (\/Q/2M < 1/v/2). This is the restriction to
the overage overlapping for bipartite entanglement. With
the assumption ¢} (x)¢;(2') = y, it is easy to write
down the concurrence corresponding to state (12) as

CEOS (x,2') = max{gg‘;&%, 0}. The maximal entan-

glement CHECS(z,2') = 1 is obtained at |y|?> = Q/M. For
conventional BCS states, ¢;(z) may have the form of e’?7%,
choose = 2/, |y| = 1 > 1/v/2. So two electrons in the
conventional BCS state are entangled as long as the sep-
aration L is less than the entanglement distance deter-
mined by |¢7(z)¢;(z+ L)| = [y| = /Q/2M. For atoms in
a harmonic trap, we may write the wavefunctions ¢,(x)
(j = 1,...,M) as eigenvectors of the harmonic oscillator
Hamiltonian. In the case of Q = M, i.e., all atoms are
paired, the maximal entanglement that we may obtain in
this system is less than 1, because |¢](z)¢;(z")| < 1 for
any 7, and z’. This is the difference in entanglement be-
tween interacting atoms in free space and in traps.

We now consider the case when the total number
of particles is odd. Intuitively, for a large number (say,
2N + 1) of atoms, the bipartite entanglement would be-
have like that with 2N particles. This is the case indeed
as will be shown. Let us first analyze the case without
inter-particle interactions. Assume the (2N + 1)th atom is
of spin up, the state of these 2IN +1 atoms may be written
as b;’w+1T|LT/0>, where |Wy) was defined by equation (1) for
the 2N particles. Following the calculation performed for
equation (5), we find that the density matrix pio(z,z’)
can be divided into two parts, the first represents contri-
butions from the 2N atoms, which takes the same form as
in equation (5), and the second is a correction due to the
(2N + 1)th atom. The elements of the second state o are,

022 = 2Ne|dars1(2')* + 2Nar | P ()],
093 = —4F (x,2") P11 (2)arta (27),

011 = 092 + 093, 022 = 033, 033 — 0’;3, and the others
are zero. For a large system (N > 1), [¢par41(2)]? < Ny,
and |par41(x)Par+1(2')| < |F(z,2")|. Therefore, the cor-
rection o to the density matrix pi2(x, 2’) can be neglected.
However, this is not the case if the system only consists
of few atoms, the correction due to the (2N + 1)th atom
should be taken into account to compute the bipartite
entanglement. Note that exchanges of spin up with spin
down do not change |¥p), but b}L\4+1T|q}0>' So matrix o
is of relevance to the spin of the (2N + 1)th atom. But
this does not affect the bipartite entanglement under con-
sideration, i.e., the bipartite entanglement is independent
of the spin of the (2N + 1)th atom. In the case of at-
tractive interaction, the situation is similar if the BCS
ground state is simply bL+1T|BC’S>. The situation be-

(13)

comes complicated when b, +11/BCS) is not the ground

state of the system [18]. In order to calculate the en-
tanglement in BCS ground state, we have to find the
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ground state first. Here, we analyze the effect of the un-
paired atom on entanglement by a generalized BCS-like
variational ansatz [18]. It uses a variational wavefunction

|BCS)" = by, T, (u + vibl, b1 )[0) to minimize the
kinetic energy cost of having the additional atom in level
(M + 1). The variational parameters v} and v; must be
found independently by minimizing & =" (BCS|H|BCS)'.
The results [18] showed that the additional unpaired atom
can destroy pairing, and hence it decreases ) in our for-
mulation. By the same analysis as in the case without
inter-atom interactions, this change has negligible effects
when ) > 1, but it should be taken into account when
the number @ of pairs is small.

Before concluding, it is worth mentioning that bipar-
tite (multipartite) entanglement as a properties of quan-
tum systems depends on the definition of the two degrees
(many degrees) that share the entanglement. Some prop-
erties of entanglement in the BCS model were studied in
references [16,19,20], where the entanglement was defined
among particles in different energy levels [16]. The entan-
glement presented in this paper is for two-fermion spins at
different locations z and ', it characterizes two-fermion’s
correlation at the two locations.

In conclusion, we have shown that the bipartite entan-
glement in noninteracting fermions trapped in harmonic
traps depend on particle number, relative distance and
the locations of the two fermions. The entanglement dis-
tance which characterize the maximum separation of two
entangled particles is longer at the edge of the trap than
that at the center; the larger the number of trapped par-
ticles, the shorter the entanglement distance. For inter-
acting Fermi system, we have adopted the reduced BCS
model to study the entanglement in the BCS ground state.
Reduced density matrix and Wootters concurrence have
been presented, the restriction on the average overlap-

ping y has been derived to be /Q/2M < |y| < +/Q/M,
the lower limitation \/@Q/2M corresponds to concurrence

zero, while the upper one \/@Q/M corresponds to maximal
entangled states.
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