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We examine distinct measures of fermionic entanglement in the exact ground state of a finite superconducting
system. It is first shown that global measures such as the one-body entanglement entropy, which represents
the minimum relative entropy between the exact ground state and the set of fermionic Gaussian states, exhibit
a close correlation with the BCS gap, saturating in the strong superconducting regime. The same behavior is
displayed by the bipartite entanglement between the set of all single-particle states k of positive quasimomenta
and their time-reversed partners k. In contrast, the entanglement associated with the reduced density matrix of
four single-particle modes k,k, k’,k’, which can be measured through a properly defined fermionic concurrence,
exhibits a different behavior, showing a peak in the vicinity of the superconducting transition for states k,k’ close
to the Fermi level and becoming small in the strong coupling regime. In the latter, such reduced state exhibits,
instead, a finite mutual information and quantum discord. While the first measures can be correctly estimated
with the BCS approximation, the previous four-level concurrence lies strictly beyond the latter, requiring at least
a particle-number projected BCS treatment for its description. Formal properties of all previous entanglement

measures are as well discussed.
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I. INTRODUCTION

Quantum entanglement is an essential feature of quantum
mechanics. The basic notion was developed for systems of
distinguishable components [1-4], where it has been exten-
sively investigated [5-7], playing a key role in fundamental
quantum information processing tasks [8,9]. On the other hand,
the theory of entanglement for systems of indistinguishable
components such as fermions is more recent [10-32], and is
subject to some debate [33]. There are essentially two distinct
approaches. One is based on the entanglement between modes
[16-20,31]. Here, the subsystems are defined in terms of sub-
sets of single-particle modes, and entanglement depends obvi-
ously on the choice of basis for the single-particle state space
and then on the choice of modes for each subsystem. The other,
known as entanglement between particles [10-15,21-26],
considers the indistinguishable constituents as subsystems and
entanglement is defined beyond antisymmetrization, such that
a Slater determinant is not entangled.

In [27] we defined a one-body entanglement entropy for
fermion systems, which for pure states is determined by the
one-body density matrix and vanishes if and only if (iff) the
state is a Slater determinant. It can be obtained from a single-
particle mode entanglement measure after optimization over all
possible bases of the single-particle space. The approach can
be directly extended to deal with states with no fixed fermion
number (though still having fixed number parity [34]), in which
case it vanishes iff the state is a quasiparticle vacuum. In the
case of a single-particle space of dimension 4, the approach is
an extension of the entanglement measure developed in [10]
for pure states with fixed fermion number, and provides a lower
bound to the entanglement associated with any bipartition of
the single-particle space [31]. In such space its convex roof
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extension can also be analytically evaluated for any mixed state
in terms of the fermionic concurrence [10,27].

The aim of this work is to analyze the previous general
measures of fermionic entanglement in the exact ground
state of a finite superconducting system. Previous studies of
entanglement in such systems focused mainly on the formal
properties of pairing correlations [15] or on the Bardeen-
Cooper-Schrieffer (BCS) state [20,35-37], using in this case
methods and measures specifically devised for such state. Here,
we first show that the one-body entanglement entropy is in
the present system a direct indicator of pairing correlations,
reflecting essentially the BCS gap and saturating in the strong
superconducting regime. It is also shown to be closely related
to the bipartite mode entanglement between the €2 states k and
their time-reversed partners, becoming strictly proportional
to it at the BCS level. On the other hand, the fermionic
entanglement associated with four single-particle modes kk,
k'k’ exhibits a different behavior. This quantity is determined
by a mixed reduced state with no fixed fermion number yet
fixed (even) number parity, and can be explicitly evaluated
through the fermionic concurrence defined in [27]. It shows
a peak in the vicinity of the ground-state superconducting
transition for levels k,k’ close to the Fermi level, becoming
then small in the strong superconducting regime (if the system
size is not too small). In the latter, this reduced state exhibits
instead classical and discord-type [38—41] correlations, leading
to a finite mutual information and quantum discord. We also
discuss the BCS description of these quantities, showing that
it can indeed provide a correct estimation of the first measures
in the superconducting phase, although it fails to describe the
four-mode fermionic concurrence, which is identically zero
in BCS for all coupling strengths. This quantity is shown to
require at least a projected BCS treatment.
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In Sec. II we first discuss the main properties of the
employed fermionic entanglement measures, some of them
not included in [27,31], showing in particular their direct
relation with the minimum relative entropy to a fermionic
Gaussian state. It is also shown that in the case of four single-
particle modes, their extension to mixed states also warrants, if
nonzero, a finite bipartite mode entanglement for any partition
of the single-particle space. The application of these measures
to the exact ground state of a finite superconducting system is
discussed in Sec. IIT A, where their behavior as a function of
the pairing coupling strength is analyzed. Their description
through the BCS approximation is discussed in Sec. IIIB,
which also includes a simple projected (before variation) BCS
treatment, necessary for describing the four-mode fermionic
concurrence. Other quantities like the mutual information
and quantum discord of four single-particle modes, are also
discussed in Sec. III and in the Appendices, which contain
additional details. Exact analytic expressions for the strong
coupling regime are as well provided.

II. FORMALISM

A. One-body entanglement entropies

We consider a fermion system described by a single-particle
space H, spanned by fermion operators c; ,cj, i=1,...,d,sat-
isfying the anticommutation relations {c,',cj.} = &ij, {ci,cj} =
{cj,cj} = 0. Given a pure state |\V) of this system, the set of
averages

P = (c)ei) = (Wle)ai W) (1
form the one-body density matrix p® =1 — (ccf) [c =
(c1,...,cq)']. Tt plays the role of a “reduced” density matrix
which determines the average of any one-body operator O =
cfoc= Zi,j Oijcjcj: (0) = tr [p* 0], with tr denoting the
trace in the single-particle space.

In [27] we have defined an associated one-body entangle-
ment entropy

E(W) = tr [h(p™)] = Y _ h(f), )
h(f) = —filogy fi = (1 = flog,(1 = f), (3

where f; = (aiT a;) are the eigenvalues of p*® anda = U'cisthe
set of fermion operators diagonalizing p*P, such that (ajai) =
(UTpPU);; = fid;;, with UTU = 1.

Equation (2) vanishes iff f; =0 or 1 Vi, i.e., iff |¥)
is a Slater determinant (|¥) = []—[i(aj)f']|0)), and remains
obviously invariant under one-body unitary transformations
|W) — exp[—ictOc]|W) (O = 0), which just lead to a
unitary transformation of p® (p® — e~'0p%®ei?). 1t is also
the minimum, over all single-particle bases, of the entropy
determined by the average occupation of the corresponding
single-particle states [27]:

E(W)) = Min 37 h((c]e)). )

with h((cjci)) representing the entanglement entropy of a
single-particle mode with the remaining modes (see also
Sec. IIB).

Equation (2) also admits other interpretations. It can be
regarded as the von Neumann entropy S(p’), in the grand
canonical ensemble, of the independent fermion density op-
erator p’ which reproduces the whole single-particle density
matrix determined by |W): If

o = Z expl—c Acl = Z " exp |:— Zkiajai], (5)

with Z = Trexp[—¢fAc] = [],(1 + e*) and %, the eigenval-
ues of the matrix A, then

S(p")y = =Trlp'log, 'l = ) h(fi), ©6)

where f; = Tr[p'a}a;] = [1 + ¢*]~". Equation (6) will then
coincide with (2) provided these f;’s are identical with the
eigenvalues of the single-particle density matrix (1), i.e.,
provided

1 —tr[p'ec’] = [1 + exp(A)] ™! = p*P, @)

which implies A = In[(p®)~! — 1].

This result shows that Eq. (2) is in fact the relative entropy
[42,43] (in the grand canonical ensemble) between the pure
state p = |W)(W¥| and the state (5) which satisfies (7) since
S(p) = 0 and (7) implies Tr[p log, p'] = Tr[p’log, p’'l:

S(pllp") = —=Tr[p(log, p’ — log, p)] ®)
= S(p") = tr [h(p*P)]. )

Moreover, as shown in Appendix A, Eq. (9) is also the minimum
relative entropy (in the grand canonical ensemble) between p
and any operator of the form (5):

1\//([71,11 Spllp’) = tr [h(p™)]. (10)

Hence, Eq. (2) is a measure of the minimum distance between
p and the set of operators of the form (5) (fermionic Gaussian
states commuting with N).

Extension to quasiparticles. If the state | W) does not have a
fixed fermion number N = ), ciT ¢; (but has a definite number
parity ¢/™V = %1, in agreement with the parity superselection
rule [34]), we can define a generalized one-body entanglement
entropy [27] based on the extended one-body density matrix
p*P, which contains the contractions «;; = (c;¢;) and —«/; =

(c;cj):

E®P(|W)) = —tr[p*P log, p®*1 = Y h(f)), (1)

sp
pIP =1 — <<CLT.Z>("T ct)> = (f/c* 1— ?psl’)*) (12)

Here, f; = (@/d;) and 1| — f; = (&a]) are the eigenvalues of
%P [which always come in pairs (f;,1 — f;)], with & the
fermion quasiparticle operators diagonalizing p9°P, related to
the original operators c;, cj' through a Bogoliubov transforma-
tion [44]. Equation (11) reduces to (2) iff kx = 0, and vanishes
iff | W) is a Slater determinant or also a quasiparticle vacuum
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(or, equivalently, a quasiparticle Slater determinant, which
can be always written as a quasiparticle vacuum through a
particle-hole transformation). Equation (11) remains invariant
under arbitrary particle-hole transformations (¢; — cj for
some single-particle states i), as well as arbitrary Bogoliubov
transformations [27]. It is the minimum, over all single-
quasiparticle bases, of the sum of the entanglement entropies
of all single-quasiparticle modes [27].

Equation (11) is also the minimum relative entropy between
p and any fermionic Gaussian state, i.e., any o’ which is the
exponent of a generalized one-body operator:

Min S(p||p") = =Tr[p*" log, p*], (13)
!

1
o = z! exp |:—cTAc — E(CTFC“ + c’FTc)i|

=7 lexp [—(cT ct)ﬁ(;,)], L= <_1;,* 1 _FA*>.
(14)

The minimum (13) is reached for that p” which reproduces the
full p%P, i.e., that satisfying

1= ufol(§)e ] = 11+ exp(o) ! = 5.

which implies £ = In[(p¥?)~! — 1] and hence S(p’) =
—tI'[,Oqu 10g2 pqsp].

B. Entanglement of bipartitions of the single-particle space

Given a decomposition H, @ Hp of the single-particle
space H in orthogonal subspaces of finite dimension dg,
dgp =d —ds, we may expand |W) in a set of Slater de-
terminants in H4 and Hp as |¥) = le oyl pv), where

) = ([Tiea(e 1T ep(el)110), withn! = 0,1 the occu-
pation number of single-particle state i in Slater determinant
v. The reduced states associated with these single-particle
subspaces are [29] pa = ZM,M’(‘X“T)II«W'M)(“’,' and pp =
Zw,(a’ a®), V) (V'], which reproduce all expectation values
of operators containing creation and annihilation operators
acting just on these subspaces. They are normalized mixed
states with the same nonzero eigenvalues Ay, given by the
singular values of the matrix «. Their entropies S(p4) =
S(pg) = — Y, M log, Ay represent the entanglement entropy
E(A, B) associated with this partition [27,29].

For states |W) having definite fermion number, pa(p)
will commute with the local fermion number Ny =
D icA®) c;( ¢;, but will in general be a mixture of states with
different particle number (it will be represented by a 2¢4® x
244») matrix). Similarly, if | W) has definite number parity, p A(B)
will commute with the local number parity e/*V4® being a
mixture of even and odd states.

For instance, if H 4 involves just one single-particle level i,

pa = p; will be determined by the average occupation (cjci):

o (Cjci) O.
pi = ( 0 (c,-cT)> (15)

1

in the basis {c]]0),10)}, with (¢;cl) = 1 — (¢;el) ((¢;) = 0 due
to number-parity conservation). Its entropy S(p;) = h((c;[ci))
represents the entanglement entropy of such mode with the
remaining modes. A single-particle basis where S(p;) =0V i
exists iff Eq. (2) vanishes. A single-quasiparticle basis with the
same property exists iff E¥P(|W)) = 0.

Similarly, if H 4 comprises a pair of levels i # j, then

(cj'c,-c;cj) 0 0 (cjei)
0 (cjci Ccj c}) (cj ci) 0
o= 0 (c;rcj) (cicjc}cj) 0
(cjc}) 0 0 (cicgcjc})

(16)

in the basis {c[c}0),¢[10).ct[0),10)}. This reduced state
(Tr p;j = 1) determines the average of any operator involving
just ¢;,c J-,ciT ,c;, and its entropy S(p;;) is the entanglement
entropy of this pair of single-particle modes with the remaining
modes. The outer (inner) block of p;; corresponds to positive
(negative) pair number parity. In contrast with p;, p;; is not
fully determined by p%P since its diagonal elements (i.e., the
probabilities of finding none, one or both levels occupied)
involve two-body contractions. Nonetheless, if ¢;,c; are opera-
tors diagonalizing % (¢;(jy — di(j)), pij is obviously diagonal
and E(|¥)) = 0 or E¥P(|W)) = 0 implies S(p;;) = 0 for such
operators (just one of the diagonal elements will be nonzero).

Note also that S(p;;) depends on the subspace spanned
by the single-particle levels i,j, but not on the particular
choice of states i,j within this subspace: any unitary or
Bogoliubov transformation involving just ¢; ,c}L . c; will leave
such entropy invariant.

C. Entanglement of subspaces of the single-particle space

Let us now consider the entanglement of a reduced state
pa of a single-particle subspace H 4. For reduced states which
commute with the local fermion number N4, we define the
associated one-body entanglement of formation as

. A

Eea) Zaqal‘%[)lgvé\:m %E(Na >)’ {an
where g, = 0, Za g = 1, and the minimization is over all
representations of p4 as a convex combination of pure states
in H 4 with definite fermion number. Equation (17) vanishes iff
04 can be written as a convex mixture of Slater determinants.
Similarly, we define the generalized one-body entanglement
of formation as

E(py) = Min

EIP \IJA , 18
Zaqal\yf)(‘l’oﬂzp/\ 9 (| 0‘)) ( )

where the minimization is now over all representations of p4
as convex combination of pure states with definite number
parity. Equation (18) vanishes iff p4 can be written as a convex
mixture of quasiparticle vacua or Slater determinants.

It is first apparent that if the full state |¥) is a quasiparticle
vacuum or Slater determinant, then E%P(p,) = O for any sub-
space H 4: In this case, all averages involved in the construction
of ps can be determined through Wick’s theorem [44], and
hence expressed in terms of the elements of p%P involving
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this subspace. Therefore, p4 can be written as the exponent
of a suitable generalized one-body operator of the form (14)
providing the same p%P for this subspace, and will then be
a convex combination of quasiparticle Slater determinants
or vacua. A nonzero value of E¥P(p,) is then indicative of
correlations beyond those provided by a global quasiparticle
vacuum. Similarly, if | W) is a standard Slater determinant, then
E(p4) = 0 since in this case k = 0 and p4 can then be written
as an operator of the form (5).

It is also apparent that for a single level i, E(p;) =
E%¥P(p;) = 0 for any |W). Similarly, for two single-particle
levels we always have E9P(p;;) = 0 since any pure state with
fixed number parity in a two-dimensional single-particle space
(such as the eigenstates of p;;) can be written as a quasiparticle
vacuum or Slater determinant [27,29]. And if {(c;c;) =0 (i.e.,
[pij,Nij] = 0), then E(p;;) = 0. The same property holds for
three distinct levels i, j,k for the same reason: Any pure state
with fixed number parity in a three-dimensional single-particle
space can be written as a quasiparticle vacuum or Slater
determinant [27], implying E%P(p; ;1) = 0 [and also E(p;jx) =
0if [pijk, Niji] = O].

The first nontrivial case is that of four distinct single-particle
levels i, j,k,/, in which case a closed expression for the one-
body entanglement of formation for any state p;;x; with fixed
number parity was obtained in [27], extending the results of
[10] for states with fixed fermion number. The result is

1£/1—=C*(piju)
3 ,
(19)

E¥(piju) = =4 fulog, fo, fe=
v=+

where C is the corresponding fermionic concurrence [10,27]

C(pijk) = Max[2Amax — Tr R(piji1), 0], (20)

with Apax the largest eigenvalue of R(p) = +/p!/25p!/? and
p =Tp*T in a standard basis. The operation T is given

explicitly in Appendix B (note that p;x; and T are represented
by 8x 8 matrices).

For a pure p;ju = W) (W], C? becomes a quadratic
entropy of the corresponding four-level p9%: C2(|W)) =
FTrp®(1 = p¥) =4f. f . with fi, fo=1-f, the
(fourfold-degenerate) eigenvalues of p%P [27]. For a mixed
pijki» the result (20) coincides with the convex roof extension
of C(|W)) [Eq. (18) with E¥P(|W4)) replaced by C(|W2))]. If
pijr commutes with number parity but contains components
of both parities, it can be written as amixture 3 _, g, pi’; « Of
two mixed states with definite number parity and E%P(p;;x;)
can be evaluated as the average of the expressions for each
parity [27].

We can also consider bipartitions (A, A,) of the H 4 sub-
space, with A; and A, of nonzero dimension and determined
by a given choice of levels in some single-particle basis of
‘H 4, and examine the associated bipartite entanglement in the
state p4, 4,. Such state will be separable iff it can be written
as a convex combination of pure product states (with definite
number parity) in A| and A,, and entangled otherwise. While
there is in general no relation between this entanglement and
E%P(p,),in the case of four single-particle levels, it was shown
in [31] that for a pure p;j; = |W) (W], the quantity iEqu(llll))

provides a lower bound to the entanglement entropy of any
bipartition of the single-particle space.

For a general p;ji;, we now show the following Lemma,
which relates the fermionic concurrence (19) with the entan-
glement of a bipartition: For a general four-level fermionic
state p;ji; commuting with number parity and satisfying
C(piju) > 0, any bipartition of H,x; [like (ij — kl) ori — jki]
is entangled.

Proof. If p;ji; were separable for a given bipartition A; —
Aj, it could be written as a convex combination of pure product
states [ia,) (1ta, | ® [Va,) (Va, ], with [i4,), [v4,) having defi-
nite number parity. But, since they are definite number-parity
pure states in a single-particle space of dimension d < 3, they
are necessarily a Slater determinant or quasiparticle vacuum,
as discussed above. Consequently, p;jr; can be written as a
convex combination of Slater determinant or quasiparticle
vacua |fLa1vaz){ia,vaz|, of definite number parity, entailing
C(pijk) = 0. Thus, C(p;jr;) > O ensures that any bipartition
of H4 is entangled, for any choice of single particle or
quasiparticle basis of this subspace. |

III. APPLICATION TO A FINITE PAIRING SYSTEM
A. Exact results

We now consider a fermion system with a single-particle
space H of finite dimension 22, spanned by €2 orthogonal
single-particle states k and the corresponding €2 time-reversed
states k. We consider in such space a pairing Hamiltonian of
the form

H = Zek(c,tck + c};c,;) — Z Gkk/c,t,c;;,c,;ck, 21
k kK

where g are the single-particle energies (the same for k and k
states) and the pairing interaction moves pairs of fermions from
k,k to k' ,k’. We will focus on an equally spaced single-particle
spectrum &1 — & = ¢ V k, with a constant coupling strength
Giww = G > 0V k,k’, and examine the half-filled case where
the number of fermions is N = Q, with Q even.

The exact ground state will then be a linear combination
of Slater determinants with fixed fermion number N and fully
occupied or empty pairs (k,k):

W)=Y a, []‘[(c,ic}()"z} 10). (22)
v k

where n} = 0,1 indicates the occupation of pair k,k (3_, n} =
N/2)andv =1, ... ( N%) runs over these Slater determinants
o, |af| = 1). This state leads to a single-particle density
matrix which remains strictly diagonal in the unperturbed
single-particle basis: (ch,;/) =0V k,k and

(chew) = (clep) = S fr (23)
where f; = (c}:ck) = (C;{CI?) =3 |a3|n,‘g is the average occu-
pation of single-particle state k or k in the exact ground state
(22) 23", fr = N). Since no off-diagonal terms arise, these
fx are the eigenvalues of p*P.
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1. One-body entanglement entropy and global
bipartite entanglement

The exact one-body entanglement entropy (2) then becomes

E(1W) =2 h(fo), (24)
k

where h(fi) = — fi log, fi — (1 — fi)logy(1 — fi) repre-
sents the entropy S(por) of the single-mode density [Eq. (15)]

wen(h %) o

i.e., the single-mode entropy. We remark that for the exact
ground state, E(|W)) = E4P(|W)) since |V) has a fixed N. We
also note that i( f;) is an increasing function of the occupation-
number fluctuation

(n2) — () = £l = fi) = 1S:(00), (26)

where S;(p) =2Tr[p(1 — p)] is the quadratic (also called
linear) entropy. Equation (26) is then also a measure of single-
mode entanglement. The relation between entanglement and
fluctuations (and also higher-order cumulants) has been dis-
cussed in detail in [45].

A plot of (24) for the exact ground state (obtained by
diagonalization of H) of a system with 22 = 32 single-particle
states is depicted in Fig. 1. This entropy, which measures the
deviation of (22) from a Slater determinant, is seen here to be
a direct indicator of pairing correlations, becoming nonzero
for all G > 0 and large in the BCS superconducting phase
G > G, (see Sec. III B). Its behavior for G > G, resembles in
fact that of the scaled BCS gap A /G (also depicted). Pairing
correlations smooth out the original Fermi surface, leading
to finite average occupations 0 < f; < % for single-particle
levels above the Fermi level, which increase with increasing
G, and % < fr < 1 for levels below the Fermi level, which

1.0

0.8F

0.6f

E20

0.4

0.2F
0.0 . . .
0.0 0.5 1.0 1.5 2.0
G/e

FIG. 1. Intensive one-body entanglement entropy E(|W))/(2€2)
[Eq. (24), dimensionless], in the ground state of the Hamiltonian (21)
as a function of the (dimensionless) scaled coupling strength G /¢ (e
is the single-particle level spacing) for 22 = 32 single-particle levels
and N = Q. Exact and BCS results are depicted. The scaled BCS gap
A/g, with g = GR/2, is also shown. All quantities approach 1 for
G/(Q2¢) — oo. BCS results vanish for G < G.. Quantities plotted
are dimensionless in all figures.

G/e

FIG. 2. The entanglement entropy S; = S(pox) = h(fi) of a
single-particle mode k with the rest of the system, for a level closest
to the Fermi level (k = ©2/2) (a) and most distant from the Fermi
level (k = 1) (b), in the system of Fig. 1. Exact and BCS results are
depicted.

decrease with increasing G. Then, each term h(f;) in the
sum (24) increases as G increases, giving rise to the previous
behavior of E(|W)). While for G > G, these effects can be
correctly described with the BCS approach, in a finite system
pairing effects become also visible in the exact ground state
within the weak coupling sector 0 < G < G, where BCS
results vanish. For any G > 0 and finite €2, the coupling will
mix all states in the expansion (22), leading to v, > 0V v and
hence to 0 < f; < 1V k. The state (22) will then cease to be
a strict Slater determinant as soon as G increases from 0 (see
also end of Appendix C).

As seen in Fig. 2, the increase with G of the single-mode
entropies h( f;) will obviously be initially more rapid for levels
close to the Fermi level since their occupation will be more
strongly affected by the coupling. The occupation-number
fluctuation fy(1 — f;) rapidly increases for these levels,
leading to a larger h(f;). The finite value of E(|V))
for 0 < G < G, is precisely due to the non-negligible
contributions h(f;) from levels close to the Fermi level
[Fig. 2(a)]. Nonetheless, for sufficiently large G all levels
reached by the coupling become significantly affected.

In the strong pairing limit G > Q¢, E(|WV)) and all A( f;)
saturate for N = 2, reaching their upper bounds: In this limit,
each term in the sum (22) will have the same weight, implying,
for N = Q,

1 .
(o72)

Equation (27) leads to fr — % and hence to h(fy) > 1 V k
[entailing maximum fluctuation fi(1 — f;) — }T], implying
E(|¥)) — 2Q.

The entanglement generated by the pairing correlations can
also be seen at the bipartite level, by considering the bipartition
of the full single-particle space formed by the €2 single-particle
states k and the  single-particle states k (H = Hq ® Ho).
For such partition, the expression (22) is already the Schmidt
decomposition of |W) since each term in the sum involves
orthogonal Slater determinants at each side. The associated

27)

oy —>
G/(Qe)—>o0
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1.0 T T T

0.8

0.6

E/E,,

0.4

0.2

0.0
0.0 0.5 1.0 1.5 2.0

G/e

FIG. 3. Theexactintensive one-body entanglement entropy (solid
line) together with the bipartite Q2 — Q entanglement entropy (28)
between all modes k and their time-reversed partners k (dashed line),
scaled to its maximum value, in the system of Fig. 1. In BCS, these
two quantities are identical.

entanglement entropy is then

Eq a(¥)) Z|a2|log2 ey ]. (28)

At the BCS level, this entropy is, remarkably, just half the
one-body entropy (24) [see Eq. (43)]. In the exact result, this
relation holds approximately for finite 2. Equation (28) also
increases with increasing G /¢ and saturates for G /(Q2e) — o0,
where it reaches its upper bound compatible with a fixed N:
EX™ =log, (ngz) for N = Q. When scaled to its maximum
value, Eq_q/Eg™, lies in fact very close to E(|W))/(2€2), as
seen in Fig. 3. Note also that for large €2, i.e., for a system with
a large number N =  of particles, log, (stz) ~ Q at leading
order, which is half the saturation value of E(|W¥)). This entails
Eq_g = $E(|W)) in this limit, as in BCS.

2. Entanglement of reduced states

Regarding now the reduced state p;; of a pair of modes
(k,k), just the outer 2x2 even-parity block in Eq. (16),
involving here the states |0) and c,tc}; |0), will be nonzero since
the exact ground state contains no broken pairs and hence
(c,tckckc y=0= (ckck) (creg). Since (c,ic;gc,;ck) = f, this
block w111 then be identical to (25), implying, V &,

S(oxz) = S(pr) = S(pp) = h(fi)- (29)

Thus, there is a clas§ical—like correlation between single-
particle modes k and k, captured by the mutual information

Ik = S(oi) + S(pp) — S(orz) = h(fo), (30)

which is then identical to the single-mode entropy. Nonethe-
less, there is no entanglement between them since p;; is
diagonal in the basis {c{cl|0),|0)} [this also shows that
E¥(prz) = E(prp) = 0, as previously stated].

We can also omit states with broken pairs in the reduced
density matrix of four single-particle modes (kk,k'k’), k # k'
The (16x16) matrix oz then reduces to an effective 4x4

nonzero block p;7, ¢, with support on the even-number-parity

states {cfclcl.cl,10), cfel10), cf.c],10), 10)):

(nienpe) 0 , 0 0
r 0 (i) (Clclzci’ck'> 0
Prrker = 0 (ck,cl,ckck) (fenpr) 0
0 0 0 (Agemipr)
(31

Here, n;; = c,ickc}cc,;, g = ckcltc,;cT

7 are nonzero iff the pair
(k,k) is fully occupied or empty, respectively. In contrast with
Ori» Prive Will contain quantum correlations due to the nonzero
off-diagonal element.

Its fermionic concurrence Cyr = C (o), Which deter-
mines the entanglement of formation E (o) = EPP(oriri)

through Eq. (19), becomes, using Eq. (20),

Cuw = 2Max[|(c)clepcr)| — v/ (meener) giier) .01, (32)

which will be nonzero for G > 0. Equation (32) also represents
here the bipartite concurrence [46] between modes kk and k'k’,
where each “side” is analogous to a qubit (it can be either
empty or fully occupied in the ground state), forming together
a two-qubit system (see Appendix C). The associated bipartite
entanglement of formation is just Eyy = E¥P(ppz)/4. Thus,
the fermionic entanglement of o,z can be directly identified
here with a bipartite entanglement. It is also verified, by simple
use of Wick’s theorem, that Cy; vanishes identically in the BCS
approximation (see next section), so that this entanglement
lies strictly beyond the standard BCS description, in contrast
with previous quantities. As stated before, Cy vanishes for all
fermionic Gaussian states, which include in particular the BCS
ground state. A finite concurrence requires sufficiently strong
two-body correlations.

As seen in Fig. 4, Ey exhibits, remarkably, a prominent
peak in the vicinity of the BCS superconducting transition
region G ~ G, for the pair of levels closest to the Fermi level,

0.3 T T T

0.2

E g

0.1

1.5 2.0

G/e

FIG. 4. Entanglement of formation Ej; determined by the con-
currence (32) between the modes kk and k'k’, for pairs closest
(k=/2, K =k+1) (a) and most distant (k = 1, k&' = Q) (b) to
the Fermi level, and also for pairs next to closest (k = /2 —1,
k" =k +3) (c), in the system of Fig. 1. The BCS result for this
quantity vanishes identically. The peak in (a) occurs close to the BCS
superconducting transition.
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becoming then small for G >> G.. This peak is obviously also
present in the concurrence Cyy (Ejy is just an increasing func-
tion of Cyy), and its height rapidly decays for levels k,k’ not
too close to the Fermi surface, disappearing for distant levels.

The previous behavior can be understood by analyzing
first the strong superconducting limit G/(€2e) — oo, where
Py zwr Will be independent of k,k’, according to Eq. (27): The
diagonal terms (ngnpp) and (77 ) in (31), which are the
probabilities of finding both pairs fully occupied or empty
become, for N = /2,

Q- 2)
( Q-2
I Q/2
(nignee) = (geier) = —g~ = , (33)
(sz/z) A2 -1
while all elements of the inner block become equal,
Q-2
(i) = (iener) = (cleleper) = (Q/éfl) __2
(9/2) A2 -1
(34)
implying it will have a single nonzero eigenvalue %_1)
With Egs. (33) and (34), Eq. (32) leads in this limit to
1
Ciw = —, 35
W= o (35)

V k # k', decreasing as Q7! for large 2 (i.e, for a large number
N = Q of fermions) and implying Eyp ~ %Q’z log,(22/e).
Equation (35) is in agreement with the result for fully con-
nected systems [47] and the monogamy property of the con-
currence [48,49] (Zk,# C,fk, < C,fq{k,#}). All p]:];k,k-/ become
equally entangled in this limit for k # k', implying that Cy
should scale with Q! for large .

Thus, for not too small €2, monogamy prevents a significant
entanglement between pairs kk and k’k’ in the strong supercon-
ducting regime. In contrast, at the onset of superconductivity
(G = G,) just the levels k,k’ closest to the Fermi level are
affected by the pairing correlations, originating the initial
increase and ensuing peak in the corresponding Cyp and
Eir. As G increases further, Cyr becomes appreciable for an
increasing number of pairs k # k" around the Fermi level and
the highest Cy, must then decrease to comply with monogamy
requirements. For large 2, Cy is then significant only for k,k’
close to the Fermi level and just at the transition region, rather
than at the strong superfluid regime.

In the latter, correlations between modes kk and k'K’ in
the reduced state oz do exist, but lead just to a finite
mutual information I and finite quantum discord Dy (see
Appendix C), as shown in Fig. 5. In the limit G/(Q¢) — oo,
Eqs. (33) and (34) lead to S(p7,.z.) ~ %(3 — Q1) forlarge €,
implying that the mutual information

I = S(orr) + S(owr) — S(Orkri)
= h(f) +h(fi) — SO (36)

approaches in this limit a finite common value %%(1 +Q
for all k # k. Both I and Dy, are initially obviously larger
for pairs k,k" close to the Fermi level, in which case they
develop a moderate peak at the transition region, but remain
significant for G > G, since they are not restricted by a
monogamy property [50]. In contrast with Ej, they can
be correctly estimated through BCS. The finite value of the

Exact ——

0.0 0.5 1.0 1.5 2.0

0.0 0.5 1.0 1.5 2.0

FIG. 5. The mutual information (36) (top) and the quantum
discord (bottom) between modes kk and k'k’, for pairs closest (a)
and most distant (b) to the Fermi level, in the system of Fig. 1.
Both quantities are significant in the superconducting phase. The BCS
estimate is now nonvanishing for G > G..

discord (whose calculation details and asymptotic expression
are discussed in Appendix C) indicates that in the strong pairing
regime, the correlations between pairs kk and k’k’, while not
leading to a significant entanglement of the reduced state, are
not fully classical either. As seen from Eqs. (31)-(34), ;7 ..z,
does not become diagonal in a product basis, having instead
a maximally entangled nondegenerate eigenstate in the inner
block, which leads to the previous nonclassical effect (finite
discord).

In the smallest nontrivial case Q2 =2, o = [V)(V|
becomes pure (k = 1, k¥’ = 2). Hence, the discord coincides
with Ej;, which in turn becomes proportional to the one-body
entanglement entropy and also the entropy (28): Dy = Exp =
Eq o = E(I¥))/4 = h(f) = h(f;), where fyand fir =1 —
fr are the (twofold-degenerate) eigenvalues of p*P (see end of
Appendix C). All previous measures then collapse to a single
value.

B. BCS description
1. Standard treatment

As is well known, the BCS approximation to the ground
state of Hamiltonian (21) relies on a state of the form [44,51]

IBCS) = |:l_[(uk + ukc,{c,{)] 0), (37)
k
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for even N, where |uk| + |vk| = 1. Such state is the vacuum
of quasiparticle fermion operators

1 1
Ak = UkCk — VkCp, af = VkCp + UkCE, (38)

satisfying a; |BCS) = a;|BCS) = 0 together with fermion an-
ticommutation relations. The coefficients minimizing (H) =
(BCS|H|BCS) under a fixed (N) =23, |v,f| constraint can

be chosen real non-negative, and are given by ¥ = %,

where A = VE,% + A? are the quasiparticle energies, &, =
ex — W, with u the chemical potential and A = G )", (czcy) is
the BCS gap (we have dismissed minor effects in &; stemming
from self-energy terms). For (N) = Q and a uniformly spaced
spectrum, = é D ok k-

As (cpex) = upvy = A/(2A1), A is determined by the gap
equation

1

A=GA — (39)
20

The superconducting phase corresponds to the nontrivial solu-
tion A > 0, which arises for G > G, with
Gom—2n__° (40)
c — 1 ~ ’
Yum  InQ/2)+y
where the last expression holds for large €2 in the equally
spaced case (y = 1;[[11//22] ~ 1.96). For G < G.,, A = 0.
While E¥P(IBCS)) =0V G, as |BCS) is a quasiparticle
vacuum, the one-body entanglement entropy

h(pges)] = ZZh(m (41)

E(IBCS)) = tr|

is finite for G > G, and provides an excellent approximation
to the exact E(|V)) = E¥P(|W)) in the superconducting phase,
as seen in Fig. 1. Here, ppes = (BCS|1 — ¢c|BCS) is the
BCS single-particle density matrix, which is diagonal in
the unperturbed single-particle basis, with eigenvalues f; =
(c,tck) = (c}(c,;) given by

1 g
:}v,§|=5<1—i>. (42)

For G < G, v,f =1 (0) for levels below (above) the Fermi
level and (41) vanishes, whereas for G > G, v,f € (0,1),
smoothing the Fermi surface and leading to a finite value of
(41). This indicates the departure of (37) from a standard Slater
determinant. For G/(Q2¢) — oo and N = Q, Eq. (39) leads
to A ~ GQ/2 and v} ~ 1(1 — &/A), implying E(|BCS)) ~

2Q[1 — ZQZA‘ZSI; 515 which saturates in the limit.

Equation (42) also provides a good approximation to the
single-mode entropies S(pr) = h(fr), as seen in Fig. 2. As
stated before, each term h(f;) is an increasing function of
the occupation number fluctuation f;(1 — fi), which in BCS
becomes u;v7. The quadratic one- body entanglement entropy
Sy(pP) = 4tr [pP(1 — p*P)] = 8", uiv? isin BCS just twice
the total number fluctuation (N?) — (N)? [44]. Of course, this
relation is not valid in the exact ground state, for which the
number fluctuation is strictly zero.

The BCS state (37) does not have a fixed fermion number but
has a definite (positive) number parity. It is in fact of the same

form (22) with o, =[], vk uk ~ and n} = 0, lindependent
variables, such that v = 1,...,2%. Thus, the entanglement
entropy (28) between all modes k and all modes k reduces
to the entropy of a product of Q2-independent density operators
with eigenvalues |v}| = f; and |uf| = 1 — f;. Hence,

1
Eq_a(IBCS)) = Zh(fk) = 5 E(BCS)).  (43)
k

A similar relation holds approximately in the exact result
(Fig. 3). An entropy similar to (43) was defined in [20] for
the BCS state and analyzed in the continuous limit.

Considering now the reduced state of levels (kk), BCS leads
(using Wick’s theorem [44]) to (c,tckc,;cl) = (c,ﬁck)(c,;cz) —
(c,tc}()(c,;ck) = vlul — (upvr)* =0 and (c,tc;gc,;ck) =} +
(uxve)® = f, as in the exact case. Hence, Eqgs. (29) and (30)
remain valid in BCS with f; given by (42).

Differences arise, however, in the four-level density
matrix (31) since Wick’s theorem implies that all quan-
tities will be a function of the f;. For k #k we

have (nginpp) = (ne) (Mer)s <nkknk/k> = () () s and

(pzfipr) = (g (fpp), with (nz) = v = fi, (i) = uj =
1 — fi = fi, and (c,tc%ck cv) = ugvgupvp. Hence, in BCS,
Eq. (31) becomes
S fw 0 0 0
pIBCS — 0 fkfk’ _ fkfkfk/fk’ 0
0 Vhkfefe o Rfe 0
0 0 0 Fefe
(44)

It then has always just three nonzero eigenvalues ( fi fi', fx f»
and fi fi + fi fir), which in the exact state occurs exactly only
for G/(Q2e) — oo. These expressions lead to |(c,ic}£c,;/ckr)| =
~ inge ) (fgeipr) and hence to Cyy =0V A and k # K/,
as previously stated. BCS cannot reproduce the concurrence
(32) since the latter vanishes in any Gaussian state, and hence
for any |W) which is a Slater determinant or quasiparticle
vacuum, like the BCS state (37). A finite concurrence requires
sufficiently strong two-body correlations, in order to have a
positive difference in (32).

Nonetheless, BCS still leads to a good estimate of S(ogzx)
and of both the mutual information I;; and quantum dis-
cord Dy in the superconducting phase G > G, as seen in
Fig. 5. Moreover, for G/(2¢) — oo, fr — 1/2V k, and the
exact limits I = % S(orr) = %, and Dy = % — 3% (see
Appendix C) are obtained for large €2.

2. Number-projected treatment

One could now ask how the finite value of the concurrence
Cyp can be predicted in a BCS-based scheme. The answer lies,
of course, in the number-projected BCS approximation [44],
based on the state

Py|BCS) aZ[]‘[ Vi u, k(ckck)"ki||0) (45)

where Py = 5- fon e~ ®=N)dg is the projector onto fixed

(even) fermion number N, n;} = 0,1 and now Zk n, =N/2,
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FIG. 6. Top: entanglement of formation Ej; between modes kk
and k'k’ for pairs closest to the Fermi level according to exact
and projected BCS results, in the system of Fig. 1. Bottom: the
corresponding one-body entanglement entropy. The projected BCS
result is accurate for all values of G, although the difference % =
% depicted in the inset, is also maximum at the transition

region.

withv =1, ... ( NS}Z) (the n} are no longer independent vari-
ables). The state (45) has the same form as Ehe exact state (22),
but with specified coefficients o, = [, v} u, "

While projection after variation already improves BCS in
the superconducting phase, projection before variation can
properly describe also the normal sector G < G., where
standard BCS estimates vanish for all correlation measures.
We consider here a simple approach where the form of the
coefficients u; and v, in (45) is the same as in standard
BCS, but A is left as a variational parameter to be deter-
mined from the minimization of the projected average energy
(H)y = %. Full self-consistent methods can also
be employed [52].

As seen in Fig. 6, such an approach is sufficient to predict
a finite concurrence Cy, which fairly reproduces the exact
result, including the peak for pairs kk,k'k’ close to the Fermi
level. The essential reason is that for A > 0, the projected state
(45) is no longer Gaussian, i.e., it is not a quasiparticle vacuum
nor a Slater determinant, and Wick’s theorem no longer holds.
It contains two-body correlations and has in fact a very high
overlap with the exact ground state (22).

The effective A obtained with projection before variation is
positive for all G > 0 and exhibits a smooth increase with
increasing G, so that (45) will also lead to quite accurate
estimates of all other quantum correlation measures shown in
Figs. 1-3 and 5, including the interval 0 < G < G, as seen
in the bottom panel of Fig. 6 for the one-body entanglement
entropy. It is also noticed that the transition region G ~ G,
where Cyy exhibits its peak, is precisely that where the dis-
crepancy between the exact and the projected BCS predictions
is most significant, as seen in the inset.

IV. CONCLUSIONS

We have analyzed in detail the behavior of general fermionic
entanglement measures in the exact ground state of a finite
superconducting system. The one-body entanglement entropy,
which represents the minimum distance (as measured by the
relative entropy) to a fermionic Gaussian state, is seen to be
here a close indicator of pairing correlations, saturating in the
strong coupling limit and behaving like a scaled BCS gap. It is
practically proportional to the bipartite entanglement entropy
between all single-particle modes k and their time-reversed
partners k, being exactly proportional at the BCS level. BCS
provides in fact a good estimation of these entropies in the
whole superconducting phase.

In contrast, the entanglement of a subset of fermionic
modes, determined in general by a mixed reduced state
with no fixed fermion number, can exhibit a quite different
behavior. The first nontrivial case was shown to be that of
four single-particle modes k,k,k' k', whose entanglement of
formation can be evaluated through the fermionic concurrence
and can be interpreted as a bipartite mode entanglement. This
entanglement vanishes identically in BCS as well as in any
fermionic Gaussian state. In the exact ground state it shows
instead a peak in the vicinity of the superconducting transition
region for single-particle states k,k’ close to the Fermi level,
which are those most affected by the coupling at the onset
of the transition, possessing then a larger occupation-number
fluctuation in this region. The concurrence becomes then small
in the strong coupling regime for not too small 2 due to
monogamy restrictions. Hence, it is here an indicator of the
transition, reflecting the increased complexity of the exact
ground state in this region. It requires at least a number
projected BCS treatment for its approximate description. We
have also shown that while not significantly entangled, these
four modes do remain correlated in the strong coupling regime,
exhibiting there a finite mutual information and quantum
discord, due the nonzero off-diagonal terms in the density
matrix, and showing for this reason a less noticeable peak
at the transition region. The present results provide then
insights into the relation between fermionic entanglement and
superconducting correlations.
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APPENDIX A: MINIMUM RELATIVE ENTROPY

Given two density operators p, o’ for a given system, the
relative entropy (8) can be written as [42,43]

S(pllp") = =Tr[plog, p'1 — S(p),
where S(p) = —Tr[plog, p] is the von Neumann entropy. It

satisfies S(p||p") > 0, with S(p||p’) = 0 iff p = p’ [42]. Let
us now consider a p’ of the form

o = z! exp |:— Z)"UOU]a
v=1

where Z = Tr exp[— Y_, A,O,]and {O,, v =1, ... ,m}isan
arbitrary set of m linearly independent operators (Hermitian
or comprising both O, and O). This form of p’ is that which
maximizes the entropy S(p’) subject to the constraint of fixed

(AD)

(A2)

expectation values (O,), v =1, ...,m. It is easy to show that
for fixed p,
l\gl? S(pllp") = S(p") — S(p), (A3)
with the minimum reached for those A, satisfying
Tr[p'0,] =Tr[p0,], v=1,....m (A4)

i.e., for that p’ which reproduces the expectation values
determined by p of all operators O, of the chosen set.

Proof. Setting (O,)), = Tr [p O, ], we obtain, from Egs. (A1)
and (A2),

’ 1 :
S(pllp) = ™) Zkv(ou)p +InZ ) —S(p). (AS5)
v=1

As 33122 = —(0,),, equations %S(pllp’) = 0 lead to
<Ov)p’ = (Ou)pv (A6)

in which case Eq. (AS) reduces to Eq. (A3). |

It then follows that S(p") > S(p), with S(p") = S(p) iff
p' = p. The minimum relative entropy is then a measure of
the information contained in p that cannot be contained in any
operator of the form (A2). If p is pure and the operators O,
comprise the full set of one-body operators cjc j» (A3) leads
to Eq. (10) provided traces are taken in the grand canonical
ensemble. Similarly, if the O, also include the operators c;c;

and cfcl, (A3) leads to Eq. (13) (again in the full grand
canonical ensemble).

v=1,....m

APPENDIX B: FERMIONIC CONCURRENCE
OF FOUR SINGLE-PARTICLE STATES

Labeling the four single-particle states i,j,k,[ as 1,2,3.4,
and setting |0) = cfcicicilO), with |0) the fermionic vacuum,
the operator 7 in R(p;jx) in Eq. (20) is represented,
in the basis {|0),clc}|0).clcll0),clel|0), —10).cac110),
c3c1|0),c4c1|0)}, by the matrix [27]

(0 L
= (0 1)

The same matrix holds for an odd-parity state p; j; in the basis
{¢}10),¢110).¢510).¢}10)., €110).c210).c310),c410))}.

APPENDIX C: FOUR MODES REDUCED STATES AS
TWO-QUBIT STATES AND QUANTUM DISCORD

The ground state in (22) is a superposition of states where
pairs of modes kk are either fully occupied or empty. Following
Ref. [31], we could think of such pairs as even-parity qubits
and use this representation to see the reduced state (31) of the
four modes kk,k'k’, as a mixed two-qubit state. From Lemma 1
of [31] it then follows that the fermionic concurrence (32) is
the Wootters concurrence [46] of these two qubits.

Furthermore, fermion operators analogous to the Pauli
matrices can be introduced for these qubits, so that any local
operation can be described in terms of them:

6; = c,tc]% + cze, (CD)
&) = —i(cjel — cren). (C2)
& = c,tck + c};c,; —1. (C3)

It is verified that these operators satisfy [5/,5.]=
2i8kk/ew},6,3’ and_(&,ﬁ‘)zh/f)k = | ), for any even-parity state
|1/) 1 of the pair kk. In terms of these operators, any mixed state
of these two qubits can be written as

Pkk = PrPr + iC;wU;fU/:u (C4)
pr = 3(1+ reuol), (C5)

where i, = (o) and C,, = (o} 0})) — (0} )(0})) is the cor-
relation tensor of the state. This representation turns out to be
convenient to evaluate the quantum discord [53].

Recall that the quantum discord D(A|B) of a state p4p of
a bipartite system of distinguishable constituents A, B can be
defined as the minimum difference of two quantum extensions
of the conditional entropy [38—40]

D(A|B) = 1{\;1111}1 S(A|Bn;y) — [S(pas) — S(pp)l,  (CO)

S(AIBmy) = Y piS(oam,), (C7)
J

where papy = Trpa)pap is the reduced state of subsystem
A(B), the set {I1;} describes a local measurement on B, p; =
Tr[papIl;] is the probability of result j in that measurement,
and py /m; = pj_lTrB[pABH ;1 the conditional state of A after
suchresultis obtained. Evaluating D(A|B) then requires to find
the minimum over all local measurements of the conditional
entropy S(A|Bm;))-

For atwo-qubit state and for a projective measurement along
direction k in the Bloch sphere of qubit B, the conditional
entropy (C7) reads as, explicitly,

SAIBY = Y puf (M), (C8)

p==x,v==%

where f(x) = —xlog, x, pyx = %(1 + vrp - k) are the prob-
abilities of the two possible results of such measurement, and

n Ck
r V———————
A l+vr3-k

1
x‘v‘k=§<1+u
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the eigenvalues of the ensuing conditional state p4 /% of qubit
A. It was shown in Ref. [53] that in the weakly correlated
regime, the measurement minimizing (C8) is determined es-
sentially by the direction of one of the singular vectors of the
correlation tensor C.

Our interest here is in the state (31), which in the present
notation is an X-type state symmetric under rotations around
the z axis. It has marginal vectors r parallel to the singular
vector Zxy of C, i.e., riy = (0,0,ry;) with ri, = 2(nz) — 1,
and a correlation tensor already diagonal in the chosen basis,
with

Cxx = C)'_V = 2(C};C};C§/Ck/>, (C9)

Ceo = 4((ngenpr) — () (nee))- (C10)
Therefore, the minimizing measurement in the weakly cor-
related limit can be a projective measurement either along
z or along any vector k in the xy plane. Beyond weak
correlation, it is easy to show that for this state the previous
projective measurements are still stationary. Moreover, for
reduced states obtained from the ground state of the present
pairing system, we have verified that the minimum is always
obtained for a measurement along any vector k in the xy plane,
which is precisely that determined by the pairing correlations
[Eq. (C9)].
We then obtain p,; = 5 and A\, = 2[1 + uvrE, + CL

for both v = %. In particular, in the strong superconductlng

regime, Eqs. (33) and (34) lead to r;; = 0 and Cy, = ﬁ,
in which case Egs. (C6)—(C8) lead to

1 1
Dkk/%§<l— 0% )(3+Q b,

for large 2. The discord remains then finite in this limit.

The case N = Q =2. The case of N =2 fermions in
Q =2 twofold-degenerate levels is the smallest nontrivial
pairing system. The exact ground state of the Hamiltonian
(21) for G > 0 becomes just |¥) = (akclrc;% + oy ck/c )]0),
with k= 1, k' =2, ax = /%%, and & = v/e2 + G, which
is entangled for G > 0 (i.e., it is not a Slater determinant nor
a quasiparticle vacuum). The state (31) becomes obviously
pure, with (nznpp) = (fgefipr) =0 and (ngipp) = logl,

(C11)

(C;LCJr Cicr) = akak, = G/(2A). The concurrence (32) reduces
to C = 2|agay |, i.e.,

G|
N7
approaching 1 for G/¢ — oo, in agreement with the limit
(35) for 2 = 2. The quantum discord then coincides exactly
with the bipartite entanglement entropy Ejr, which here
is just Eq_g, and is exactly proportional to the one-body
entropy E(|W)) = h(p®): Dy = Ex = S(pz) = S(popp) =
Eq_q = E(W))/4=— Y, |0}|log, lef| = h(f0) = h(fi),
with Iy = 2Ew and fi = |a?|, k = 1,2, the eigenvalues
(twofold degenerate) of p*P.

Ciw = (C12)
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