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We analyze a general bipartite-like representation of arbitrary pure states of N indistinguishable partcles,
valid for both bosons and fermions, based on M- and (N — M)-particle states. It leads to exact (M,N — M)
Schmidt-like expansions of the state for any M < N and is directly related to the isospectral reduced M- and
(N — M)-body density matrices o™ and p™~*). The formalism also allows for reduced yet still exact Schmidt-
like decompositions associated with blocks of these densities, in systems having a fixed fraction of the particles in
some single-particle subspace. Monotonicity of the ensuing M-body entanglement under a certain set of quantum
operations is also discussed. [llustrative examples in fermionic and bosonic systems with pairing correlations are
provided, which show that in the presence of dominant eigenvalues in o™, approximations based on a few
terms of the pertinent Schmidt expansion can provide a reliable description of the state. The associated one- and
two-body entanglement spectrum and entropies are also analyzed.

DOLI: 10.1103/PhysRevA.110.032414

I. INTRODUCTION

Quantum entanglement and particle indistinguishability
are undoubtedly among the most fundamental features of
quantum mechanics. Yet the extension of the concept of en-
tanglement to systems of indistinguishable particles is not
straightforward [1]. The standard theory of entanglement [2,3]
was originally devised for systems of distinguishable compo-
nents, where the pertinent Hilbert space has a tensor product
structure which plays an essential role already in the basic
definition: separable states, i.e., those that can be generated by
local operations and classical communication, are just product
states (or convex mixtures of product states in the mixed case),
all remaining states being entangled.

In systems of indistinguishable components all states
are, however, necessarily symmetrized (bosons) or antisym-
metrized (fermions), preventing in principle a direct extension
of previous scheme. The definition of entanglement in these
systems has then followed different approaches, starting from
mode entanglement [4-9], where each side has access to dif-
ferent orthogonal (and hence distinguishable) single-particle
(sp) modes and entanglement is then defined in the stan-
dard form, although it becomes thus dependent on the choice
of sp modes. A distinct approach is the so-called parti-
cle entanglement or entanglement beyond symmetrization
[10-21], which is independent of the choice of basis and
just basic independent particle states [i.e., Slater determinants
(SDs) for fermions] are nonentangled. Other proposals based
on correlations between observables or measurements have
also been discussed [22-26], including the consideration of
symmetrization correlations as entanglement [27-31]. Con-
nections between these distinct forms of entanglement and
their behavior in different contexts have been analyzed by
several authors [1,32—43].
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In particular, in [17] we focused on the one-body en-
tanglement in fermion systems, which is determined by the
one-body reduced density matrix (DM) p" and vanishes just
for SDs (or quasiparticle vacua when extended to states with
no fixed particle number). It also represents the minimum
mode entanglement associated with a sp basis [17] and is
connected to the minimum bipartite mode entanglement in
four-level systems [35]. In [20] we examined its interpretation
as a quantum resource [44,45] in fermion systems, showing
through a general majorization relation that it cannot decrease
under a class of sp measurements, and also identified its rela-
tion with a bipartite-like (1, N — 1) representation of a general
N-fermion state. In [21] we extended the previous scheme to
general M-body entanglement in N-fermion states (M < N),
determined by the M-body DM p™’. Interest in many-body
DMs and their relation with entanglement and characteriza-
tion of correlations has recently increased in different areas
[32,46-49].

The aim of this work is first to extend the formalism
of [21] to the bosonic case, developing a unified second-
quantized formalism valid for both bosons and fermions. The
formalism still conserves, nonetheless, some of the features
of the distinguishable case: Any pure state of N indistin-
guishable particles is shown to admit, for 1 <M < N — 1,
a bipartite-like (M, N — M) representation and Schmidt-like
decomposition, whose coefficients are independent of the
choice of sp basis and are just the square roots of the eigenval-
ues of the reduced DMs p™) and p™~M) isospectral in any
pure state. The ensuing (M, N — M) entanglement determined
by the mixedness of these eigenvalues is shown, through a
general majorization relation, to be nonincreasing under a
certain set of L-particle operations (and to stay invariant under
unitary sp transformations), thus opening the way to a basic
mode-independent (M, N — M) quantum resource theory. As

©2024 American Physical Society
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well, for M > 1 the M-body DMs may exhibit a few large
dominant eigenvalues in correlated states, enabling a reliable
approximation of the state based on just a few terms of the
associated Schmidt expansion.

In addition, we also consider here the case of states having
a fixed fraction of the total number of particles within some sp
subspace. This is a common situation, arising, e.g., in eigen-
states of interacting Hamiltonians conserving the number of
particles within certain sp subspaces, like a set S and a partner
set S of time-reversed sp states in pairing-type Hamiltonians
or Hubbard models, as discussed in Secs. III and IV. It also
emerges, of course, in any bosonic or fermionic entangled
state having fixed number V; of particles in orthogonal subsets
S; of modes, such as distinct sites. In such cases the M-body
DMs exhibit a blocked structure, and it will be shown that re-
duced but still exact (M, N — M) bipartite-like expansions and
Schmidt decompositions associated with each of these blocks
are also possible. Moreover, the standard distinguishable bi-
partite case naturally emerges here as a particular instance in
this general formulation.

The general formalism is presented in Sec. II, while the
special case of blocked DMs and reduced exact expansions are
treated in Sec. III. Illustrative examples in finite systems with
pairing correlations are provided in Sec. IV for both fermions
and bosons. They include analytical results and bounds for
the one- and two-body entanglement spectrum in some typical
paired states, as well as numerical results for the latter and the
associated entanglement entropy in the exact GS of a finite
pairing Hamiltonian. These results show the presence of a
characteristic large dominant eigenvalue in the two-body DM
of both fermionic and bosonic paired states, together with a
highly mixed one-body DM, which provides a clear signature
of such states. It is also shown that through such eigenvalue
and the associated eigenvector, a good approximation to the
exact GS of the previous Hamiltonian for all values of the cou-
pling strength can be here achieved with just very few terms of
the pertinent (2, N — 2) Schmidt expansion. Conclusions are
provided in Sec. V.

II. FORMALISM

A. N-particle states in boson and fermion systems

Let us consider a single-particle (sp) space H of finite
dimension d and a set of particle creation and annihilation
operators ¢/, ¢, i = 1, ..., d, satisfying

i, cile =[¢], clle =0, [, clle =5 (1)

for bosons (—) or fermions (+), where [a, b]. = ab & ba. We
define the M-particle creation operators

Tnz } IM

N Z”’

tny
cmi — 41

* \/ﬁx/ﬁ

where n; =0, 1, 2, ... for bosons and n; = 0, 1 for fermions,
while o« = (ny,...,ny). When applied to the vacuum |0),
they create normalized orthogonal M-particle states C{*)7|0)
having n; particles in sp state i. For M > 0 (and M < d for
fermions) these states span the full Fock space F associated

=M, (2

with H, satisfying

0ICACU0) = sMM'g

oo - (3)

The subspace F), of M-particle states has dimension
dy = (¢4 =1 for bosons and dy; = (f) for fermions and
is generated by the dj, operators (2). These operators satisfy
CODCUIT|0) = 84q/10) and (see Appendix A)

A~

N
docie = ( M) (4)

for both fermions and bosons, where N = Zi cjci is the

particle number operator and (1]8,) the operator taking

the value (3y) = 3ra—37; When applied to an N-particle

state: (Alz)llll) = ()W) if N|W)=N|¥). The sum over
o in (4) runs over all dy operators (2), i.e., over all
possible occupations (ny,...,ng) with Z n; = M For

2Dt (2) _
Zacé)'cé)_21<j i ]CJCI+Z
NN-1) _ N
3 Z” ! cjc, ==5-2=() for
fermions (Where i = j terms obviously vanish).

An arbitrary normalized pure state |\W) of N identical par-
ticles (bosons or fermions) can then be written as

instance,

both bosons, and

1 -
) =+ Di..ivey -+l 10) (5a)
. il ..... lN
— Z FéN)CéN)”O)’ (5b)
o

where I';, _;, is a fully symmetric (antisymmetric) tensor
for bosons (fermions) and the sum over each i; in (5a) runs
over all d sp states, whereas that in (5b) over all distinct dy
operators (2), with (see Appendix A)
Y 7 ©)
T ny L. tn,

for c}: e =0 ¢, (and i} < --- < iy for fermions).
Here |I'(™|? is the probability of finding the N particle
state CV)7|0) “occupied” in |W), with (U [W) = )", [T{V]? =

1 2 __
MZil id|ri1 ..... iN| =1

.....

'Y = |Ic{V|v) =

B. The (M, N — M) representation and Schmidt decomposition
for bosons and fermions

We can rewrite the general N-particle state (5) in a
bipartite-like form involving operators creating M < N and
N — M particles, such that side A refers to M particles (but
not to any specific location in space or any other quan-
tum number) and side B to N — M particles. Starting from
Eq. (4) we obtain Y, CMTCM ) = ()| V). Then |¥) =
G, CMTCM W) can be recast in the bipartite-like
form

(M) ~(M Yt ~(N—M)
v () Zr cieg™No), (7)

for both bosons and fermlons, where we have written

My = Tircy o), (8)
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and sums over &, B run over all dy and dy_y operators C{MT,

CN=M respectively. Here F%) = F(M V=M is given by [see
Eq. (3)]
Ly = IG5 w), ©)

and is directly related to I';, __; in (5a) by Eq. (AS5).

Equation (7) is the (M, N — M) bipartite-like decomposi-
tion of | W), expressing it as a linear combmatlon of “products”
of states in Fj; and Fy_u,. The coefficients F M) determine the
remnant N — M particle state (8) after ann1h11at1ng in V) M
particles in the state labeled by «, with |1",%)|2 proportional
to the probability of having M particles in the state a and
N — M in the state 8. Equations (7) and (8) imply (V|W¥) =
Gt Za’ 8 |F(M)|2 such that for any normalized state,

+ N
Tr [T TM] = : 10
[ 1= (5, (10)
for both bosons and fermions.

As done for fermions [21], from the singular value decom-
position (SVD) of the matrix I'™),

(M) ZU(M) (M)V(N M)I (11)

where UM, VN=M) are unitary dy x dy and dy_p % dy_p
matrices and o™ > 0 the singular values of ') (square
roots of the nonzero eigenvalues of ™)) or PWOHWOT
we obtain from (7) the Schmidt-like diagonal (M, N — M)
decomposition of a general bosonic or fermionic N-particle
state,

N\ ' .
|\11)=(M) > o MAMTBNMT ), (12)
v=1

where ny, is the rank of '™ and

M)t M M)t
AMT =X UaneT,
* (13)
(N-M)F __ (N—M)* ~(N—M) ¥
B, =Y Va ey :
B

are “collective” operators creating M and N — M particles.
As UM and VV~M) are unitary, they are again orthogonal
normalized operators satisfying

AMDALDT(0) = 8,10y = BY BN TMT0), (142

A

> AMTAND = <Z ) =Y BYMTBNM - (14b)

for both bosons and fermions. Moreover, Egs. (8) and (9)
become diagonal in terms of these normal operators:

AM gy = ¢ MBN=MT|0) (15a)
(OIBNMAM gy = 5, 6 (15b)

such that BV=")7|0) is the state of remaining N — M parti-
cles after destroying M particles in the state labeled by v.
These states are orthogonal according to Eq. (14a), in anal-
ogy with the standard Schmidt decomposition and in contrast
with the states (8) [see Eq. (16a)]. On the other hand, the

full terms AMTBN=M)7|0) are not necessarily orthogonal for
different v.

The singular values o™ in (12) are characteristic of the
state, i.e., independent of the choice of sp basis used to repre-
sent it [see (A6) in Appendix A]. For N = 2 Eq. (12) becomes
equivalent to the normal forms of Refs. [10,11].

C. The M-body density matrix and operator

The bipartite tensor F%) is directly connected to the M-
body density matrix p™, of elements [50,51]

Pa = (WICSCIMW)

Z F(M)F(M)*

i.e., o™ = T DT for both bosons and fermions, where in
(16b) we used Egs. (3)—(8). Here o™’ is a dy; x dy positive
semidefinite matrix, representing the Hermitian covariance
matrix of the linearly independent operators C) in the state
|W). Equation (10) implies

Tr p™ = (Z) (17)

(16a)

() Rl W (16b)

for both bosons and fermions, in agreement with Eq. (4) [52].
The average of any bosonic or fermionic M-body operator can
then be expressed as

<Z 0%,>C;M>*C;V>> =Tr [p™0™]. (18)
o0
Since Eq. (7) implies TW=Y) = (£ YWN=-MpO!  for

(N-M) _

bosons (+) or fermions (—), the partner DM Ppg

[ WN=M[WN=M) jg just MM,
From (11) we note that the squared singular values

A0 = (o) 19)

arising from the Schmidt decomposition (12), are precisely
the nonzero eigenvalues of [ T™)" = M) or equivalently
i@ — (N=M) i e of the M and N — M-body DMs,
which then have the same nonzero eigenvalues in any N-
particle pure state |W), for both bosons and fermions [53],
with UM and VWV=M* the corresponding eigenvector ma-
trices. This result is analogous to that of the distinguishable
bipartite case [2].

Moreover, the normal operators (13) are precisely those
which diagonalize p™ and p™~M)_ constituting the M and
(N — M)-body “natural orbitals”:

(WIAGTAM @) = 2005,
N—M)+ p(N—
= (BB W), (20)
as follows from (14) and (15).

For M = N, p™ has just a single eigenvalue 1" = 1 cor-
responding to the operator A" = 3" TMCMT creating the
state (5b), whereas for M = 1 we recover the one-body DM
pl(/l) (\Illc ci|W) = (@OrMY),; with Tr p» = N, isospec-
tral with ,o(N D [20]. In this case AJf = c’f are the standard
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sp “natural” creation operators diagonalizing p": (CI,CV> =
S A D).
We also mention that in an N-particle Fock state |\I/5) =

N0y = S S0) (B (nr.ang) Sym =N

i.e., a permanent (bosons) or SD (fermlons) o™ s dlagonal
11 ;md

M)t —
in the standard basis of operators C, W \/rﬁ (o
(my,...,my), Zi m; = M), having just integer elgenvalues.
n:
(CMCY)g = Saar ", 2 =T] (m) Q1)
1

;
which in the fermionic case reduce just to (}y) eigenvalues
AM =1 [21]. In both cases they verify Y, A{*) = (). In
the bosonic case the lowest rank obviously corresponds to a
condensate (e.g., n; = N§;;) where there is a single nonzero

eigenvalue A(M) 4.
We can also define the M-body density operator (DO)

pM = Z cg 1wy (wicg M (22a)
= Zp(}g)C(M)’ 10)(01CS", (22b)

a,o

where in (22b) we used Eq. (8) for M — N — M and (16b). It
is the unique mixed M-particle state fulfilling

Tr [ (M)C(M)Tc(M)] ,O(M) (23)
oo
Y a, o, for both bosons or fermions. Its diagonal form is

P =3 aAT0)(0IA], (24)

v

in terms of the normal operators (13), such that
PMAMT|0) = AMAMTI0) having obviously the same
eigenvalues as its matrix representation p™). For M = N it
reduces to p™) = |W)(W].

Thus, the operation in (22a) can be seen as a partial trace
over N — M particles, leading to the reduced state p™) of
Eq. (22b) which determines the average of any M-body [and
hence L-body for L < M; see (29)] operator, in analogy with
the standard distinguishable case.

Under unitary sp transformations of the state, |V) — U|w)
with U = e~ Zuhucies all p™) and p™) will transform unitar-
ily [see (A7)].

D. Measurements, M-body DMs, and M-body entanglement
For both bosons and fermions, the operators
N2
. (N—M)
Mg = (M) C 8 25)

can be considered as Kraus operators when acting on the
subspace of states with definite particle number N, since by
Eq. (4), they satisfy

> MiMg =1y, (26)

ie., ZﬂM;MﬂW) = |W) V N-particle state |¥). Then
they define a measurement on N-particle states in which

N — M particles are annihilated [see also (B7) in Appendix B
for a number-conserving implementation]: |¥) — Mg|¥)
Cg' ™), with probabilities

N
_ T _ (N-M)
pp = (WIMEMgI) = ol / (M> @7

determined precisely by the (N — M)-body DM.

According to Eqgs. (22a)—(25), the ensuing postmeasure-
ment state P M ;;|\IJ)(\-IJ|/\/IIg (without postselection) is just
the normalized M-body DO p™:

N\
A(M) . AM) _ T
P _(> b _Eﬂ:Mm\p)(mM, (28)

which satisfies Tr p) = 1. The basic case is that of sp mea-
surements (N — M =1, M; = c,/\/_), with N — M-body
measurements based on the operators (25) being just compo-
sitions of sp measurements.

Regarding the L-body DM p® for L < M, we first note
that using Egs. (22a) and (4), it can be obtained from p™ as
(see Appendix A)

N-—L\"" .
L) _ A (M) ~(L)T ~(L)
Pyy = (N_ ) Tr [ C, Pl @w<m). (29

Then the expansions (22a) or (28) imply (see Appendix A)

P = Zpﬂ Do (30)

where p® = p® /() is the normalized L-body DO in the

original state |W) and ,béi) = ,o(L)/( ) those in the posts-

elected normalized M-particle states |Wg) = Mg|V)/,/Pg,
with pg the probabilities (27) of outcome B. Thus, for any
L < M, the normalized DM p{! is the average of the normal-
ized postmeasurement DMs p( ) in the postselected states.

This result is important smce it implies the general ma-
jorization relation [21]

) Zpﬂx Do) (31)

between the sorted (in decreasmg order) elgenvalue spectrum
A of the original DM p{ and those of / ,oﬂ ) (see, e.g., [54,55]
for majorization properties). It entails the general entropic
inequality

(L) Zpﬂs 10[%;) (32)

between the entropy of the orlglnal normalized L-body DM
o) and the average entropy of the normalized L-body DMs in
the postmeasurement states. It is valid for any concave entropy
S(p), like the von Neumann entropy S(p) = —Tr p log, p, or
in general any trace-form entropy Sy(p) = Tr f(p) with f
concave and f(0) = f(1) = 0 [56], in both boson and fermion
systems.

This result means that for L < M, the L-body entangle-
ment, determined by the mixedness of the normalized L-body
DM [21] and quantified by the associated entropy

ED (W) =S(pP) = S(p 1), (33)
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cannot increase (and will typically decrease) on average un-
der the N — M-body operation determined by the operators
(25), for both bosons and fermions, and for any choice of
entropy. This is in agreement with the fact that such measure-
ment decreases the uncertainty about which L-body states are
occupied.

Equations (26)—(33) remain valid for measurements based
on the normal operators (13), M, = (§))"2BY~™), as they
are unitarily related to the Mpg: just replace B — v,
with pg — p, = AN /@) and |¥g) — |W,) = AMT|0)
(o< BN=M W)y in (30)—(32).

Hence, a resource theory based on the previous quantum
operations (plus free operations like unitary sp transforma-
tions) is in principle feasible, with the L-body entanglement,
determined by the mixedness of the reduced densities p&)
(which is fully independent of the choice of sp modes) as a
basic resource which cannot increase on average under these
operations (see also Appendix B).

III. REDUCED EXACT DECOMPOSITIONS

The presence of symmetries in |¥) can simplify the DMs
o™ into a blocked structure in an obvious basis, reducing the
effective number of nonzero elements. A common example
is the conservation of the number of particles in a certain
subspace S C H of sp modes,

Ns=> cles (34)

ieS

as in the case of eigenstates |W) of Hamiltonians satisfying
[H, Ng] = 0, such that
Ns|W) = Ns|¥). (35)
If |W) has definite particle number N, (35) also implies
N5|\Il) = Ng|V) for N¢ = N — Ns the number of particles
in the orthogonal complement S, such that H = S @ S.
Common well-known cases are, e.g., systems with pairing-
type two-body couplings, where the number of particles in
positive and negative quasimomentum states Ng, Ns, are con-
served (see Sec. IV), Hubbard-type Hamiltonians in solid
state physics [46,57,58], which conserve the number of parti-
cles N, = Z, ¢;, Cic With definite spin component o, and the
strong nuclear force in an atomic nucleus within the isospin
formalism [50], which conserves T, = 1%, i.e., the number

of neutrons N = ¥, ¢/ +Ck+ and protons Z =}, ci_cy— for
N + Z fixed and k denoting remaining quantum numbers. It is
also the case of any system with fixed number of particles
at distinct sites (corresponding to orthogonal sp subspaces
S;), like entangled states of spatially separated M and N — M
particles, where the standard distinguishable scenario emerges
naturally as a special case (Sec. III D).

Equation (35) implies that elements of p™) which do
not conserve the number of particles in & will vanish:
(COTCIy = 0if [CPTCUP | Ns] # 0, leading to a blocked
o™ where each block corresponds to a fixed number m of op-
erators cje 5 Cies in CMT, con. ). We show here that reduced
exact (M, N — M) expansions of |W) associated with each of
these blocks are also feasible.

A. One-body case

We start with the simplest case M = 1. It is easily seen that
Eq. (35) implies the following blocked form of the one-body

DM pM:
(1)
0 0
oD = ( S (1)), (36)
0 P

+

where (p(l))u = (c ci), (p(l)),j = (ch) are the one-body

DM’s in each subspace, since remaining contractions (cl c;5)
vanish due to the conservation of Ns. These blocks have a
fixed trace Tr pg) = Ng, Tr pg) = Ns.

Moreover, if Ns > 1, Ng > 1, each block can be associ-
ated to an own (1, N — 1) expansion and Schmidt decomposi-

tion of |W): Starting from (35), V) = L195|‘~Il) and writing

ci|W) = ZﬂF“)C(N D710y with r‘” <0|C<N De vy, w
obtain the reduced exact expansion

=Ng' Y rigefcg o) (37a)
€SB

=Ng" Y oPalBYV70), (37b)
veS

which just involves the block Ffsl) of elements Ffé?s 8 of
the full T in (7), where B spans (N — 1)-particle states
with Ns — 1 particles in S and Ns in S. In (37b), 0(1)
are the singular values of Fg) and a, = Zzes U(l)cT B‘
Zﬁ Vﬂ(lvv 71)*Cng DT the associated normal operators (13)
(M =1). Tt leads to (cfc;) = (Ig’T§");; for i, j € S and
hence to the upper block of p),

p(l) F(l)r(l)T (38)

with eigenvalues A{" = (o(1)? for v € S.

Similar expressions with S — &S in (37) and (38) obviously
hold for the expansion of |W) associated with the second
block ,0(1) in (36), determined by Fg) of elements Ff;?s P

Both expansions, Eq. (37) and the analogous one based on S,
are exact but run in general over distinct singular values o (!,

(1) and operators a,,, a;. For composite systems with Ng, > 1
partlcles in n orthogonal subspaces &;, analogous expansions
hold for each subspace.

Equation (35) also leads to a similar blocked structure of
the partner isospectral (N — 1)-body DM,

(N-1)
_ Ps 0
pN=D =< e 1)) (39)
0 Ps

(N-1) F(I)TF(I)*

where pg contains just those elements

,o/(g[\; D with B, B involving Ns — 1 particles in S, and

pgv D= F(I)TF(D* those with Ng — 1 particles in S (and

) (1)

hence Ns in S). Notlce however, that pg are not

isospectral in general.

and Ps

B. Two-body case

The implications of (35) become even more important for
the two-body DM. For Ns > 2, N5 > 2, Eq. (35) entails that
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the full p® will have three principal blocks:
pg 0 0

p@=[0 pZ o[ (40)
0 0 o2
where
(081100 = lehcicicds (09))iizr = (ehciejer)  (41)

contain the contractions W1th1n Sand S respectwely (includ-
ing diagonal elements (:05 itk = c,;clI 12 /f (,os))ll k=
(c k2 12) /2, etc., in the bosonic case) and

( (2)

pSS)U g = (cicleser), (42)

I

those involving one particle in S and one in S. All remaining
contractions vanish due to the conserved Ns. These blocks
have fixed traces

N, Ngs
Trp@ = ( s>’ Tep® = < s>’ Tr p% = NN,

2 2
(43)
verifying (%) + () + NsNg = (" T79).
Moreover, Eq. (35) implies
. N,

doCCPw) = ( 2"’") @), (44)

aeS
for C‘ize); = c ¢; (i < j)or (g )2/2 with a similar expression

forS — S, and

> CPICP|w) = NsNs| W) (45)
yeSS
for C;Z); 5= c c . Then the tensor I'® will also have three

corresponding blocks F(z) F(z)- and I'?, each of them gener-
ating an exact reduced expans10n and Schmidt decomposition
of |W): The first one, emerging from (44),

Ns\ ™'
W) = ( N ) D (1) ,CCy M0y (46a)
aes, B
N -1
- ( 3) > o PARTBN V7o) (46b)
2 v v v ’
veS

where (Fm)aﬂ = (0|C(N_2>C(2) |W) and olfz) are the singular

values of I'?, is related to ,0(2) = Ff,sz)l*fsz)+ and its eigenvalues
)\(2) (6(2§)2 for v € S. The third one is analogous for S —
S and is related to pg) rorer,

Finally, the second one, emerging from (45),

1
_ (2) )t ~IN=2)F
W) = NaNs ) (Fss)yﬂc}, Cﬂ |0y (47a)
yeSS.8
= NoNs ZGQZ)A?*BQN*Z)W()), (47b)
where (l‘( ))y,g = (O|C(N 2)C}(,Z)SSN/) and afz) are the sin-
gular values of Fg;, determines the central block ,0(2)
FS;FS;T and its eigenvalues k(z) (0(2))2 It exposes the

two-body correlations between the particles in S and those
in §. Summing the three previous expansions with their

relative weights ps = (%)/(), ps = ($)/(), and pgs =
NsNg/ (N) leads to the original expansion (7) for M = 2.
Previous blocked structure and expansions also hold for the

partner (N — 2)-body DM p®=2), with p W-2) F(Z)TF(Z)*

pg\g V= FfféTFfﬁfg* nd P(N 2= F(Z)TFQ)* containing el-

ements involving Ng — 2, Ng -1 and NS particles in S,
respectively.
The expansion (47) is convenient when pg‘,); possesses one

or a few large dominant eigenvalues )L(Dz) > 1 which absorb
most of the sum (see Sec. IV), and which reflect pairing-like
correlations between particles in S and those in S [48,59,60].
For any “product” state

W) = AZ="BE 0, (482)

where Agvs ¥ (Bgvs )T) creates an arbitrary state of Ns (Ng)
particles in S (S), pgg becomes a direct product of one-body
densities in both fermion and boson systems,

(pfgz;)l,kz (pg))lk(pg)),i’

becoming d1ag0nal in the natural sg) bases which diagonalize
(1) and p(l) (p&,)s),-j-’k,— Sk k(l (l), with AEI)A}” < 1 for
fermlons
Hence an immediate consequence for fermions is the fol-
lowing: If in a state with definite fermion numbers Ns, N3 in
orthogonal sp subspaces S, S, the joint two-body DM ,0(2)

(48b)

has an eigenvalue A> > 1, there is bipartite entanglement
between the Ns and Ng fermions, in the sense of not being
a product state (48a) (see Sec. III D).

Such a dominant eigenvalue also indicates that |W) can-
not be an independent fermion state (SD) either, since in
these states all nonzero eigenvalues of p® have the value
1. Moreover, if |¥) is a SD ((p")* = pV) and Ns, Ng are

conserved, then (48a) necessarily holds, with Agvs " C;ng)l,

simple product operators of the form (2),
(1))2 _ ,M
- ps ’

B({\’s i C(Ns_)*

since the blocked structure (36) then implies (pg
(p)? = p§. entailin thatbothA<Ns>*|o>,B(NS” |0) are SDs.
S g s s

C. General M-body case
For a general M-body DM in a system with Ns > M parti-
clesin S and Ng > M in S, Eq. (35) implies that o™ will be
blocked into M + 1 subdensities ,o(m b involving m particles
in S and [ = M — m particles in S, w1thm =0,1,...,M:

p‘(SM,O) 0 0
I B Ry
SR
where (p(ml))m = (C(m I)TC("’[)% with Ci"DT = C;ZECSE)L

creating m particles in S and / in S. The blocked form (49)
is equivalent to the condition

[p™ Ns]=0 (50)
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on the m-body density operator (22), implied by a state fulfill-
ing Eq. (35). The operators C{")" satisfy

Zcém,l)'rcém,l) — (NS> <NS> (51)
o " :

Therefore, each block in (49) has a definite trace Tr p-™ =
(l\,]?f )(Nf). For M = 1 and 2 we recover the blocks of Egs. (36)
and (40).

The tensor '™ will also be decomposed into M + 1
blocks '™ D, each one generating an exact expansion and
Schmidt-like decomposition of |W¥), since for each m, [

Eq. (51) implies 3", CY"DICoD 1wy = (¥$)("$)|w) for states
satisfying (35). Thus, we obtain
1

_ (m, 1) ~(m, 1)t ~(Ns—m,Ng—=1)T
|\y>_—(NS)(Nl§)Zraﬂ cicy s7DN0y,  (52a)
m a,fp
1
— (mJ)A(mJ)TB(Ns —m,Ng—1)T |0) (52b)
N, Ns ZG\) v v )
GG S
with T = (0|cg" s ™" D1w),  such  that
o 2y, FL’E”C(NS mNsDT0)  and  p =

DDt In (52b) o™ are the singular values of I""!

and A"DT) BN~ Ns =T the normal operators obtained from
its SVD. These block-DMs and their eigenvalues can be used
to characterize the M-body correlations between particles at
Sand S.

The (m, [)-body density operator corresponding to such
block can be likewise obtained as
A(m,l) _

i Zc(NS m,Ng— l)|lIJ>(\I/|C(N'S m,Ng—1)t
= Zp;’;’,”cw”ﬂo e, (53)
oo

Similarly, reduced measurements based on the operators

N T-1/2
M&"’*”=[<]Zf>(Nf)} Y, (54)

which satisfy >, MG DTMED = 1y, on the subspace of
states with definite particle number N and subsystem particle
number Ngs, become feasible, leading to a direct extension of
Egs. (27)—(33). The associated entanglement, i.e., the mixed-
ness of each of these blocks, will not increase on average
under these measurements and can then be also considered
as a resource in this scenario.

D. Connection with entanglement
between distinguishable systems

In the special case M = Ng, the expansion (52) associated
with the first block (m = M, [ = 0) in (49) becomes

W) = Y rUCNrcYs o) (552)
aeS,BES
=Y o MOANITBN0), (55b)

v

with F<’;S> =y = (0IC) M) | w) fora € S, B e S.
Eq. (55a) is just the standard decomposmon of a bipartite state

of two distinguishable systems (the Ns particles at S and the
Ns at 8) in terms of local states (C(NS)T|O) and C;Z?”O))

aeS

expressed in second quantized form. The Ng particles at S
can be distinguished from the Ng at S since they occupy
orthogonal subspaces and have then a distinct quantum num-
ber. The diagonal representation (55b) is the standard Schmidt
decomposition, with Eq. (48a) corresponding to the separable
case.

Accordingly, all terms in the sums (55a) and (55b) are now
mutually orthogonal. The associated isospectral Ns- and Ng-
body densities,

p(Ns) F(NS)F(NS)I p(Ns) F(Ns)lF(Ns)* (56)
WNs) _ (m,0) ;
where pg°’ = pg is the first block in (49), represent

the standard local isospectral density matrices of the Ns
particles at S and those at S, having the same eigen-

values AV) = (oVs))? and satisfying Tr p3's’ = (xz) =1,

Tr p(NS ) (NS ) =1, with

e =Y i Iwpwicy T, (57
BeS

Pl = SO wICY,  (5Th)
acS

the corresponding local reduced states. Their common entropy
is the standard bipartite entanglement entropy of the Ns and
Ng particles:

E(S,S) =

( (Ns))

We finally notice that for a quantum operation transform-
ing an N particle state |Wy) with support on a sp subspace
So = &, to a state | W) with M = N5 particles in a subspace
S orthogonal to S, and Ns = N — M particles in S, satisfying
then Eq. (35), the result derived in [21] for fermions also holds
for bosons: The entropy of the original normalized M-body
DM ,o(M ) in |Wp) is an upper bound to the average bipartite
entanglement (58) in the final states (see Appendix B).

S( (Ns)) (58)

IV. EXAMPLES

We now discuss some examples illustrating previous con-
siderations in both boson and fermion systems. We focus on
N-particle paired states, which arise as ground states (GS)
of systems with attractive pairing interactions. The latter are
well known to be most relevant in several distinct contexts,
from the standard BCS theory of superconductivity [61] and
its extension for describing He® superfluidity [62], to the
description of pairing effects in nuclear systems and neutron
stars [50,63], including also ultracold quantum gases [64].
BCS-like pairing models for bosons have also been considered
[65-67]. Such paired states are strongly correlated, requiring,
as is well known, at least a particle number violating BCS [61]
or Bogoliubov approach [50] for an approximate treatment
at the mean field level. We will here consider exact results
in finite N-particle systems, focusing on the eigenvalues of
the one- and, especially, two-body DM and on the associated
entropies and bipartite expansions, of some typical paired
states, including the GS of a finite pairing model.
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A. Maximally paired states in fermionic
and bosonic systems

We start from the uniform pair creation operator

1 n
At = % Zc,tc;—g, (59)
=1

where k, k label n orthogonal sp states belonging to orthog-
onal subspaces S and S respectively (e.g., k, k may label
opposite quasimomentum states) and c,:, c;{ can be either
bosonic or fermionic creation operators. It creates a max-
imally entangled pair state |¥,) = AT|0) = L Zk ckc
both in the sense of leading to a maximally mlxed one- body
DM p® = 1/n for 2 particles in 2n levels, i.e., maximal
one-body entanglement E(") in Eq. (33) for L = 1, as well as
maximum bipartite entanglement between the two particles
(which occupy orthogonal subspaces), i.e., maximally mixed
pWs) pWNs) in (57) and hence maximal E(S, S) in (58), for
Ns =Ns =

The operator (59) fulfills the commutation relation (in what
follows + corresponds to bosons, — to fermions)

[A,A"1=1+N/n, (60)

where N = > chk + c;-ic,; = Ns + Ns is the total number
operator. Using (60) it 1s straightforward to show that the
ensuing normalized m-pair state created by (A7) is

W) = — [ Aty (61a)
m!'\V' N,
= JIN; Z Imy, ... m), (61b)

S =

where my is the number of pairs in states (k, k), with my, =
0,1,2,. for bosons and m; = 0, 1 for fermions. In (61b),

N, = (”+m " (bosons) or A, = (" ') (fermions) is the num-
ber of ways of distributing m indistinguishable pairs in n pair

states (with single occupancy in the fermion case and m > 0
for bosons, 0 < m < n for fermions), and

Imy, ..., my) = = 5,CMICIMT0)  (62)

Tym,
are basic normalized m-pair states, with C{"" =[], (%,

(C Yk

(m)i _
G =11, = — for e« = (my, ...,
factor for the fermlonlc case.
Hence, the states (61) are just a uniform superposition of
these N, basic m-pair states, satisfying Eq. (35),

Ns|W,,) = N5|W,,) = m|W,,). (63)

my) and s, = + a phase

They arise as exact GS of simple pairing Hamiltonians in the
strong coupling limit (see Sec. IV C). From (60) and (61) it

can be shown that
(1 + —) W),
n

m—1
=M<1 + )I‘Dm%
n

AT, ) = (64a)

ATA|W,,) (64b)

with A|W,,) = ,/m(1 + ’”T_l)|\llm_1), such that ATA counts es-

sentially the number m of pairs for n > m.

The states (61) have again maximum one-body entangle-
ment (for fixed N = 2m particles) for both fermions and
bosons Eq (63) implies o has the blocked form (36), with
,08) p dlagonal and maximally mixed, as all sp states k, k
have the same occupation:

oD = (})zk(l)]l7 AD = m/n, (65)

Trpd) =
3Trp =m and leading to maximum EU in (33), ie.,

ie., (cfev) = (ckck,) = S AV, verifying Tr p(l)
E" = log,(2n) for the von Neumann entropy.
Similarly, the states (61) have also maximum bipartite en-
tanglement E (S, S) in Eq. (58), between the Ns = m particles
in S and the m ones in S, for both fermions and bosons:
Egs. (61b)—(62) are already the Schmidt decomposition for
such partition, |W,,) = \/N#ﬁ 3, 5aCEICITI0) with [s,| =

1, hence leading to maximally mixed reduced densities ,o(m) =

(m) = N, 11 and maximum entanglement entropy
E(S,8) = log, N,. (66)

On the other hand, the two-body DM p® determined by
the state (61) is not maximally mixed, as can be seen from
its eigenvalues A( ); Eq. (63) ensures it will have the blocked
structure of Ecg (40), with still maximally mixed diagonal
blocks pg”, p& [of length n(n + 1)/2],

@ _ 0 _ ;0 @ _ mm—1)

= 1, A)=——"2, 67

Ps =Ps = 2 7 k1) ©7

since (c{clcxrcpr) = S d for k <K, K < k”, and
T2 2

additionally (9= Sy = Sk Ay

V22
with identical expressions in S, verifying Tr ,0(2)

A for bosons (see Appendix A),
Tr p<2)
( ) for bosons and fermions.

However, the remaining block p(z) in (40), of length n? for

bosons and fermions, becomes 1tself blocked in two submatri-
ces (see Eq. (A14) in Appendix A),

(cfelcpner) = (1 = 8 )8trSionn S (682)

k

m(n £+ m)
nnt1)
where the first block (68a) is diagonal and similar to (67),
while the second block (68b), of length n, is nondiagonal and
exposes the two-body pairing correlations between particles
in S and S. It has two distinct eigenvalues: one given again

by A(z) Eq. (67), n — 1 degenerate in this subblock, while the
remaining one (see Appendix A),

-1
AP = m(l L ) (69)

+3kk/ak~km[ + akm;”], (68b)

n

is the smgle dominant nondegenerate elgenvalue of p@,
satisfying A( ) > m for bosons and A( > 1 for fermions
(with A(Z) > m for bosons if m > 1 and ke) > 1 for fermions
if 1 <m < n). It corresponds to the ﬂat normal operator
APT = AT of p@, as ATA|W,,) = 2P|W,,) [Eq. (64b)] and
hence (ATA) = 1.
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Thus, for n > m, A(lz) ~ m 1is essentially the number m

of pairs while )»;2) ~ (m/n)* becomes small, in agreement
with the approximate bosonic interpretation of AT for n > N
[Eq. (60)], in which case the state (61a) can be seen as an
m-boson condensate. Nonetheless, their exact values are re-
quired for fulfilling Eqs. (17)~(43): Tr p® = 2® 4+ (n(2n +
D= AP =), Trplh =27 + (2 — DAY = m?, and
are important when m ~ n or m > n (bosonic case). In the
fermionic case Eq. (69) is also the largest value the maximum
eigenvalue of p® can reach among any state of N = 2m
particles in a 2n-dimensional sp space [48,59].

We can now verify expansions (37) and (46)-(47).
Blocks ,o(l) and pg) generate similar (1, N — 1) uni-
form expansions (37b) of |W,,): From (61a), ct(AT)"|0) =
%cg(fﬂ)(m—”m), such that (15a) is verified for M =1,

A<1>—ck el W,) = V2AOBP"VT0), with B V10) =
\/Whllm 1) the normalized state of remaining parti-

cles after one in state k is annihilated. Equation (37b) is

. Fp@m=1f 0y _ _ATW)
then fulﬁlled E\/?Zk CkBk " |0> = \/T%l) = ‘-IJm>,

according to (64a).
2) (2)

Likewise, blocks pg’, pg  generate similar uniform

expansmns (46) of |W,): for k#k, cuc(AT)Y"0) =
mD el el (AT )<m 20) and hence cpck|W,) =
A(z B(zm 2) where B(zm 2)’r|0) Cp \‘fzy: 2) is the

(crepcpc; V172
normalized state of remaining particles after anmhilating
two particles in states k, k’. Equation (46) is then verified:

V3 2m—2
m(m—zl) Zk,k Cka,B( ot |0> = |\Ijm>

On the other hand the expansion (47) based on pgé has
here a single dominant term: Eq. (64a) is just (15a) for
the main eigenvalue )»52) and eigenvector A(lz) =A: AlY,) =
,/)»(12)|\Ilm,1), with B(IN_Z)T o (ATy"=1. Moreover, the first
term alone in (47b) is already proportional to the exact state,
as ATA|W,) o« |W,,) according to (64b). The sum of all re-
maining terms in (47b) is in this case proportional to this first
term.

B. General paired states

Let us now consider the general m-pair state

W) = Z T CIMTCy™10)

Z Fm] m,,lmls e mn)»

o
- ©my=m

(70a)

(70b)

where |my, ..., m,) are the previous states (62) and 'y =
Ty, ..m, arbitrary coefficients satisfying Y, [Ty|* = 1, with
mp =0,1,2,...(0,1) for bosons (fermions). Like (61), these
states contain all N = 2m particles in m pairs (k, k) and arise
as GS of pairing Hamiltonians at finite couplings strengths
(see Sec. IVC). They satisfy Eqgs. (35)—(63), then leading
to the same blocked structure (36)-(40) of o and p® for

fermions and bosons, with p(" and pg) P again diagonal

in the standard basis:

(clew) = (cfep) = dueny”, (71a)

(cicheuncir) = Suodurrhi, (71b)

for k < k', k" < k", and similarly for k — k, with A2 = A}
(2) 2.2 2 2

?:;a);kekd §y2<c" ¢;) = A for bosons. For Pss Eq. (68) is

(clepcpncr) = (1= )by, (72a)

+ Sk S Pﬁ)kn (72b)

@ _ (r0 @ -
such that pi% = (% K p@)) with pj” the diagonal subblock

(72a) having the same elements (71b), and péz) the nondiago-
nal n x n “collective” subblock (72b) containing the two-body
pairing contractions (ch,Zc,;/ cr).

In the fermionic case, this subblock yields itself to an exact
(2, N — 2) reduced expansmn of |W,,) containing at most n
terms, since N =), ckc CRC just counts for fermions the
number of pairs, satisfying N,|W¥,,) = m|W¥,,). Thus, |¥,) =
lllN |W,,) can be expanded as

1
Un) = — > TigciciBg 10) (73a)
m B
1 " .
2) A Q)T p(N=2)7
=— ) 0, A" B; 0), 73b
m Z v v v | ) ( )

where we have written czc|WV,,) = Zﬂ F(Z)B(N 2ﬁlO) with
I‘Ii? = (O|B;N_2)c,;ck|\llm) the elements of the ‘collective”
subblock T'® of the full I';} in (47), such that T®T®" =
p? in (72). In (73b) 0¥ are the singular values of this
subblock, with A2 = (cr(z))2 the eigenvalues of p® and
ADT BN=DT the assomated normal operators determined by
its SVD. In the presence of a dominant eigenvalue, a good
approximation to |,,) can be obtained with just a few terms
in (73) (see Sec. IV C).
In particular, for a pair creation operator of the form

Zakck cl, (74)

where >, |ox|?> = 1 and we can set oy real
the phases of the cz, an example of (70) is

> 0 by adjusting

(A%)"|0)

m,
E 01 . Jmy,

..... i
zk m=m

where j\/r; = m, oML (with the same previous
restrictions on the my for bosons or fermions). These states
are just particle number projected BCS-like states: I‘-IJ )

P,,|BCS), where |BCS) o exp[AT]]0) = I exp(akck T)|0)
[38,50] (=[], (1 +akck 12)|O> for fermions) and P, is the
projector onto m-pair (2m-particle) states.

We now prove that in all states (75) [but not (70)] the
largest eigenvalue A(]2) of pg; [stemming from p{® in (72)]

W,) =
9,) =

s M), (75)
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satisfies

AD > {m (bosons) 76)

1 (fermions)’

for arbitrary {o}}: A straightforward evaluation of the average
in the state (75) yields (see (A15)—(A16) in Appendix A),

(ATA) = m £ (m— 1)) o7 {ciex) (77a)
k

=1+ @m— 1)(1 + Za,f(c,ﬁcw), (77b)

k

for bosons (+) or fermions (—), such that (77a) implies
(ATA) > m for bosons and (77b) (ATA) > 1 for fermions
(where Y, of(c,cx) < Y, 0f = 1). This proves Eq. (76)
since the largest eigenvalue A(lz) of pﬁ)s should satisfy Aﬁz) >
(ATA).

To see it does not hold for all states (70), just take
a superposition of states with orthogonal sp support, e.g.,
\%(H:’:l CZC;-Z +11", 1 ch£)|0), for which the nonzero
eigenvalues of p® are just all 1/2 for both bosons and
fermions Vm > 2. |

Equation (77) also shows that ATA has itself a largest
eigenvalue AY > m (1) for bosons (fermions) among N =

max =
2m-particle states, since again A > (ATA) for the average

=
taken in any N particle state. Notingg, however, that for general
oy the state (75) is no longer an exact eigenstate of A"A, nor is
A" a normal mode of the associated p*.

In the uniform case oy = 1/4/nVk, (c,:ck) =m/nVk and
we recover from (77) the result (69). Moreover, while (as
previously mentioned) in fermion systems this is the maxi-
mum value kﬁz) can reach among all 2m-particle states in a
2n-dimensional sp space, in boson systems Eq. (69) represents
the minimum value reached by the maximum eigenvalue A;
among the states (75): Since for nonuniform o} > 0, (chk) >
(ci,ck/) if oy > op while Zk(clck) =mand Y, 07 =1 are
fixed, we obtain, writing (chk) = m/n + 8, with Zk S =0,
the bound ), ak2 (chk) > m/n, such that (77a) and previous
fermionic result imply, for all states (75),

A2 > m(l + m_—l) (bosons)
1 Z n
(78)

)»32) < m(l - ) (fermions),

n

which for bosons is stronger than (76). Maximum A(lz) in the
bosonic case among the states (75) is obtained when all pairs
are in a single state k (A2 = m?).

Finally, we recall that in the fermion case any pair creation
operator AT = % Zi.j I“,-jc;rc; (with T';; = —T';;) can be writ-
ten in the previous normal form (74) [11] (directly related to
the normal form (12) for N =2, M = 1 of the state A7|0)),
with oy, the singular values of I" and the cz, C/E’ unitarily related

to the cj.

C. Finite pairing system

We finally consider the exact ground state (GS) of a fi-
nite discrete pairing model. Such a model describes finite

superconducting systems in the fermionic case (see, e.g.,
[50,68,69]), while its bosonic version has also been con-
sidered [65-67]. Studies of entanglement in such systems
have mainly focused on mode-type entanglement in the ap-
proximate BCS GS [70-73] or on the fermionic one-body
entanglement and concurrence [38]. Here we will concentrate
on the two-body entanglement determined by p® and the
associated state expansions, in both the fermionic and bosonic
version of the model.

As in previous examples, we will work within an effective
single-particle subspace of dimension 27, spanned by n states
k and n states k, with sp levels of energies ¢ = ;. The
Hamiltonian is

H = Z sk(chk + ch,;) — Z Gkk/c;cz,c,;ck, (79)
k kK

where the second term is the pairing interaction. It conserves
the number of particles in states k (subspace S) and k (sub-
space S), satisfying

[H,Ns] = [H,Ng] =0. (80)

Hence its exact eigenstates, and in particular its GS, will
satisfy Egs. (35)—(63). For even N = 2m and Gy > 0 Vk, k/,
the exact GS will be of the form (70) for both bosons and
fermions, since in order to minimize its energy it will have all
N particles in m pairs (k, k), without broken pairs.

In what follows we consider a constant sp spacing x4+ —
& = €& Yk and uniform coupling strength Gy =G >0
Yk, k', such that the interaction in (79) becomes nGATA with
AT the uniform pair creation operator (59).

Thus, for g = G/e¢ — oo, the GS of H will approach that
of —nGA'A, which is the maximally paired state |¥,,)
(ATY™0), Eq. (61), as it maximizes (AA) for any fixed N =
2m. For a uniform spectrum centered at 0, &, = e(k — %),
k=1,...,n,the energy E,, = (V,,|H|¥,,) of such a state is
[Egs. (64b)—(69)]

E, = —nGkgz) = —mG[n £ (m — 1)], (81)

where 4 (—) is for bosons (fermions).

On the other hand, for g — 0% the GS will approach
W0 = |m,0,...,0) for bosons, [¥2) = [1;...1,,0,...0)
for fermions [in terms of the paired states (62)], with
E? = (WO |H|WO) = —m[e(n — a) + bG]anda = 1 (m),b =
m (1) for bosons (fermions). Therefore, E,, — E,% =m(e —
G)(n — a) < O already for G > ¢. The exact GS for finite n, m
will then evolve continuously from |\IJ,?1) to the state (61) as g

increases from 0 to oo, through states of the form (70).

1. Fermionic system

We have analyzed in [38] the one-body entanglement deter-
mined by p‘! in the fermionic version of this system, together
with the fermionic concurrence of the reduced state of four
modes and other related aspects. We will here focus on the
two-body DM and the associated entanglement entropy and
exact expansions of the GS.

We first depict in Fig. 1 the exact eigenvalues (i.e., the
entanglement spectrum) of the one- and two-body DMs in the
fermionic case as a function of g = G/¢. We have considered
a half-filled system N = 2m = n, with n = 10. At g = 0 the
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Fermionic

A

Fermionic

Fermionic

G/e

FIG. 1. Eigenvalues of the one-body (top) and two-body (center
and bottom) density matrices oV and p® as a function of the
scaled coupling strength g = G/¢ (dimensionless) in the GS of the
Hamiltonian (79) for a finite half-filled fermionic case (n = 10).
The central panel depicts those of the central block ,0<2)7 in (40),
containing the dominant eigenvalue A(z) > 1, and the bottom panel

those of ,ofsz) = pfsz)

GS |W¥g') has just the bottom half levels occupied, such that
all eigenvalues of p") and p® start from 1 or 0 at g = 0. Both
the eigenvalues k(l) of p S) (top panel) and A2 e ) of ,0(2) (bottom

panel), Eq. (71), identical to those of p(]), ,o(-2 ), become “more
mixed” and <1 as the coupling g increases, reflecting the de-
parture of the GS from a SD as all levels above the Fermi level
start to be occupied. They exhibit maximum variation around
the transition region g & 1 and approach the maximally mixed
limit (for such N) for g — oo, where they all coalesce with the
values (65)(67), i.e., A" — 12,03 — 11=8 ~ 1(1 - 1)
in the half-filled case. These results imply a monotonously
increasing one- and two-body entanglement within S for in-
creasing pairing strength, saturating for g — oo.

2.0 ASESZ)
1.5
=3
<1 ]Of=mmfommmmcmmmcccma e
Asy’
0.5
Fermionic
0.0 i
0 1 2 3 4
GJe
2.0f=mmmmemmeeme e e e — -
T
Fermionic
0 1 2 3 4

GJe

FIG. 2. The entropy increment (82) of the normalized one- and
two-body DMs as a function of the scaled strength g = G/¢ in the
fermionic case of Fig. 1. The top panel depicts results for that of ,o(l)
(AS) and of the two-body block p(z) (ASS)in (40), and the bottom
panel those of the central block p . and its collective subblock p®
(Aa) ), Eq. (72b). The dashed lmes indicate their maximum values
(reached for a maximally mixed DM).

In contrast, the two-body DM block pfg) (central panel)

exhibits instead a single dominant eigenvalue A(2) >1Vg>
1 which departs from the rest (that behave as those of ,0(2))
and increases for increasing g, approaching the limit (69) (=
T+ % in the half-filled case) for g — oo. It is characteristic
of pairing correlations and stems from the collective subblock
p?, Eq. (72b), reflecting for large g the “multiple occupation”
of the collective pair state created by A™. It prevents this block
from becoming more mixed as g increases, implying a two-
body SS entanglement below maximum for g — oo.
In Fig. 2 we depict the associated one- and two-body en-
tropy increments (¢ = S or SS,i = 1, 2)

ASY = S[p@)] - S[p O], (82)

which quantify the entanglement generated by the coupling,
where S(p) = —Tr plog, p and p{)(g) denotes the normal-

ized i-body DM of block « at coupling g. Accordingly, for ,0(1)

and ,0(2) (upper panel) this difference increases monotonously
from O as g increases, reaching its saturation value for g —
oo, where AL — log, 2 = 1, AY — log,[(5)/ (") ~ 2 +
5 in the half-filled case.

In contrast, for ,0(2) (bottom), though 1ncreasmg with g,

Ag}s stays below the saturation value log, (n/_2)2 =2 due

032414-11



J. A. CIANCIULLI et al.

PHYSICAL REVIEW A 110, 032414 (2024)

to the dominant eigenvalue A2, reaching for g — oo the
lower limit —p logzp — (1 —p)log, -5 —2log, 5 =2 —

log,(n/e)
n

n2 1
, where p = o /2)2 with A( ) given by (69).

We also depict in the lower panel the entropy increment
A(z) of the collective n x n subblock p2 of p < s’ contain-

ing Just the contractions (c;[c cper) [Eq. (72b)] and hence
the dominant eigenvalue, Wthh best reflects its effect. This
increment actually becomes negative for large g, approaching
~ —% log, 1¢ + O(log—zn) for large n, well below its saturation
value log, = = 1. Thus, in this limit the entropy of this
subblock becomes lower than in the noninteracting case, re-
flecting the “separable-like” (2, N — 2) form of the limit state
(61a).

2. Bosonic system

Figures 3 and 4 depict previous quantities in the bosonic
case. The main difference is the behavior for weak coupling,
since for g — 0% all m pairs now fall to the lowest s level

This implies a dominant eigenvalue in all blocks ps pg)

and ,o ~ at low g, with A(l) 58kt )»,(i) — S () 2 ?) and

Skkr/Skl( )2 for g — 0 in (71)-(72). As g increases

ckk”
all levels become occupied and all eigenvalues of pg) pg)

become <1 for large g, approaching for g — oo the max-

imally mixed limits (65)—(67) (A(l) )\,(3() i : +f;2 ~

4(1 — 3)) However, in ,0(2) the dommant eigenvalue k(z),
though also decreasing for mcreasmg g, stays well above
m = n/2, approaching (69) (= 3n_ 5 L for N = n) for g — oo.
This reflects the strong dev1at10n of the GS from a permanent
as g increases, becoming approximately a bosonic coboson
condensate, where a prominent eigenvalue remains in p® but
not in p(1, in contrast with a standard condensate. The paired
structure of the bosonic GS for large g can thus be also clearly
identified through the spectra of p® and p".

The associated entropies (using the normalized DM
blocks) are depicted in Fig. 4. Now they all vanish for g — 0,
while for g — oo behave as in the fermionic case: those of ,0(1)
and ,0 approach their saturation values (S (,0(1)) — log, n,
S(,o(z)) — log, "("H)) while those of ,0(2) and the collec-
tive subblock p2) stabilize well below their maximum values
(log, n* and log2 n, dashed lines), reaching the lower limits
~ log, n* — logz W and ~ %logz 9.5n (plus O(n~"') terms)
respectively, reﬂectmg the effect of the remnant dominant
eigenvalue.

3. Approximate expansions

Finally, we depict in Fig. 5 the overlap between the exact
GS | W) and the approximate normalized GS |\W;) obtained by
taking just the first k terms in the Schmidt-like (2, N — 2) ex-
pansion of Eq. (47b), [W;) o« Y5_ 0 PAPTBN"27|0), based
on the two- body DM block p(z) Terms are sorted in decreas-

ing order of af) , i.e., of the eigenvalues 12 = (0»)? of this
block. For fermions the expansion can be reduced to the sum
(73b) based on the collective subblock p{?, involving just n
terms. In particular, for k = 1 the approximation corresponds
to the dominant eigenvalue A(lz) and is determined by its

4t Bosonic

20 Bosonic

st AQ

o
—
(9]
w
N

GJe

Bosonic

G/e

FIG. 3. Eigenvalues of the one-body (top) and two-body (center
and bottom) density matrices ,0(1) and p(zg, pg) as a function of the
scaled strength G/¢ in the GS of Hamiltonian (79) for the N =n
bosonic case. Details are similar to those of Fig. 1. The dominant

eigenvalue of each block is indicated.

normal eigenvector AEZ)T:

1)) oc P APTBN2T0), (83)
where 0 PBV2710) = AP W) [Eq. (152)].

It is first verified that the full sum always yields the ex-
act GS in all expansions. Nonetheless, for those based on
pg; (or p{® for fermions), already the k = 1 approximation
(83) is seen to provide a very good overlap |[(W|W)| 2 0.9
for all values of g, minimum just at the transition region
around g &~ 1. Moreover, this approximation becomes exact
for both g — oo and g — 0 in both the fermionic and bosonic
systems, since in these limits the exact GS becomes of the
form (75), i.e., Eq. (83) with BV 2" = (AP"y"~1 and A
eigenvector of p®: For g — 0o, A"’" becomes the uniform
pair creation operator (59), as the GS approaches the state
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O F
5 g’
_ 4
“(,) ...................................
3
5¢’
2 ]
1 Bosonic ]
0 L
0 1 2 3 4
G/e
6
5 (2)
Sss
4
S il
Bosonic
2
N & ]
0 n n n

G/e

FIG. 4. The entropies S = S(pg)) (top) and S(p%% ) (bottom)
of the normalized one- and two-body DM blocks in the bosonic case
of Fig. 3. The bottom panel also depicts that of the normalized col-
lective subblock (72b), ng; = S(p»). Dashed lines indicate again
their maximum values.

(61a), whereas for g — 0, A(IZ)Jr — c;fc¥ for bosons while

A(IZ)T — \/Lﬁ i clcg for fermions (as the SD [¥?) can be

m

written as %’,/2 A(IZ)Jr )"10)). In the fermionic system the k = 2
approximation in (73b) further improves the k = 1 result in
the transition region, also staying reliable for large g, while
for bosons more terms are required for obtaining a better
approximation for all g. As the terms in these expansions are
not necessarily linearly independent, the convergence to the
exact | W) is not necessarily monotonous as k increases for all
values of g.

V. CONCLUSIONS

We have presented a unified formalism for analyzing gen-
eral pure states of systems of N indistinguishable particles
in terms of exact bipartite-like (M, N — M) decomposi-
tions, valid for both fermions and bosons. It is directly
connected with the isospectral M and N — M-body DMs,
whose eigenvalues acquire here meaning also as coeffi-
cients of the associated diagonal Schmidt decomposition.
The ensuing M-body entanglement, quantified through the
entropy of the normalized M-body DM, was shown to ful-
fill general monotonicity relations under certain quantum
operations.

We have analyzed in addition the exact reduced expansions
emerging when the number of particles in a certain subspace S

Fermidnic

Bosonic

0.0 - —— —
0 1 2 3 4
G/e

FIG. 5. The overlap (¥|W;) between the exact GS |W) and the
approximate GS |W;) obtained by conserving just the first k terms
in the 2 — (N — 2) Schmidt-like expansion (47b) associated with the
central block ngg in (40) of the two-body DM, as a function of the
scaled strength G/¢, in the fermionic (top) and bosonic (bottom)
systems of previous figures. Saturation (V|W;) =1 (thin line) is
always reached for the full expansion associated with this block. In
the fermionic case the reduced expansion (73b) can be used instead
of (47b).

of the full sp space is fixed, which are associated with the en-
suing blocks of the DMs. Then both local (in S) and “mixed”
(in S and its complementary subspace S) DMs and corre-
sponding exact (M, N — M) expansions arise in connection
with these blocks, whose eigenvalues and Schmidt decom-
position characterize the system correlations. The standard
reduced DMs and Schmidt decomposition of distinguish-
able bipartite systems emerge as a particular case in this
scenario.

As example, we have analyzed in detail the behavior of the
one- and two-body DMs in the GS a finite pairing system.
These systems are characterized by a large dominant eigen-
value of p® in the superfluid phase, which in the present
formalism enables a reliable description of the exact GS with
just a few terms (in fact just one term) of the associated
(2, N — 2) expansion, in both fermion and boson systems. We
have also provided exact results for the eigenvalues of p»
in the maximally paired states for bosons and fermions, as
well as bounds for its dominant eigenvalue in some general
paired states, again for both bosons and fermions. Applica-
tions to more complex systems and further analysis of the
role of present mode-independent entanglement measures in
quantum information are under investigation.
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APPENDIX A: PROOFS OF MAIN EXPRESSIONS
In order to prove Eq. (4), we first show that

N
“Cp = I

for both fermions and bosons, where the sum over eachi; (j =
1,..., M) runs over all d sp states and N = Zi cj'c,- is the
particle number operator.

Proof. When applying the sum in (A1) to an arbitrary N
particle state |W) with N > M for N < M we set (}}) = 0],
the innermost sum } cjm ci, = N takes the value N — M +
1, and then, successively, the sums Z i, i ]c,/ take the values

1 T, i

a1 2 ccl iy (A1)

N—j+1for j= , 1. This leads to Eq. (A1l). Then,
using relations (1),
il il i
Z c; CiyCine """ Ciy Z cl el ciyec
! ! !
ity M i1 <ia...<in mpl...ng:
Tn tna ng n
_ Z l 1 ...Cd ch{...cll
F— n1!~-~nd!
nytetng=M
= arie, (A2)

o

where the sum in (A2) runs over all dy; operators (2), which
leads to Eq. (4). Here n; (j=1,...,d) is the number of
times sp state j appears in the string (i, ..., iy), such that
c;r] ceegl = CIHI -eecy, with ny + -+ +ng =M. The sum
over the ordered i;’s is equivalent to that over these oc-
cupations with previous constraint, with each configuration
(ni, ..., ny) appearing - M : times in the first unrestricted
sum. These arguments hold for both bosons and fermions, but
for the latter are trivial as n; = 0, 1. |

We now prove Egs. (5b)—(6). Using the same previous
reasoning, we obtain, for a completely symmetric (bosons) or
antisymmetric (fermions) tensor I';,

.....

¥ ;
1 - C: *+- C
i T _ I i
ol A (U Z L., iNmK))
i vein i <. <y I d
CTnl . Tnd
1 Cq
= Z Fnl ..... ndﬁlo)
s npl-eng!
Xjnj=N
N) (N YT
=D e, (A3)
o
where T'p, . =TIy .. if cT -~-ch = c;”’l "'len" (i1 £
Wy — _Tnpeng
< iy for fermlons) and I';, = e |

.....

M!(N —M)!
V) = ———— Z | R -

Relation between F‘%) and T';,

v L e
N! i1 <o <ipgs
iM1SSIN
c;rl .. .C;/ICITMH . -clTN
x | 1/ ||O)
nl-onglng!l--on)l
N —1
_ Z F(M)
- M ST P e
ALt ety
anf:M,Zjn}:N—M
n
X . | . /1 |0)
npt Ny I’ll : nd.
M N-M)t
= ( ) § :r< e o), (A4)
where '™ | P ., for n;, n’; the number
[P Y ) By IM s IM41 0 IN AR

of times sp state j appears in (i1, ..., i) and (ipy41, .- -, 0N)
(h<---< iM, iM+1 < --- < iy for fermions) such that
Zjnj M, > ;n; =N —M,itis seen that

(M)
F(IZ) f— nl""'nd’nl"/"’nd —. (AS)
N TINC AT
Behavior under unitary sp transformations. If
¢ = UteU = Z Upick, U = e Euihicici, (A6)

k

where A" = h, U is the matrix U = exp[—:A] and (A6) holds
for both bosons and fermions, the operators C*) transform
unitarily: CM — 0f¢0 = Y, USDCUD for UM a uni-
tary symmetrized or antisymmetrized tensor product of M
matrices U. This implies '™ — g™y WN=M7 " then
leaving its singular values o™ unchanged VM. And under
similar sp transformations of the state,

W) — OW), U =eZuhicio,

we have (O) — (U'OU) and hence p™M —
UM oMyt - with p™M — p™MUT as is apparent
from (22). Its eigenvalues A remain then unchanged, in
agreement with their direct relation with ™).

Proof of Egs. (29)-(30). From Eq. (22a) we ob-
tain Tr pDCE" CH = 3 p(wicg M el e | w)
= (y_s)pyy for L<M @) for
25Cs cV- M)'C(N_M) applied on the N — L-particle state
C(L)|\IJ) with ,0 = (¥|C'C{D|w). This leads to Eq. (29).
Then by replacmg expression (22a) or (28) in (29), we obtain,
for the normalized DM ,o,(qm =p®/(h,

(AT)

<N, by using Eq.

(A8)

o = N L Zp P
(L)(

NM

(L)

where Pga = ,oﬂ )/ () are the normalized L-body DMs in

the normalized M-particle states |Wg) = \/—p—ﬂMﬂN’), with
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pp the probabilities (27). This leads to Eq. (30) since
(AA,;)(M)/ [(IZ)(]C, 7AL,I)] =1, in agreement with normalization:
Tr p\b) = Tr,o(L) =1=34pp [ |

We now prove the contractions and results (65), (67),
and (68) in the maximally paired state (61) for bosons and
fermions. The number of states with m pairs (k, k) in a sp
space of n sp states k and n sp states k is

(”+:Z_1) (bosons)

(::l) (fermions)’

Mu’n = (A9)

where m > 0 for bosons and 0 < m < n for fermions. Then,
for averages (O) = (V,,]0|¥,,) in the state (61), we obtain in
the first place the expected obvious result

+ n—1,m—I
N = S E - =
(Cka> kk l

Mz,m (AIO)

for both bosons and fermions, where the sum runs over [ =
0,1,2,...,mforbosons and [ = 0, 1 for fermions. The same
holds for k — k. For two body contractions, assuming in what
follows k £ k’, we obtain

WN,om—i—r  m(m—1) @)
Ck Ck/Ck/Ck Z j\/ = n(n I 1) =X,
L mm
(A11)

where the sum runs over [ + 1" < m for bosons (+) and
=1 =1 for fermlons (—). This same result is obtained for

(c,tck,ck,ck), ( ) (boson case) and k, k' — k,k’. On the

other hand,

PNyimg mn+m—1%+m)

Ck g EEer) Z Nom - nn+1) ’
(A12)

l(l/+1)N:1 2m—i—r_ m(ntm)

ckc CuCrr) Z = ED

L nm

(A13)

These exact results lead to Eqs. (65)—(68).
Then blocks p(2) and p(z) of p® become here identical and

proportional to A(z)l whereas the mixed block ,0(2) becomes
itself blocked in two submatrices:

@ _ )L;Z)]l 0
Pss=\ 0o p@)

where pc(_kzk), = (c,tclck,ckr) = aby + b(1 — &) is the n x n

block containing the two-body pairing correlations, with a, b
given by (A12) and (A13). Its eigenvalues are then A @)
(n — 1)b+a, Eq. (69), nondegenerate and dominant, and
A( = a — b, Egs. (67)—(A11), n — 1-fold degenerate. |

Proof of Eq. (77). For bosons, a direct evaluation of (ATA)
in the state (75), with A given by (74), yields

(ATA) = Zok ) Zok (me + Dmy)
k k£k'

(Al4)

=m+ (m— I)ZG,?(chk), (A15)
k

where we used ), ok =1,>, m =mand (my) = (chk) =

(c cz). Similarly, for fermions we obtain

(ATAY = Zok m) + Y o (1 — mmy)
k£k'
=m—(m— I)Zokz(Cch). (A16)
k
Equations (A15)—-(A16) then lead to Eq. (77). |

APPENDIX B: M-BODY ENTANGLEMENT AND BOUNDS
TO BIPARTITE ENTANGLEMENT AFTER PARTICLE
TRANSFER

Let us consider a general initial state [Eq. (7)]

N\"! _
|Wo) = (M) > rpevte oy @
dﬂGSO

of N indistinguishable particles (fermions or bosons), occupy-
ing sp states just within a subspace Sy C H of the full sp space
H. We then consider a completely positive trace-preserving
(CPTP) operation 7 which transfers M < N particles from
Sp to an initially empty subspace S orthogonal to Sy (e.g., M
particles from a group of N localized within some bounded
region of space to a distinct nonoverlapping region, or from
low-lying energy levels to higher orthogonal levels). For this
purpose we define the M-body operators 7} such that

N N\ 2
T,-|wo>=<M) > T, (B2a)
yeS,aeS)
Z F(M)C(M)TC(N M7 10) (B2b)

yeS,BeS,

is a state satisfying (35) for Ns =M, where '™ =
G~ V2T,T™) [Eq. (8)]. If we now assume Y, T.'T, = 1 and
use Eq. (4) for N — M, then for any such | W),

ZT T.1Wo) = |Wy), (B3)

. M

since C;,/ )C}‘,M)TC.'O(CMH\IJ()) = 8,,CM W) for y', y G.S, oc
Sp, for both fermions and bosons. Hence, we can consider the
set of operators 7, as a quantum operation mapping |\Wy) to
states |W,) o< 7,,|W) with probabilities

= (Wo| T T, |Wo) = T[T M), (B4)

satisfying Y, p, = Tr [T®TT]/() = 1.

Using result (56), the reduced state of the Ns = M particles
at S in the normalized state |W,) is p(M> rr®i p, .
Since the nonzero eigenvalues of '™ )F( )T are the same as
those of T ™) and since Y, FEM)TFﬁM) = T d) /(0
has then the same nonzero eigenvalues as the normalized DM
Pl = TPt /(W in the original state |¥y), we obtain the
following majorization relation:

A(pe) < Zpr (p2") (BS)

between the sorted eigenvalues of ,O(M) and those of ,Osr ,
the latter determining the entanglement between the M = Ng
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particles at S and the remaining N — M particles at the orthog-
onal subspace Sy. It implies the following entropic inequality:

S(p6) = D prS(0s,) (B6)

between the entropy of the normalized DM p(()};[) in |Wp),
which measures its M-body entanglement, and the average
entanglement entropy between the (now distinguishable) M
particles at S and the remaining N — M particles at Sy in the
postselected states |W,), which then cannot surpass the origi-
nal M-body entropy. It is valid again for any concave entropy

S. All other results derived in [21] for the conversion |V) —
{|¥,)} in fermion systems remain then valid for bosons.
Finally, note that if 7,,, = Tya,4 (@ € Sp), then

R N —1/2
Tol W) = (M) D T CIC W), (BT)
yeS

with Y° |Tye|* =1 and hence Y, 7,/Te|Wo) = |Wo). Thus,
this map implements the measurement based on the operators
(25) (for N — M — M) on &, through a particle number-
conserving map in the full system Sy @ S, transferring M
particles from Sy to S.
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