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The notion of “paired” fermions is central to important condensed-matter phenomena such as superconduc-
tivity and superfluidity. While the concept is widely used and its physical meaning is clear, there exists no
systematic and mathematical theory of pairing that would allow us to unambiguously characterize and system-
atically detect paired states. We propose a definition of pairing and develop methods for its detection and
quantification applicable to current experimental setups. Pairing is shown to be a quantum correlation different
from entanglement, giving further understanding in the structure of highly correlated quantum systems. In
addition, we will show the resource character of paired states for precision metrology, proving that the BCS
states allow phase measurements at the Heisenberg limit.
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I. INTRODUCTION

The notion of pairing in fermionic systems is at least as
old as the seminal work of Bardeen, Cooper, and Schrieffer
explaining superconductivity [1]. The formation of fermionic
pairs with opposite spin and momentum is not only the
source for the vanishing resistance in solid-state systems, but
it can also explain many other interesting phenomena, like
superfluidity in helium-3 or inside a neutron star.

For instance, with recent progress in the field of ultracold
quantum gases, fermionic pairing has gained again a lot of
attention [2-9]. These experiments allow an excellent control
over many parameters inherent to the system, offering a
unique testing ground for existing theories and an explora-
tion of new and exotic phases. However, the notion of pair-
ing in these systems is less clear and sometimes even con-
troversial. Recent experiments on the BEC-BCS crossover
have caused a heated debate over whether the obtained data
were in agreement with pairing [7,10-12]. In addition, pair-
ing without superfluidity [13] has been observed in these
experiments, raising fundamental questions on quantum cor-
relations in fermionic many-body systems.

Motivated by these exciting experiments and the central
role pairing plays in many physical phenomena, and by the
perceived lack of accepted criteria to verify the presence of
pairing in a quantum state, we propose a clear and unam-
biguous definition of pairing intended to capture its two-
particle nature and to allow a systematic study of the set of
paired states and its properties. We employ methods and
tools from quantum-information theory to gain a better un-
derstanding of the set of fermionic states that display pairing.
In particular, we develop tools for the systematic detection
and for the quantification of pairing, which are applicable to
current experiments. Our approach is inspired by concepts
and methods from entanglement theory, thus building a
bridge between quantum-information science and
condensed-matter physics.

Since they contain nontrivial quantum correlations, paired
states belong to the set of entangled many-body states. How-
ever, pairing will turn out to be not equivalent to any known
concept of entanglement in systems of indistinguishable par-
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ticles [14-29] but to represent a particular type of quantum
correlation of its own. We will show that these correlations
can be exploited for quantum-phase estimation. Hence pair-
ing constitutes a resource in state estimation using fermions
as much as entangled states with spins.

This paper is organized as follows. After the introduction
of the language necessary for the description of fermionic
systems in Sec. II, we will introduce the general framework
of pairing theory in Sec. III. This part includes our definition
of pairing and methods for its detection and quantification. In
order to validate the theory, we will apply it to two different
classes of fermionic states in Secs. IV and V. We start out
with pairing in fermionic Gaussian states in Sec. IV. The
interest in this family of states is twofold. First, the pairing
problem can be solved completely in this case, so that Gauss-
ian states are particularly interesting from a conceptual point
of view. Second, there exists a relation between pure fermi-
onic Gaussian states and the BCS states of superconductivity
(see Sec. II D for the details), which are examples of paired
states par excellence. This enables us to translate methods
developed for the detection and quantification of pairing for
Gaussian states to the BCS states. The reader interested in
the application of our pairing theory to experimental appli-
cation is referred to Sec. V. There we study pairing for
number-conserving states, i.e., states commuting with the
number operator. This class includes the states appearing in
the BEC-BCS crossover, and we will develop tools for the
detection of pairing tailored for these systems. In Sec. VI, we
will show that certain classes of paired states constitute a
resource for quantum-phase estimation, proving that pairing
is a resource similar to entanglement.

II. FERMIONIC STATES

In this section, we review the basic concepts needed for
the understanding of fermionic systems. We start out with
some notation used for the description of fermionic systems
in second quantization in Sec. IT A. As pairing is a special
sort of correlation, we continue with a review on quantum
correlations and entanglement in systems of indistinguish-
able particles in Sec. II B. This general part is followed by
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the introduction of fermionic Gaussian states and number-
conserving states in Secs. II C and II D. The latter includes
the introduction of BCS states and their relation to the
Gaussian states. As this part is only necessary for the appli-
cation of the pairing theory to these concrete examples in
Secs. IV and V, it is possible to skip this part at the begin-
ning, and then refer to it later on.

A. Basic notation

We consider fermions on an M-dimensional single-
particle Hilbert space H=CM. All observables are generated
by the creation and annihilation operators a;f and aj, j
=1,...,M, which satisfy the canonical anticommutation re-
latlons (CAR) {ay,a;}=0 and {ak,a,} &- We say a creates
a particle in mode (or single-particle state) ej where
{e j}CLM denotes the canonical orthonormal basis of H. In
general, for any normalized f € H, we define a;=X;f;a;, the
annihilation operator for mode f.

Sometimes a description using the 2M Hermitian Majo-
rana operators cy;_ 1-a‘+aj, €)= (- i)(a;'—aj), which satisfy
{ck,c}=268y, is more convenient.

The Hilbert space of the many-body system, the antisym-
metric Fock space over M modes, A, is spanned by the
orthonormal Fock basis defined by

|1, - smag) = (@)™ =+ (ay,)"™[0), (1)

where the vacuum state |0) fulfills @;|0)=0V j. The n;
€{0,1} are the eigenvalues of the mode occupation number
operators n; a;a The N-particle subspace spanned by vec-
tors of the form (1) satisfying 2;n,=N is denoted by A(N)
The set of density operators on the Hilbert space 'H
:AM,AX}’) is denoted by S(H).

Linear transformations of the fermionic operators which
preserve the CAR are called canonical transformations. They
are of the form ¢, c¢;=2,04,c;, where O € O(2M) is an el-
ement of the real orthogonal group. These transformations
can be implemented by unitary operations U, on .4,, which
are (for det O=1) generated by quadratic Hamiltonians in the
c;j (see, e.g., [30]). The subclass of canonical operations that
commute with the total particle number N,,=2;n; are called
passive transformations. They take a particularly simple form
in the complex representation a;—a;=2,Uya;, where U is
unitary on the single-particle Hilbert space H, i.e., they de-
scribe (quasi)free time evolution of independent particles.
Canonical transformations that do not commute with N, are
called active. They mix creation and annihilation operators.

B. Quantum correlations of fermionic states

The notion of “pairing” used in the description of super-
conducting solids, superfluid liquids, baryons in nuclei, etc.
is always associated with a correlated fermionic system. The
subject of quantum correlations in fermionic systems is vast
(see [31], and for instance [32-34]). In recent years, there
has been renewed interest from the perspective of quantum-
information theory. There quantum correlations (also known
as entanglement) of distinguishable systems (qubits) play a
crucial role as a resource enabling certain state transforma-
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tions or information-processing tasks. The detailed quantita-
tive analysis of quantum correlations motivated by this has
proven to be valuable also in the understanding of
condensed-matter systems (see [35] for a review).

In contrast to the usual quantum-information setting,
which studies the entanglement of distinguishable particles,
the indistinguishable nature of the fermions is of utmost im-
portance in the settings of our interest. The existing concepts
for categorizing entanglement in systems of indistinguish-
able particles fall into two big classes: Entanglement of
modes [14-22] and entanglement of particles. Entanglement
of particles has been considered, e.g., in [23-29], leading to
the concept of Slater rank [24,25], being the generalization
of the Schmidt rank to indistinguishable particles. We show
in Sec. III that our definition of pairing does not coincide
with any of the existing ideas. We refrain from giving an
exhaustive review on the existing concepts, referring the in-
terested reader to the mentioned literature and references
therein, and we restrict ourselves to the following definition:

Deﬁmtlon IL.1. A pure fermionic state (N)—|\If(N NQ'4 N)|
e S(A N)) is called a product state, if there ex1sts a passive
transformation a;+—a; such that

N
™ =1a"0). (2)
j=1

A state p, is called separable, if it can be written as the
convex combination of product states, i.e.,

K
=2 N0, (3)
p=1

where Egzl)\,,:l, \,=0 and all pz(,NP) € S(A%’)) are product
states. All other states are said to have “Slater number larger
than 17 and are called entangled (in the sense of [24,25]).

We denote the set of all separable states by S, and by
851;2 SeepMN S(.A (M) the set of all separable states of particle
number N.

Note that the sets Ssep, Sgep of separable states are convex
and invariant under passive transformations. Both properties
will be useful later on.

Separable states have only correlations resulting from
their antisymmetric nature and classical correlations due to
mixing. In the terminology of Refs. [24,25], they have Slater
number one and describe unentangled particles. These states
will certainly not contain correlations associated with pair-
ing. (Note that they can be mode-entangled for an appropri-
ate partition of modes.)

Besides basis change, there are other operations that do
not create quantum correlations, and it is useful to see that
the set of separable states is invariant under them.

Lemma 11.2. Let p € S, be a separable state. Then the
state after measuring the particle number nh=aZah in some
mode & is separable for both possible outcomes n,=0,1.
Furthermore, p,=tr, [p] the reduced state obtained by trac-
ing out the mode ah, is also separable.

Proof. As S, is convex, it is sufficient to prove the claim
for product states p. Let | W)= HN_laf |0) be the vector in Hil-

bert space corresponding to p. Our aim is to show that |¥)
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=|W)+|¥,), where |¥,;) are product states and n,=1[ eigen-
states of the occupation number operator n;,. If & is in the
span of {f} <<y} or orthogonal to it, the state already is an n,
eigenstate and we are done. Otherwise, define fy,; orthogo-
nal to the f;—y such that & € span{f,<;<y,;} and define an-
other orthonormal basis {g;} for the span with g;=h and g,
o fy1—(hfyi)h [here (hfy,;) denotes the inner product on
the single particle Hilbert space]. Then we can write |¥)
=ay, a fN |HJ 1af|0> (xay +ya, )HN“aT |0y for some x,y
e C. Hence, |\If0>+|\lf1> with |\I’O) xvaJ'zlaT |0) and
|\If1>——ya;§1_[;v Ha ; |0), which both clearly are product states.
The reduced state tr,[[¥){W|] is the statistical mixture of
|W) and | W) and therefore clearly separable. [ |

C. Fermionic Gaussian states

Fermionic Gaussian states are represented by density op-
erators that are exponentials of a quadratic form in the Ma-
jorana operators. A general multimode Gaussian state is of
the form

p:Kexp[— :—lcTGc] , 4)

where ¢=(cy,...,coy), K is a normalization constant, and G
is a real antisymmetric 2M X 2M matrix. Every antisymmet-
ric matrix can be brought to a block-diagonal form

T_ J
0GO” = 163 (Bj 0 (5)

by a special orthogonal matrix O € SO(2M).

From Eq. (4), it is clear that Gaussian states have an in-
terpretation as thermal (Gibbs) states corresponding to a
Hamiltonia}n H that is a quadratic form in the ¢, ie., H
=5¢'Ge=3%4-/Gyley,c/l, and the form Eq. (5) shows that
every Gaussian state has a normal-mode decomposition in
terms of M single-mode ‘“thermal states” of the form
~exp(—Ba’a). From this one can see that the state is fully
determined by the expectation values of quadratic operators
aa; and ala ;- These are collected in a convenient form in the
real and antisymmetric covariance matrix I', which is defined
via

= étr(P[Ck’Cl])~ (6)

It can be brought into block-diagonal form by a canonical

transformation,
M
0 X\
S5 ( / ) . (7)
i=1 \— )\j O

oro’=

For every valid density operator, \; € [-1,1], and the eigen-
values of I are given by *i\;. Hence, every I corresponding
to a physical state has to fulfill /I'<1 or, equivalently, I'T"
=<1, and to each such I corresponds a valid Gaussian density
operator where the relation between G and I' is given by
)\-—tanh(,Bj/Z) The covariance matrix of the ground state of
H is obtained in the limit |B3;|—, i.e., \;—sgn(B)). In fact,
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this shows that every pure Gaussian state is the ground state
to some quadratic Hamiltonian. The purity of the state can be
easily determined from the covariance matrix as a Gaussian
state is pure if and only if I'>=-1 (see, e.g., [36]).

As mentioned, Gaussian states are fully characterized by
their covariance matrix and all higher correlations can be
obtained from I" by Wick’s theorem (see, e.g., [36]) via

Cij] =Pf(rj1,,..,j2 ), (8)

where 1 <j; <---<j,,<2M and I';
ing 2p X 2p submatrix of I'. Pi(I;
called the Pfaffian.

In some cases it is more appropriate to use a different
ordering of the Majorana operators, the so-called g-p order-
ing c¢=(cy,¢3,...,Cop—13C25Ca5 - sCap), Opposed to the
mode-ordering introduced at the beginning. When using the
q-p ordering, the relation between the real and complex rep-

resentation is given by
(11 1 ) o
il —il) ©)

,a;,,). The transformation matrix

iptr[Ple e

is the correspond-
)2 det(I’; ) is

iy
1 sdap

c'=Qd",

where a=(ay, ... ,aM,aJ{,
Q fulfills Q=
In the g-p ordering, the covariance matrix obtains the fol-

lowing block structure:

_ (T, T,
r=( qu F’” ) (10)
T tap P

Finally, for some purposes it is more convenient to use the
complex representation, where the covariance matrix is of

the form
1 .- (@R
tor ()
4 R Q

where Qy=(i/2[ay,a)]), Ry=(i/2[ay,a;}]), and Q denotes the
complex conjugate. Note that R'=—R and Q”=—-Q and hence
I'"=_T,. The condition I'T*<1 takes the form 4T I'!<1.

The description of p by its covariance matrix is especially
convenient to describe the effect of canonical transforma-
tions, i.e., time evolutions generated by quadratic Hamilto-
nians: if c;—>2,0yc; in the Heisenberg picture, then
I'—Or' 07 in the Schrédinger picture. For a passive transfor-
mation a,— a; =2,Uya,, the g-p-ordered Majorana operators
transform as

X Y
c'=c'T=0,", 0,,=(_Y X), (12)
where X=Re(U) is the real part of the unitary U, and Y
=Im(V) is the imaginary part. Note that O, is both orthogo-
nal and symplectic. The behavior of I', under a passive trans-
formation is particularly simple: Q and R transform accord-
ing to Q—UQU" and R— URU".

Passive transformations can be used to transform pure fer-
mionic states to a simple standard form, the so-called Bloch-

Messiah reduction [37]. The g-p-ordered CM I'gcg takes the
form (10), where
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~ ~ 0 -2 Im(ukv:) )
Fq_—FP—G? (ZIm(ukv:) 0 - 13)

wl?>=v.]> 2Re(u U*)
qu=69< ™| k',k D). (14)
7\ 2 Rewed) - o)

In Hilbert space, the state in standard form is given by

|\Pg\z/1)uss> = H (uk + vkazajk)m)’ (15)
k

where u;,v, € C, |u>+|vi>=1, and N=2{aja)=23|v,/>
This comprises the kind of “paired” states appearing in the
BCS theory of superconductivity [1] with k=(k,1), —k
=(-k, 1). We will refer to these states as Gaussian BCS
states. We would like to stress the fact that every pure Gauss-
ian state is a Gaussian BCS state in some basis.

D. Number-conserving fermionic states

For the application to physical systems, we are interested
in states for which the particle number is a conserved quan-
tity. We call p a number-conserving state if [p,N,,]=0,
where N, denotes the total number operator. Thus, the den-
sity operator of a number-conserving state can be written as
a mixture of N, eigenstates. In particular, all separable states
as defined in Def. II.1 are number-conserving.

The Gaussian BCS wave function (15) is not number-
conserving (except for the case =;|uzw,|=0 that either u; or
vy vanishes for every mode), but a relation to these states can
be established via the identity

2M
|\I,(C]}\:1)uss> = 2 )\N|\I,](3Ags ’ (16)
N=0

where the number-conserving 2N-particle BCS state is given
by

M N
(Wil = CN<E akP};) |0, (17)
k=1

where we have introduced the pair creation operator Pz
=a,‘caik. The coefficients oy are related to u; and v, via a;
=v;/uy, and Cy is a normalization constant, which is seen to
be

-112
Cy= ((N!)2 > |01j1|2"' |01jN|2)
Ji<<Un
by rewriting Eq. (17) as

CyN! >,

J1<2<.--<JN

a g Py PO (18)

The coefficients A y=(I1;1,)/ (N!Cy) can be interpreted as the
probability amplitude of being in state |\P§§QS> since
SyAM?=1. We will in general drop the term number-
conserving and refer to states of the form (17) as BCS states.

Whenever the distribution of the Ay is sharply peaked

around some average particle number N, expectation values
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of relevant observables for the number-conserving BCS
states |‘I'g\gs) are approximated well by the expectation val-
ues of the Gaussian BCS state. This relation will turn out to
be very useful later on, as results on Gaussian states can be

translated into results on number-conserving BCS states.

III. PAIRING THEORY

In this section, we introduce a precise definition of pairing
as a property of quantum states.

A. Motivation and statement of the definition

The simplest system in which we can find pairing consists
of two particles and four modes.' The prototypical paired
state, for example the spin-singlet of two electrons with op-
posing momenta, is of the form

|
|®>=’—E(aiaé+aéab|o>. (19)
\’

The states describing many Cooper pairs in BCS theory are
generalizations of |®).

The state |®) describes correlations between the two par-
ticles that cannot be reproduced by any uncorrelated state,
and it can be completely characterized by one- and two-
particle expectations (consisting of no more than two cre-
ation and annihilation operators each). This is a characteristic
of the two-particle property “pairing” that we propose to
make the central defining property of paired states in the
general case of many modes, many particles, and mixed
states. Since, moreover, we would call the state |(I>) paired no
matter what basis the mode operators a; refer to and we want
it to comprise all BCS states, we are led to the following list
of requirements that a sensible definition of pairing should
fulfill:

(i) States that have no internal quantum correlation must
be unpaired. These are the separable states (3).

(ii) Pairing must reveal itself by properties related to one-
and two-particle expectations only.

(iii) Pairing should be a basis-independent property.

(iv) The standard “paired” states appearing in the descrip-
tion of solid-state and condensed-matter systems, i.e., the
BCS states with wave function (17), must be captured by our
definition.

Further, it would be desirable that there exist examples of
paired states that are a resource for some quantum-
information application.

Let us define the following:

Definition III.1. The set of all operators {O,}, on Ay,
which are the product of at most two creation and two anni-
hilation operators, is called the set of two-particle operators.
We denote it by A,.

These operators capture all one- and two-particle proper-
ties of a state p and should therefore contain all information
about pairing. We will call a state p paired if it can be dis-
tinguished from separable states by looking at observables in

'For three modes, all pure two-particle states are of product form.
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A, alone. This is formalized in the following definition:

Definition II1.2. A fermionic state p is called paired if
there exists a set of operators {O,},C A, such that the expec-
tation values {t[pO,]} cannot be reproduced by any sepa-
rable state p, € S, States that are not paired are called un-
paired.

This definition automatically fulfills our first two require-
ments by definition. The third, basis independence, clearly
holds, since the set of separable states is invariant under
passive transformations. We will show that the last require-
ment is met, both for Gaussian and number-conserving BCS
states, i.e., all of them are paired (see Lemma V.3 and Sec.
IV B). Moreover, in Sec. VI we can show that there exist
paired states that are a resource for quantum metrology.

For states with a fixed particle number, i.e., p € S(Aj&’)), it
is sufficient to compare with expectation values on N-particle
separable states p(N Ve SSQ’), as for all other states the expec-
tation values of (X;n;) and ((Z;n;)?) differ due to the particle
number constraint. For number-conserving states, only
number-conserving observables lead to nonvanishing expec-
tation values and one can thus restrict to linear combinations
of ala], a}a;akal.

For Gaussian states, pairing must reveal itself by proper-
ties of the covariance matrix, as all higher correlations can be
obtained from it via Eq. (8). This important fact enables us to
give a complete solution of the pairing problem for fermionic
Gaussian states, which we present in Sec. IV.

B. Relation of pairing and entanglement

Paired states are fermionic states exhibiting nontrivial
quantum correlations. In particular, by definition paired
states are inseparable, i.e., entangled in the sense of [24,25].
This raises immediately the following question: Is pairing
equivalent to entanglement? Below, we provide examples of
entangled but unpaired states that demonstrate that pairing is
not equivalent to entanglement (of particles) but represents a
special type of quantum correlation.

Lemma II1.3. There exist states that are entangled accord-
ing to the Slater rank concept, but not paired.

Proof.  Consider  the  state  |V,)=1(ajajala]
+alajatal)|0), which is entangled according to the Slater
rank definition. However, one sees immediately that the one-
and two-particle expectations for |W,) are the same as for

p=2] (P 43 |®))= ;
=alalala}|0). Since p¥ is a product state,
paired. One can construct further examples in a similar man-
ner using, e.g., other states with higher Slater rank. |

Since pairing is defined via expectation values of one- and
two-particle operators only, one might wonder whether pair-
ing is related to entanglement of the two-particle reduced
state. To study this relation, we recall the definition of the

*Note that our basis-independent definition clearly has no relation
to entanglement of modes, which is basis-dependent. The product
states of Def. II.1 can be mode- entangled for some choice of partl-
tlgn of modes, e.g., (1/ \2)(a +a2 |0) is entangled in modes al and
a;.
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two-particle density operator and the closely related two-
particle density matrix (see, e.g., [38]):

Definition 111.4. Let p be the density operator of a fermi-
onic state. Then O(, j)(k,)—tr[pa ajaar] is called the two-
particle reduced density matrix (RDM) It is usually not nor-
malized and fulfills t[O"]= < } (Nop). The operator p,
=0 /u[0")] is called the reduced two-particle density op-
erator (RDO).

Note the crucial difference between the two-particle RDM
and the RDO. While the RDM contains all two-particle cor-
relations of p, the RDO corresponds to the two-particle state
of any two particles when the rest of the system is discarded.
We would like to emphasize that pairing is not equivalent to
entanglement of the RDO, and therefore it is a property of
the one- and two-particle expectations:

Lemma 1I1.5. Let |\P§;VC>S> be a number-conserving BCS
state as defined in Eq. (17) with ag=1 ‘v’k 1,...,M. Then its
two- pamcle RDO (see Def. I11.4) PBcsz is always paired.
However, pBCS , 1s entangled if and only if M >3N-2.

The proof is given in Appendix E.

We would like to stress the point that Lemma III.5 shows
the existence of paired states that are not entangled. Having
assured that our definition of pairing does not coincide with
entanglement, we now turn to methods of detecting and
quantifying pairing.

C. Methods for detecting pairing

Taking Def. II1.2, we aim at finding tools that can be used
for the detection and quantification of pairing. These will be
applied to systems of Gaussian states and number-conserving
states in Secs. IV and V, respectively. In this section, we
exploit the convexity of the set of unpaired states to intro-
duce witness operators and obtain a geometrical picture of
the set. The quantification of pairing via pairing measures
will be discussed in Sec. III D.

Given a fermionic density operator, we are interested in
an operational method to determine whether it is paired or
not. As in the case of separability, this simple-sounding ques-
tion will turn out to be rather difficult to answer in general.

Starting from Def. III.2, it is clear that the set of unpaired
states is convex. This suggests the use of the Hahn-Banach
separation theorem as a means to certify that a given density
operator is not in the set of paired states. In analogy to the
entanglement witnesses in quantum-information theory [39],
we define the following:

Definition II1.6. A pairing witness W is a Hermitian op-
erator that fulfills trf Wp,]=0 for all unpaired states p,, and
for which there exists a paired state p such that tf Wp]<O0.
We then say that W detects the paired state p.

The witness defines a hyperplane in the space of density
operators such that the convex set of unpaired states lies
wholly on that side of the plane characterized by tr[pW]
>(. According to the Hahn-Banach theorem [40], for every
unpaired state there exists a witness operator that detects it.
In principle, a witness operator can be an operator involving
an arbitrary number of creation and annihilation operators.
However, since definition of pairing refers only to expecta-
tion values of operators in A,, it is enough to restrict to
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operators from that set. This represents a significant simpli-
fication both mathematically (witness operators from a finite
dimensional set) and experimentally, since operators involv-
ing more than two-body correlations are typically very diffi-
cult to measure.

The construction of entanglement witnesses detecting all
entangled states is an unsolved problem in entanglement
theory, and we will not be able to give a complete solution to
the problem of finding all pairing witnesses either. However,
in Sec. V we will construct witnesses for a large subclass of
BCS states by using the correspondence between number-
conserving and Gaussian BCS states.

Whether a state p is paired can be determined from a
finite set of real numbers, namely the expectation values of a
Hermitian basis {O,} of A,. This allows us to reformulate the
pairing problem as a geometric question on convex sets in
finite-dimensional Euclidean space, describe a complete set
of pairing witnesses, and deduce a relation to the ground-
state energies of quadratic Hamiltonians.

Consider a set {O,,a=1,...,K}CA, of Hermitian opera-
tors in A, that are not necessarily a basis. Denote by O the
vector with components O,. We define the set of all expec-

tation values of O for separable states
Co=10=u{0p.J:p, € Suep} C RE. (20)

For a state p, let v,=tr[Op]. By definition, p is paired if
Jp & Cp. As the set of separable states is convex, so is Co.
Hence, we can use a result of convex analysis to check if
v, ¢ Cg (see, e.g., [41]):

Lemma IIL7. Let CCRN be a closed convex set, and let
v € RY. Then

veCe VieRVw - r=EFr)=infw-r. (21

weC

For our purposes, this translates into the following result:
IILS. For a vector of observables O
=(0y,...,0k) let H(r)=r-O and E(r»)=infpe‘5Se {t{ H(7)p]}.
Then W(r)=H(r)-E(r) is a pairing witness, whenever
E(;) # infall p{tr[pH(;)]}

If {O,} form a basis of A,, then W(r) is a complete set of
witnesses in the sense that all paired states are detected by
some W(7), i.e., p is unpaired iff [ W(r)p]=0V r.

Proof. The witness property of W(r) is obvious from the
definition of E(r).

For the second part, “if” is clear and “only if” is seen as
follows: By Lemma IIL7, if t«[W(r)p]=0V r, then v, e C,
i.e., the expectation values can be reproduced by a separable
state. But since all expectation values of operators €A, can
be computed from Jp, this implies all two-particle expecta-
tions of p can be thus reproduced, i.e., p is unpaired. O

For an M-mode system with annihilation operators a;, a
standard choice of O, is, e.g., given by the real and imagi-
nary parts of {(a}a;aka,),»>j,k>l,(a}aj-)pj,(afaj),;j}, i.e., the
dimension of A, (as a real vector space) is K=M?*(M
-1)%/2+2M>.

Lemma
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Thus Lemma III.8 gives a necessary and sufficient crite-
rion of pairing and provides a geometrical picture of the
pairing problem. While the proof that a state is unpaired will
in general be difficult as it requires knowledge of all E(r) and
experimentally the measurement of a complete set of observ-
ables, practical sufficient conditions for pairing can be ob-
tained by restricting to a subset O C A,. We will show in Sec.
V A that for a certain choice of {O,} CA,, the set C; has a
very simple form and allows a good visualization of the ge-
ometry of paired states and the detection of all BCS states up
to passive transformations.

To provide a way to determite E(7) used in Lemma IIL8,
we point out an interesting connection to the covariance ma-
trices I', [cf. Eq. (11)] of Gaussian states: even for number-
conserving states, E(7) is given by a quadratic minimization
problem in terms of T'.

Lemma I11.9. Let E(r) and H(r) be as in Lemma II1.8 and
let 6={aTiaTjaka,,aTiaj} and group the components of 7 in
two subsets (F)ijkl and (F)ij corresponding to the one- and
two-particle observables, respectively. Then E(7) is given by
a quadratic minimization problem over complex covariance
matrices Eq. (11), in particular the off-diagonal block R of
I'.. We have

E(A) = inf {yM@F7)y+w(D, (22)

R=—R"
4R?=-1

where (f/)k,:<afka,>:—iR,k+%5kl and the r-dependent quanti-
ties are [M (7)1 n=—"iju+7ijw and [w(r)]y=ry. The mini-
mization can be extended over all (not necessarily pure sepa-
rable) CMs without changing the result.

Proof. The minimum min, . Sscp{<H(F)>p} is attained for
pure separable states, i.e., product states. All pure fermionic
product states are Gaussian; then by Wick’s theorem, the
expectation values of the Oy=a'a’;aa; factorize as
<aTiaTjakal>p=<aTiaTj><akal>_<aTiak><aTjak>+<aTial><aTjak>~
Since product states are also number-conserving, the first
term vanishes. For the other two we use that {a'a;)=—iR;
+%5k,, i.e., they only depend on the off-diagonal block R.
The pure state condition ['*=~1 translates into 4R*=~1 for
product states 0=0.

We could extend over all CMs 7y, since only the block R
appears in the expression to be minimized over, and since if
I'.(Q.R) is a valid CM, then so is I'.(0,R). [ |

This lemma provides a systematic way to construct pair-
ing witnesses.

D. Pairing measures

It would be desirable if a theory of pairing not only an-
swers the question of whether a state is paired, but also quan-
tifies the amount of pairing inherent in a state. For this pur-
pose, we introduce the notion of a pairing measure:

Definition II1.10. Let p be an M-mode fermionic state. A
pairing measure is a map

M:p—> M(p) € R,,

which is invariant under passive transformations and fulfills
M(p)=0 for every unpaired state p.
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In addition, it is often useful to normalize M such that
M(py)=1 defines the “unit of pairing.” The pair state |®) of
Eq. (19) would be an obvious choice for this unit, but as we
see in Sec. IV D for Gaussian states a different unit is more
natural, therefore we do not include normalization in the
above definition.

In the geometric picture of the previous section, a candi-
date for a pairing measure that immediately comes to mind is
the distance of Jp from the set C. This measure is positive,
and it is invariant under passive transformations, as those
correspond to a basis change in the space of expectation
vectors.

The computation of this distance is, in general, very dif-
ficult and there is no evident operational meaning to this
quantity. In the following sections, we will introduce a dif-
ferent measure that can be computed for relevant families of
states and allow a physical interpretation in terms of quanti-
fying a resource for precision measurements.

IV. PAIRING FOR GAUSSIAN STATES

In this section, we study pairing of fermionic Gaussian
states. We start with the construction of pairing witnesses in
Sec. IV A, which will later be a useful guideline for the
construction of pairing witnesses for number-conserving
states. Then we derive a simple necessary and sufficient cri-
terion for pairing of Gaussian states. In Sec. IV C, we show
how pure fermionic Gaussian states can be connected to an
SU(2) angular momentum representation. This picture will
guide us to the construction of a pairing measure.

A. Pairing witnesses for Gaussian states

Pairing witnesses for pure Gaussian states emerge natu-
rally from the property that every such state is the ground
state of a quadratic Hamiltonian (see Sec. IT C). This leads to
the following theorem:

Theorem IV.1. Let 0<e<1 and let 0<|v;/><1-¢€ and
Silvi/*>0. Then the operator

M

H=22(1-e—|v,]»)(ng+n_y) - 2vku:PZ - 2v:ukPk
k=1

(23)

is a pairing witness, detecting
|q,Gauss> = H (uk + UkPID|O>
k

Proof. Every Gaussian state is the ground state of a qua-
dratic Hamiltonian. In particular, ) is seen to be the
ground state of

M

Hy= 2 (|Mk|2 - |vk|2)(nk +n—1)- ZUkuZP}i - 2v:ukPk
k=1

with the help of Egs. (13) and (14), as the Hamiltonian ma-
trix of H, and I" can be brought simultaneously to the stan-

dard forms (5) and (7), respectively. Subtracting the minimal
energy for separable states,

PHYSICAL REVIEW A 79, 012306 (2009)

Enh==(1=2Zn+n_) = (u* = [vi*)

min

(note that (P,)=0 for separable states), we arrive at the
Hamiltonian (23). For separable states p, the expectation val-
ues of P} vanish, so that tr[Hp]=0. For the Gaussian BCS
state, however, (W Gauss|H | W Gauss) =—4 €2 |v4]> < 0. [ |

B. Complete solution of the pairing problem
for fermionic Gaussian states

Every Gaussian state is completely characterized by its
covariance matrix, so that the solution of the pairing problem
must be related to it. The pairing problem is completely
solved by the following theorem:

Theorem IV.2. Let p be the density operator of a fermionic
Gaussian state with covariance matrix I'. defined in Eq. (11).
Then p is paired iff Q #0.

Proof. First, note that the condition Q=0 is independent
of the choice of basis. If p is not paired, then there exists a
separable state having the same covariance matrix as p. This
implies 0=0, as separable states are convex combinations of
states with fixed particle number, and thus (i/2[a;,q;])=0.

Now, let I, be the covariance matrix of a paired Gaussian
state, and assume that Q=0. As R is anti-Hermitian, there
exists a passive transformation such that R;;=r;5;, and O
=0 is unchanged. But such a covariance matrlx can be real-
ized by a separable state fulfilling (n;)=r; in contradiction to
the assumption.

Note that Thm. IV.2 implies that a Gaussian state is un-
paired iff it is number-conserving.

C. Angular momentum algebra for Gaussian states

In this section, we will show that pairing of Gaussian
states can be understood in terms of an SU(2) angular mo-
mentum algebra. The expectation values of the angular mo-
mentum operators can be visualized using a Bloch sphere,
giving us further understanding of the structure of pairing in
Gaussian states. It later leads to the construction of a pairing
measure for these states. Define the operators [42,43]

jo= —(Pk + Py,

(v)_ _(Pk )

i =—<1 — = ny).

They fulfill [j\*), " =i ,0j\, a,b,c € {x,y,z}, forming an
SU(2) angular momentum algebra. For pure Gaussian states
in the standard form (15), the expectation values of the an-
gular momentum operators are given by (](X)> Re(ukv ),
Gy=Im@uy), and (P=5(1-2[v2). As =3, iy

1 1ndependent of u;, and vy, the expectation values for ev-
ery pure Gaussian state lie on the surface of a sphere with
radius % As we have shown in Thm. 4.2, every unpaired
state p, fulfills (]k")) ) =0, so that these states are
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i)

unpaired states

maximally .
paired states ™

(i

FIG. 1. (Color online) Bloch sphere representation of the expec-
tation values of j,(f), j,(;"), and j,(f) for a variational BCS state. All pure
states lie on the surface of the sphere. Unpaired states lie on the z

axis, while the maximally paired states lie on the equator.

located on the z axis. The states on the equator have (j,(f))z
+(j2=1, i.e. they correspond to |u;|*=|v;|>=3. The situa-
tion is depicted in Fig. 1. Referring to the states on the equa-
tor as maximally paired is suggested by the fact that they
have maximal distance from the set of separable states. This
intuitive picture is further borne out by two observations:
first, the states on the equator display maximal entanglement
between the involved modes [30]. Second, they have the
property3 that they achieve the minimal expectation value of
any quadratic witness operator (up to basis change). To see
this, recall from Sec. II C that any quadratic Hamiltonian of
two modes k,—k is (up to a common factor and basis change)
of the form al+sin 8(n;+n_;)+cos 0(P,t+Pk). It is a witness
(i.e., has positive expectation for all product states) if «
= |max{0,2 sin #}| and does detect some paired state as long
as sin #>—1. The minimum eigenvalue is sin #— 1+« and
the minimum tr(Wp)=-1 is attained for pzé(l
+P])[0)0[(1+Py).

The pairing measure, which is the topic of the next sec-
tion, will confirm the characterization as maximally paired.

D. A pairing measure for Gaussian states

The angular momentum representation of paired states de-
picted in Fig. 1 suggests the introduction of a pairing mea-
sure via a quantity related to |(j,(f))p6|2+|(j,(<y))p6|2
=[a"ya" |

Definition 1V.3. Let p be a fermionic state, and let Qy
=i/2 tr(play,a;]). Then we define

Mq(p)=2]|0l3 =22 [0ul*. (24)
kil

Lemma IV4. Mg as defined in Def. IV.3 is a pairing
measure fulfilling M;(p) <M for every M-mode Gaussian
state.

Proof. Under a passive transformation Q+—> UQU”, and
hence ||Q||3 is invariant. Further, we know by Thm. 4.2 that
Q=0 for unpaired states.

3Maximally entangled states of two qubits share an analogous
property about entanglement witnesses [44].

PHYSICAL REVIEW A 79, 012306 (2009)

It remains to show that for an M-mode Gaussian state p
we have M;(p) <M. Let I'. be the 2M X 2M covariance
matrix of p defined in Eq. (11). We show first that M (p) is
maximized for pure Gaussian states. To do so, recall that an
admissible covariance matrix for a Gaussian state in the real
representation has to fulfill iI'<1 with equality iff I" is the
covariance matrix of a pure Gaussian state. This translates
into FCT‘I =<1 with equality iff T', belongs to a pure Gaussian
state. Using the form of I', given in qu (11), this implies
2 [ QQ'+RR"|<t1]=2M. Hence, ||Q|3<M—|R|3. 1t fol-
lows that for a fixed value of |[R|j 2

, the value of ||Q]5 is
maximal for a pure Gaussian state. Further, the standard form
(15) implies that for every value of ||R|| such a state exists,
and that the maximal value is given by Q3
=22kM=1|uk|2|vk|2SM/2, as |Mk|2+|l)k|2=1. |

Hence, for every pure Gaussian state with standard form
(15) the value of the pairing measure is given by M;(p)
=43 [u*lvi?. Since [v,|*=1~|uy? the measure attains its
maximum value for |u[>=|v,[*=1/2, i.e., for the states al-
ready identified as maximally paired.

M ;(p) will appear again when we study the use of paired
states for metrology applications, linking the pairing measure
to the usefulness of a state for quantum phase estimation and
giving support to the “resource” character of paired states.

V. PAIRING OF NUMBER-CONSERVING STATES

In the preceding section, we gave a complete solution to
the pairing problem for fermionic Gaussian states. There,
Wick’s theorem lead to a reduction of the problem to prop-
erties of the covariance matrix. For number-conserving sys-
tems, the situation is more complicated, as now also opera-
tors of the form aja}aka, have to be taken into account.
However, we will derive pairing witnesses capable of detect-
ing all number-conserving BCS states in Sec. V A using the
concept of convex sets. For certain classes of BCS states, we
will construct a family of improved witnesses using the anal-
ogy to the Gaussian states. Witnesses have the drawback that
they depend on the choice of basis. That is, even if a witness
detects p, it does not detect all states related to p by a passive
transformation. We will show that the eigenvalues of the re-
duced two-particle density matrix can be used to obtain a
sufficient criterion for pairing in Sec. V B that is basis-
independent. We close the section with the construction of a
pairing measure in Sec. V C.

A. Pairing of all BCS states and geometry of paired states

In a realistic physical setup, it may not be practical to
perform all the measurements needed according to Lemma
II1.8 to check the necessary and sufficient condition for pair-
ing. Having access only to a restricted set of measurements,
necessary criteria for pairing can be derived. In this section,
we consider the simplest case of a symmetric measurement
involving four modes, i.e., we are looking at the following
vector of operators:

nt+n_+n+n_
O;=| mn_+nny | (25)
a}:ajka_la, +H.c.
Remarkably, these expectation values will turn out to be suf-
ficient to detect all BCS states as paired.
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unpalred

We are interested in C —{tr(53p):p separable}, the

set of all expectation Values of 5g that correspond to sepa-
rable states. If for some p the vector v —tr(03p) is found

outside of Cunpdllred then it follows from Lemma III.8 that p is

unpaired

paired. Membershlp in C can be easily checked by the

following Lemma:
Lemma V.1. A number-conserving state p has expectation

values of 53 [see Eq. (25)] compatible with separability if
and only if tr(Hk+p) =( for k=1,2,3, where

H(l”+=—(nk+n ctn+ns) — (mn_ +nn_)

+ (a,taika_,a, + HC) N (26)
Hg"i) = (mn_g +nn_y) * (aja’a_ja;+ He), (27)
() 1
H =1- E(Hk +n_g+n+ny)+ E(”k”—k +nn_;)
Lo
+ E(aka_ka_la, +H.c.). (28)

d .
Hence, the extremal points of the set Cme red are given by

tr(H,(fo p)=0 for three of the witnesses (26) (28). The faces of
unpmred
consist of pomts for which at least one of the expec-

C-
03
tation values tr(H| p) vamshes H(pl and H are also pair-

ing witnesses, whlle H l is nonnegative on all number-
conserving states.

Lemma V.2. Every number-conserving fermionic state ful-
fills tr(Hy-p) =0, where

1
H, = 5(”/( +tntntng) = (mng+nn_), (29)

Hy = (nn_g+nn_) * (aja’ ,a_a,+ Hee.), (30)

1
Hy.=2- E(nk +n_+m+n_) * (aja a_a;+He).

31

points of the set C‘gl}:{tr(53p):p
€ S(.A;{P)ZM,NEN} are given by tr(H;.p)=0 for three of
the witnesses (29)—(31). The faces of Cg consist of points

The extremal

for which at least one of the expectation values tr(H,.p)
vanishes.

The proofs of the two lemmas can be found in Appendix
B. We denote by CU"red and C2 the polytopes containing
all expectation vectors v, o corresponding to unpaired states or
all number-conserving states, respectively. They are bounded
by six and five planes, respectively, defined through the wit-
nesses given in Lemmas V.1 and V.2. The situation is de-
picted in Fig. 2.

The witnesses H(l”i) given in Egs. (26) allow us to detect
all number-conserving BCS states as paired:

Lemma V.3. The number-conserving BCS state Wi

PHYSICAL REVIEW A 79, 012306 (2009)

0.5+

(alaika_lal + h.c.)

-0.5+

1

(ngn_g +nm_y) (ng +n_k +ng+n_y)

FIG. 2. (Color online) Expectation values of the vector Eq. (25)
For all number-conserving states these lie within the convex set C -
indicated by the dashed back lines. The extreme points of the poly-
tope are given by (0, 0, 0), (2, 0, 0), (4, 2, 0), and (2,1, *1).
Unpaired states have expectation values in the smaller convex set

curpaired (solid red), which has extreme points (0, 0, 0), (2, 0, 0), (4,
0

2, 0), and (2,1/2,*+1/2).

given in Eq. (17) is (except for the trivially unpaired cases
o= 5kk0 and N=M) detected by the witness H‘f,l) by choosing
any two modes (k,1).

Proof. The first two terms in H(”) are designed such that
their expectation value vanishes for states such as |‘I’BCS
Since we either have a pair or no particles in the modes
(k,—k), we are in an eigenstate with eigenvalue O of the
operators ng+n_g—2mn_;.

The expectation value of the third term is found
using the representation Eq. (18) as
|Cw |2N'2Re(aka )% < 2, which is non-

el Pl

zero unless N=M orl all but one a;#0. The sign can
be adjusted by a passive transformation to give <H(” g\és
<0.

This shows that indeed all BCS states are paired, as de-
sired.

The witnesses H;li), while detecting every BCS state as
paired, are in general far from optimal. As the number-
conserving BCS states appear in many physical setting, like
in the BEC-BCS crossover [45], it is desirable to construc-
tion improved witnesses tailored for this class of states. For
BCS states realized in nature, it is often approprlate to as-
sume some symmetry of the wave function |‘I’BCS(ak)>
=z akPk)N |0). For example, if Pk—aT alp Pl
=a'.a i ki and if we are dealing with an isotropic setting, «;
= oy, Will hold. It is further often appropriate to assume that
the number of modes is much bigger than the number of
particles, i.e., M > N. For this kind of state we will construct
pairing witnesses via the correspondence to the Gaussian pic-
ture. We sketch the idea of this construction leading to Thm.
V.4, and give the details in the Appendix C.

We have shown in Sec. II D the connection of the Gauss-
ian wave function and the number-conserving wave function
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via  |Wgus) =N AW W(@y)).  Consider a number-
conserving observable O and denote by (O)guss and {O)y its
expectation value for the Gaussian and 2N-particle BCS
wave function, respectively. If the distribution of [\y[? is
sharply peaked around some average particle number N with
width A, then (O)g,.=(O)y for any integer N e [N—-A,N
+A]. In Thm. IV.1, we have constructed witnesses H for all
Gaussian BCS states. As these witnesses are optimal, they
suggest to constitute an improved witness detecting the cor-
responding number-conserving BCS state. But H includes
terms of the form P} that do not conserve the particle num-
ber. Hence, this witness cannot be applied directly to the
number—conserving case. Using Wick’s theorem,
(P}Pr)Gauss = kU Pl Gauss holds under our symmetry as-
sumption. This suggests that we replace the non-number-
conservmg operator u kP by the number-conserving opera-
tor PkPk+M We define operators

H,=2(1 - €= |v /)N, = 4(P[Pyoys + He.), (32)

Ni=ny+n_j+ Ny + N_(eam)s (33)

where 0 < |v,|><1-¢€V k for €>0. Further, we introduce the
2, N=3}!,Jv* and we denote by N

the biggest integer fulfilling N —N=0. Then the following
holds:

Theorem V4. Let M, NeNand let 1<N<2M.If 1>¢

=18/ \@N, the Hamiltonian H({v,})== H, is a pairing
witness detecting

notation og=v;/\1-

M

N
|\PBCS sym> CN(E a’k(PZ + PIJ£+M)) |0>

k=1

The proof is given in Appendix C.

B. Eigenvalues of the two-particle reduced density matrix

In this section, we derive a basis-independent condition
for detecting pairing. The two-particle reduced density ma-
trix O contains all two-particle correlations. As a change of
basis, ajf'—>2kU,-kaz leaves the spectrum of O unchanged
since

( +
OB w0 = (U ® V)i (Ol (0 (U © V) iy

and we are led to the following theorem:

Theorem V.5. Let p be an unpaired state, and let O be its
two-particle RDM O. Then \,,,(0) <2, where \,,, denotes
the maximal eigenvalue.

Proof. If p is unpaired, then there exists a separable state
ps € Syep having the same two-particle RDM. Any separable
state is of the form p,==,up'?, where p
|fN=11,a" a|0> and = u,=1. Here, {a/, } denotes some ba-
sis of mode operators. The RDM is of the form O
=3 1,09, where 09 is the RDM for the state p®. The
RDM is calculated in the basis {aT},, and the different bases
are related by a unitary transformation a; =2 ; Uf,f‘)aT so that
O(u k)—tr[p(“)a al alak] ()U @ g l{(“ )(ij (mn)O(mn) (pq)(U( @)
QU™ )(pq)(,d), where O(W pq)—<a ag g o gl In the ba-

PHYSICAL REVIEW A 79, 012306 (2009)

sis of the {a },, the expectatlon value (a a Qg g Dple) is
of the s1mple form <aT A >p(a) (S,kﬁ 0= @,5 Hence,
the spectrum of the 0@ is glven by spec(O(“)) {0,2}V «.

The two- ]:_)artlcle RDM is Hermitian as O(U)(k, —O(k,)(,j
—<aka,a ay=(a) a]a,ak> O(ij k- Then Weyl’s theorem [46]
iMplies Mgy (S 0f100%) = Z oMy (00 <, 20,<2. W

An example of a state detected as paired via criterion is
the BCS state (17) with N=2, M =3, and all a; equal. The
largest eigenvalue of its two-particle RDM is given by
Anax=8/3.

C. A pairing measure for number-conserving states

In Sec. IV D, we have derived a pairing measure for
Gaussian  states. The correspondence with number-
conserving BCS states will be a guideline to derive a mea-
sure for number-conserving states. However, the measure of
Def. IV.3 involves expectation values of the form {(aja’,) that
vanish for states with fixed particle number. Yet, Wick’s
theorem suggests that a quantity involving expectation val-
ues of the form (P} P,) will lead to a pairing measure. This is
indeed the case, which is the content of the following theo-
rem:

Theorem V.6. Let p be a number-conserving pure fermi-
onic state. Then the following quantity defines a pairing mea-
sure:

M

M(p) = maxy max >, |<PkP,> |-

{al}; ki=1

2 ()0 [, (34)
k

where Pj=aja’, and the maximum is taken over all possible
bases of modes {aT} For mixed states p, a measure can be
defined via

M(p) =min X p,M(p). (35)

where the minimum is taken over all possible decomposi-
tions of p=2X,;p,p; into pure states p;.

Proof. The positivity of M and its invariance under pas-
sive transformations follow directly from the definition. It
remains to show that M is zero for separable states. We will
prove in Lemma D.1, Appendix D, that any separable state of
2N particles fulfills =,,[(P{P,)| <N, and that this bound can
always be achieved, which concludes the proof. |

We close the section by calculating the value of the pair-
ing measure for two easy examples. Let

N
1
W)= ® —=(P] + P'))|0), (36)
k=12
M N
[Whes”y = CN(E PI) 10), (37)
k=1

the tensor product of N spin-singlet states and the BCS state
with equal weights, respectively. These states have a pairing
measure M(|W))=N and M (W) =N(M-N), respec-
tively. Thus, for the spin singlet the pairing measure has in
addition the property that it is normalized to 1 and additive,
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while it is subadditive for |‘I’g\é§")> Further, this example

suggests that the pairing of M(|W{) =N(M-N) is stron-
ger than for |W,). We will see indeed in Sec. VI B that states
of the form |W¥,) allow interferometry at the Heisenberg
limit.

VI. INTERFEROMETRY

The goal of quantum phase estimation is to determine an
unknown parameter ¢ of a Hamiltonian H ,=¢H at the high-
est possible accuracy. The value of ¢ is inferred by measur-
ing an observable O on a known input state that has evolved
under H,. In a region where the expectation value (O(¢)) is
bijective, ¢ can be inferred by inverting {(O(¢)). In a realistic
setup, however, (O(¢)) cannot be determined, as this would
require an infinite number of measurements. Instead, one
uses the mean value of the measurement results, o, as an
estimate of (O(¢)). This will result in an error d¢ for the
parameter to be estimated, as for a given value of ¢ we have
(O(p))y=0=* \Var(o) Linearizing around the real value of ¢,
it follows that the uncertainty of ¢ is given by [47,48]

var(O)

((59)*) = (38)

where var(0)=(0%*)—{0)?, and we have used the fact that
var(O)=var(o). Further, it can be shown that the minimal
uncertainty of ¢ is bounded by [49,50]

(e var(H) = - (39)

where v is the number of times the estimation is repeated.
Equation (39) derives from the Cramér-Rao bound and is
asymptotically achievable in the limit of large v.

For a given measurement scheme, i.e., for a given input
state and a given observable O, the uncertainty in ¢ can be
reduced by using N identical input states and average over
the N measurement outcomes. As the preparation of a quan-
tum state is costly, a precision gain that has a strong depen-
dence on N is highly desirable. If these probe states are in-
dependent of each other, the precision scales like 1/VN. This
is the so-called standard quantum limit (SQL). Using distin-
guishable or bosonic systems, this limit can be beaten by a
factor of VN by using number-squeezed input states [51-54],
N-particle path-entangled states +(0,N|) (NOON
states), or maximally entangled GHZ states é(|N ,0)

limit is the big goal of quantum metrology.

Less is known for fermionic states where number squeez-
ing and coherent N-particle states are prohibited by statistics.
Nevertheless, there exist fermionic N-particle states that can
achieve the Heisenberg limit for phase measurements in a
Mach-Zehnder interferometer setup [58]. Taking the exis-
tence of such states as a starting point, we show that paired
fermionic states can be used as a resource for phase estima-
tion beyond the SQL. We will consider two different settings.
The first setting will be the standard Ramsey-interferometer
setup of metrology, where the coupling Hamiltonian is pro-
portional to the number operator. Here, we will see that
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FIG. 3. Scheme of the Ramsey interferometer setup. The incom-
ing wave function |W;,) enters a beam splitter (BS). Then particles
in the modes a’. , evolve under the Hamiltonian ¢H. At the end, a
particle number measurement is performed on all particles.

paired states lead to a precision gain of a factor of 2 com-
pared to separable states. The second setup involves a more
complex coupling. Here it will turn out that by using paired
states, the Heisenberg limit, i.e., a phase sensitivity (J¢)?
~1/N?, can be achieved.

A. Ramsey interferometry with fermions
1. General setup

We consider the standard Ramsey interferometer setup
(see Fig. 3) where a state in the modes {a,ij,a;j}jAZ_M under-
goes mode mixing at a beam splitter,

. 1

. i T T
ak, —a' = al, +al;), 40
_kj kj Vz( ikj ilj) ( )

| B .

T !T T i
a- >y = Ay —ad+ s 41
,lj ,lj \’2( ,kj ,]j) ( )

before evolving under the action of the Hamiltonian

HN: E (nlj+ I’l_lj). (42)
j=1

Finally, a particle number measurement is performed on the
system, to compute the parity

P= (=12, (43)

where n{’=a]’a; and n{’=a’} ka . According to Eq. (38),
]
the phase sensmVlty is given by

1-(P)y?
(09)* = a< >2, (44)
£<7’>

where we have exploited P>=1. Due to the fermionic statis-
tics, the parity operator can be written in the form

M
P=I][1- 2(n0 +n¥) + 4n6’)n%’)] (45)
=1

In the next section, we will derive the best possible precision
obtainable by using unpaired states, and compare this result
to the precision achievable by using paired states. It will turn
out that already at the two-particle level paired states have
more power than the unpaired states for our setup.
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2. Bound on unpaired states for the standard interferometer

In this section, we derive a lower bound on the phase
sensitivity when using an unpaired state of 2N particles as
input states.

Thorem VI.I. For the Ramsey interferometer described
above, the phase sensitivity is bounded by

1
o) = —, 46
(%) 2vN (46)

when an unpaired state of 2N particles is used as input state.

Proof. We will use Eq. (39) to derive the bound. Hence,
we have to estimate an upper bound for the variance of the
Hamiltonian Hy defined in Eq. (42). As Hy as well as Hy
contain operators from the set A, only, it is sufficient to
prove the bound for product states, as for every unpaired
state there exists a product state having the same expecta-
tions. In Lemma A.2 of Appendix A, we have shown that for
pure separable states (n,)=|Py|*—PulPy+ PS> Where P
€ CAMX4M s a projector of rank 2N. We arrange the indices
as —ly, ..., Ly,—ky, ...,k and partition the projector P such
that Pz(g.‘i,), where A,B,C e C?M*2M Then

M M
var(Hy) = 2 A= >, |A,j* =u[BBT], (47)
i=1 ij=1

as Hy only involves the modes —I,,,...,l,. In the last step
we have used P?’=P, implying A—A’=BB'. As rank(P)
=2N, there exists some unitary U such that P=Uld,\U",
where IdzN—(MN € CAM>4M - Partitioning the unitary U

(Zii u.)> where Uy e CPMM 1 j=1.2, the projector P is
of the form

B (UnldzNUE

UIIIdZNU;)
Uy ldoy U,

Uy ldoyUs,

Using the above representation of P and the cyclicity of the
trace, we can write var(Hy)=tr[AB] with Hermitian matrices
K:IdzNUilU“IdZN, I§zId2NU§1UZIId2N. The trace can be in-
terpreted as a scalar product maximized for linearly depen-
dent A and B. Exploiting the unitarity of U, one sees imme-
diately that the variance is maximized for A=c/(1+c¢)Idyy,
B=1/(1 +c¢)Idyy for some constant c. Hence, var(Hy)
<c/(1+c)? tr[l2N]<N/2. Inserting this into Eq. (39), we
find that (8¢)>= 2VN [ |

3. Interferometry with two particles

In this section, we will show that already a two-particle
paired state can beat the bound for the phase sensitivity using
unpaired states (46). Hence pairing manifests itself as useful
quantum correlation already at the two-particle level. We
show the following:

Theorem VI.2. Using the paired state

PHYSICAL REVIEW A 79, 012306 (2009)

(2) (Eaaka ‘. +,BJaIa z)|0> (48)

with normalization X |a;|>+|B;|>=1 as input state for the
Ramsey 1nterferometer the optimal phase sensitivity is given
by

1 1

(3¢)in = 201 + 25, Re(a8)] s (49)

Proof. Take |\Ifi(§)) as the input state. After an application
of the beam splitter transformation (40) and an evolution
under the Hamiltonian (42), the measurement outcome of the
parity operator is calculated to be

M
(P)=1-sin’ <p<1+22 Re(a;8, )) (50)
J=1
Using Eq. (44), we obtain Eq. (49). The bound of i can be
obtained for a state where a;,=8,V k. |
Theorem V1.2 shows that there exist two-particle paired
states exceeding the bound on product states (46).

4. Interferometry with 2N-particle BCS states

Generalizing the result obtained in the last section, it fol-
lows immediately that states of the form |\P(2)>®N will lead to
a phase sensitivity (8¢)2. =1/{2N[1 +2§‘, _Re(a ,8 L. In
this section, we will show that the same result can be
achieved using BCS states.

Theorem VI.3. Let the paired state

N
|‘Ifi<§N)> c (2 aaka_k +,8]a1 _,) |0), (51)

where we use the normalization condition 2;|a;|*+|B;[*=1,
be the input state for the Ramsey-type 1nterfer0meter defined
above. Then the optimal phase sensitivity is given by

(8g)? = ———— . (52)
2N[1+23; Re(ajﬁj)]

Proof. As in previous sections, we will use the correspon-
dence to the Gaussian state,

M
|\Pf§%auss =c exp[z a; ak a—k + Bjal a -1, ]|0>

j=1

where |[N-N|<N for the calculation. After the state has
passed through the interferometer, the expectation value of
the parity operator is readily computed to be (P)gayss=11,(1
—|c[*|a;j+ B;|*sin* ¢). As only number operators are 1nvolved
( )Gauss =~ (P)y, where (- -}y denotes the expectation value of
P for the state [W{*V)). Expanding Eq. (44) for small values
of ¢ and using N=|c|>Z;|a/*+|Bi/>=|c|?, one obtains Eq.
(52), which has minimal value (8¢)?=1/(4N). This result is
obtained when a;=8,V j. |
The above result shows that paired states result in a pre-
cision gain of up to a factor of 2 compared to the best pre-
cision obtainable for unpaired states (46).
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a A
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FIG. 4. Setup that allows interferometry with paired states at the
Heisenberg limit. Particles in modes aZ and b,t evolve under the
complex coupling Hamiltonian H (for the detailed form of H, refer
to the text). In the end, particle numbers are measured.

iHo

b

QL‘]M

B

The pairing measure derived in Secs. IV D and V C quan-
tifies the precision gain obtainable by the use of paired states.

To see this, denote by |‘I’1§'g;uss) the state after the beam
splitter transformation. Then the pairing measure (Def. IV.3)

for this state evaluates to

MW 3 =

in,Gauss

(1+2E Re(a,' ))

so that

) i —— (53)
AIMG(PE

in Gauss

The above relation demonstrates that M is indeed quantify-
ing a useful resource present in paired states. Whether this
interpretation can be extended to mixed states will not be
explored here.

B. Interferometry involving a pair-interaction Hamiltonian

So far we have seen that paired states lead to a gain of a
factor of 2 in precision compared to unpaired states in a
Ramsey-type interferometer. This section will show that
paired states are even more powerful and can lead to a pre-
cision gain of a factor of N when measuring the phase of a
pair-interaction Hamiltonian.

We consider a setup where two fermionic states enter the
ports A and B of an interferometer. The particles entering
port A can occupy the modes {ak}k_ > While the part1cles
entering through port B can occupy the modes {b;}} .
Then the two states evolve under the Hamiltonian H,. to be
defined below and a particle number measurement is per-
formed at the end. The situation is depicted in Fig. 4. We will
compare the power of paired states over unpaired ones for
two different settings. We start by introducing some basic
notation.

1. Prerequisites

We define pair operators Pj=aja’, and Qj=bb’, and
their equally weighted superpositions

Pu="T7 EP, =—2Q. (54)
Pu \"ﬂk_ k QM wmE k

The operators pjw and q;,, fulfill the commutation relations

1 .
Piepul=—1+ e (55)
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1 A
[ghaml=—1+ il (56)

where n;=aja; so that N, Ek(nk+n o, and N,=2,(my
+m_y) with ;= akak and m;=b| ybr being the number opera-
tors for particles in modes a,z and bk, respectively.

We will compare the power of two paired states and two
unpaired states entering through port A and B. The bound for
unpaired states will be derived again via Eq. (39). As H, and
Hf will be elements of A,, it is sufficient, as in the last
section, to compare the power of paired states to those of
sparable states. The paired states will be of the form

[y = NI, (57)

VP = e (pipM0), [N = e (gi)M0),  (58)

with normalization constant c(M)—(NM 1/MN)~12 while the
separable states are given by

|(I)N> = |¢(2N)>a| ¢(2N)>b’ (59)

where |¢?V), , are separable states in the modes aj and b},
respectively.

After the input state has evolved under the Hamiltonian
H,, into the state [P ()y=eHee| WMy an observable O is
used as an estimator to determine the parameter ¢ to a pre-
cision given by Eq. (38). Instead of working in the
Schrodinger picture of state evolution, it turns out to be more
convenient to tackle the problem in the Heisenberg picture,
where O evolves according to O — O’ =e Hec?Qe'fc?, We are
interested in the phase sensitivity for small ¢, so that we can
expand Eq. (38) in powers of ¢, arriving at

1
O(¢)=0—-ig[H,,0]- 5¢2(H§0 + OH?> - 2H,OH.,)

+0(¢%). (60)

If the input state |\If1(\’,”)> is an eigenvector of O with eigen-
value 0, we obtain the following simple expressions for (O)
and var(0):

2
=4¢*(H.OH,)* + 0(¢?), (61)

var(0) = ¢*(H.0°H,) + O(¢"). (62)
so that the phase fluctuation (J5¢)? simplifies to

(HO’H)

2 _
(5)"= ~ 4Hom)P "

+0(g). (63)

An observable fulfilling this property is 0=(n$;))%, where
=2 (Plpy—alan)-

The commutation relations for p}, and ¢}, [Eq. (55)] im-
ply that in the limit of infinitely many modes M — o, the
operators p},, and qfw become bosonic. We will thus start out
with a scenario where the input states are in the bosonic limit
and then turn our attention to a setting that is far from the
bosonic limit.
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2. Bosonic limit

In this section, we will consider the scenario M —x, i.e.,
we are in the bosonic limit, where the limit is taken for the
expectation values of the operators. We will consider a cou-
pling of the form H .= ¢@H,.,, where

1 .
H.= E(albx +a,bl), (64)

and measure (n))2.

We start deriving the best precision for unpaired states
using Eq. (39). We will use a finite M for input state, cou-
pling Hamiltonian, and measurement and then take the limit
M — . To be precise, the calculation will be done for H,,
=5(ayby+ayby,) and (n;)2 Then limy (¢, s|Hyldas)
=0 due to the conservation of particle number. Hence,

lim,, .., var(H,,) = limMém(Hﬁﬁ
=limy Py +(@iam))* =0,

as (phpa) =1 Sul(P{P)><N/M, where the last inequality
results from the bound of the pairing measure on unpaired
states Thm. V.6. The same holds for (quM>. Hence, in the
limit M — oo the variance of H,, vanishes. For the setting of
paired states, however, we can obtain the following result:

Theorem VI.4. For paired input states, the interferometer
depicted in Fig. 4 allows us to estimate the coupling param-
eter ¢ to a precision

1

(80)inr= N (65)

Proof. Consider an interferometric setup depicted in Fig.
4, where the 2N-particle input state and the coupling Hamil-
tonian are defined in Egs. (57) and (64), respectively. We will
again use a finite M for input state, coupling Hamiltonian,
and measurement and then take the limit M — o, i.e., we use
(W) =[N =1 (alby+aybl,), and (n§; )2 Mak-
ing use of the relations

pulN™ = ay|N - 1)), (66)
PN = ay [N+ DM, (67)

where ay=VN(1-(N-1)/M), a lengthy but straightforward
calculation leads to (6(,0)M e, 2+0(<,o) using Eq. (63).

Taking the limit M — o leads to the result of the theorem. M

3. Interferometry far from the bosonic limit

In the preceding section, we have studied the power of
paired states in the bosonic limit. As the power of bosonic
particles for interferometry has been known for quite a while,
the use of paired states where the fermionic nature of the
particles survives might be a more interesting question. In
this section, we will show that even far from the bosonic
limit paired states can achieve a precision gain of order N for
quantum metrology.

We will study a coupling Hamiltonian of the form H,
=@Hp, where
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©

Hp=2 PiOy+ PO} (68)
k=1

First, we will give a bound for the phase sensitivity achiev-
able by using product states at the input:

Theorem VI.5. Using product states of 2N particles as in-
put states for the interferometric setting depicted in Fig. 4,
the phase ¢ of the coupling Hamiltonian H.= ¢Hf, where Hy
is defined in Eq. (68), can be measured to a precision
(89)>=1/(16N).

Proof. For every product state of the form (59), (Hp)=0
due to particle number conservation. Hence, var(Hp)= (H ).
We will bound this expectation value,

(Hp) = 2 (PIP)XQ]0p) +c.c.+ E (PIPX0OD

k#1

< 2(2 |<PZP1>|2)”2(E |<QZQ1>|2>”2

k#1 k#1

+ 2 (PLPQIOD + c.c.
k

From Lemma D.1 we know that (,.,[(P}P))[)"2< |N. Fur-
ther <PkPk> <1 (,_k l’l k) —ngn_ k><1 and Ek<P Pk><N
Thus var(H, )<2\N N+2N= 4N, which leads immediately
to our result via Eq. (39). |

This bound can be beaten by a factor of VN using paired
states. A lengthy but straightforward calculation leads to the
following result:

Theorem VIL6. Using paired states of the form (57) as
input states for the interferometric setting depicted in Fig. 4,
the phase ¢ of the coupling Hamiltonian H.= ¢Hf, where Hp
is defined in Eq. (68), can be measured to a precision

M(M-1)
SN(M -N)(M—-1+MN-N>"

This theorem implies (8¢)>~1/N? for all M=2N. In
conclusion, we have shown that paired states are a resource
for quantum metrology. Theorem VI.6 is the main result of
this section. We have remarked already at the beginning of
this section that it has been proven before that the Heisen-
berg limit can be achieved using fermionic particles [58].
However, these states were constructed in an abstract way,
while we prove that the BCS states that can be created easily
in an experimental setup are a very powerful resource for
quantum metrology.

(6¢)*= (69)

VII. APPLICATION TO EXPERIMENTS
AND CONCLUSION

In summary, we have developed a pairing theory for fer-
mionic states. We have given a precise definition of pairing
based on a minimal list of natural requirements. We have
seen that pairing is not equivalent to entanglement of the
whole state nor of its two-particle reduced density operator
but represents a different kind of quantum correlation.
Within the framework of fermionic Gaussian states, we could
solve the pairing problem completely. For number-
conserving states, we have given sufficient conditions for the
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detection of pairing that can be verified by current experi-
mental techniques, e.g., via spatial noise correlations
[59-61], and we prescribed a systematic way to construct
complete families of pairing witnesses.

To shed some light on the pairing debate [7,10-12], we
would need access to the proportionality factor linking the
quantity plotted in Fig. 4 of [7] to the local pair correlation
correlation function G,(r, r)=(‘I’I(r)‘l’%f(r)‘I’T(r)‘I’l(r)>.

Another important point of our work is the utility of fer-
mionic states for quantum metrology. While it has been
shown that, in principle, fermionic states can achieve the
Heisenberg limit for precision measurements in a Ramsey-
type interferometer [58], we could prove the usefulness of
states that are available in the laboratory. Furthermore, the
optimal precision for the Ramsey-type setup is proportional
to the pairing measure introduced from an intuitive picture in
Secs. II C and V. This endows the measure with an opera-
tional meaning. The results we have presented are just a first
step in understanding pairing and its relation to other types
of quantum correlations.

We hope that the pairing theory we have developed will
help to get a better understanding of correlated many-body
systems, and can provide a new perspective on quantum cor-
relations and may serve as a starting point for further inquir-
ies.

For example, one might attempt a finer characterization of
pairing, e.g., 22, P|0) and =% P}|0) represent paired states
of rather different nature: it would be interesting to develop
witnesses or measures that allow us to determine over how
many modes the pairs in a given states extend and to relate
these differences to applications in metrology or elsewhere.
Moreover, the theory we developed has been concerned with
finitely many modes only and it is an obvious question
whether generalizing to an infinite-dimensional single-
particle space gives rise to new phenomena.

Up to now we have concentrated on fermionic states.
But the question of pairing in bosonic systems might
be equally interesting and relevant for recent experiments
[62].

What about higher-order correlations? The set of unpaired
states contains both separable and highly correlated states.
This is, for example, reflected in the fact that there are un-
paired states that can be transformed to paired ones by
single-mode particle number measurements [e.g., (a]aja]
+a1a§a2)|0> by measuring particle number in mode b=a;
+ag]. A theory of higher-order correlated states could be de-
veloped along the lines discussed here, e.g., by changing the
set of observables on which the states are compared to un-
correlated ones and defining as nth-order correlated those
states whose expectation values on nth-order observables
cannot be reproduced by (m<n)-correlated states.

Tools and methods from entanglement theory have been
very useful in analyzing pairing. One very important such
tool, however, is missing: positive maps, that is, transforma-
tions that do not correspond to a physical operations but
nevertheless, when applied to a subsystem in a separable
state with the rest, map density operators to (unnormalized)
density operators and thus provides strong necessary condi-
tions for separability. Finding an analogy might prove very
useful for the analysis of many-body correlations. Another
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important object in the theory of entanglement is the set of
LOCC operations (local operations and classical communi-
cation), i.e., the operations that cannot create entanglement.
In the case of pairing, the analogous set would contain pas-
sive operations and discarding modes. Are there other physi-
cal transformations that cannot create pairing? Do paired
states, then, possibly allow us to implement such transforma-
tions similar to entanglement enabling non-LOCC opera-
tions?
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APPENDIX A: USEFUL PROPERTIES
OF SEPARABLE STATES

We give two technical lemmas that involve useful prop-
erties of product states.

1. Bound of aj a}akal+H.c. on separable states

In this section, we prove a bound of a special two-body
operator on product states:
Lemma A.1. Let p € S, be a separable state. Then

|tr[(az'a;aka,+ He)pl <3. (A1)

Proof. Let H,jj, be the Hilbert space spanned by aj, a;-, az,
a and  define Aijk!;afa;akal+H.c. Then  tr[A;;,p]
=t[p¥)A, ], where p(‘fk’)=2320,8§}’,31|n)<n| is a mixed sepa-
rable state according to Lemma II.2, and |n> denotes the
occupation number basis for the subspace H,j,. It is easily
checked that A;y, can have nonvanishing expectation
value only for the  two-particle  state [2)
=(S,jaate) (o vsa)|0).  Using |2 Re(ab)| <|al?
+|b|* for any complex numbers a, b and the normalization
conditions =,|u,|?==,|v,[*=1, one arrives at

|tf[AijkzP]| = 2|Re[(MiVj — V) (v, = )|
= (|Mi|2 + |Mj|2)(|ﬂk|2 + |M1|2)
+ (|Vi|2 + |’{/|2)(|Vk|2 + |V1|2)

<0.25+0.25=0.5.

2. Expectation values of one- and two-body operators
for separable states

In this section, we will prove that the one- and two-body
operators for separable states can be expressed in terms of
matrix elements of projectors.

Lemma A.2. Let p e SY be a pure separable state. Then

sep
(ny) =Py, (A2)
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(alajaa,= (P @ P)ya = (P ® P)ojan,  (A3)

where P=P?=P" is a projector of rank N.
Proof. Consider M modes. We go into the basis where the
pure separable state is of the form |®)=ITY a’ |0). In this

basis <azia;l_aakaal>|¢>= 810y~ 830y, ie.. Eq. (A3) for P
=1dy, where Idy=1y®0,,_y € C*>*M. Now let a] =3,Uya ”
Then
(alalaya)) 0 = (UIdU) @ (UIdU") ijy ) — (ULdNU”)
® (UIdyU") ijya
=(P® P)([j)(lk) -(P® P)(ij)(kl),

and P is a projector of rank N.
For the one-particle operators, we obtain (n;)=P;; as

(N=1){n)=%;.4nn;)
=Ej¢iPiinj_ |Pij|2

=2P;Pjj= PyPj;
=u[P1P; - (P?);
= (N_ I)Pii'

APPENDIX B: PROOF OF LEMMAS V.1 AND V.2
1. Proof of Lemma V.2

Proof. As HY), HY), HY) are built up of operators that are
the product of at most two creation and annihilation opera-
tors, we can prove the lemma for separable states. In the first
step, we will show that the three operators are positive on all
separable states. Then we will show that all states within the
set bounded by H(l”i) Hg”i), ngi) correspond to a separable
state. Finally we will show there exist states that are detected
as paired by H?) and HY). Positivity of HY) on all number-
conserving states will be shown in the proof of Lemma V.1
following below.

To show positivity of H(lpt), H(zpt), Hg”i), it is sufficient to
show the positivity for pure separable states, as the result for
mixg\% states follows from convexity. From now on, let p
eS

sep*

a. tr[H(lli)p] =0

In Lemma A.2 (see Appendix A), we have shown that the
expectation values of number-conserving one- and two-body
operators can be expressed in terms of matrix elements of
projectors. Let P be the rank N projector such that
(alalaar),=(P® P)yjuy— (P ® P)jyuys (n)=Py;, and let P
= P[jk_k,l,_, the 4 X 4 principal submatrix of P where the indi-
ces run over k, —k, [, —I. Then we have the following in-
equalities:

2

>

1
(min_) = PPy —|Piy* < 5(|Pkk|2+ |P_ i) = Pk

(B1)
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(ajala_ja;+H.c.)| = 2|[Re(PyP 4 — Pi_iP_y)| (B2)

<2(|Pyl| P_geil + [Pril[P_sa])
< (P> + [P + P+ Pou).
(B3)

These results imply

1~ =
ulpHY!] = Etf[P— P21+ Py + [P (B4)
We use the inclusion principle [46], stating that the eigenval-
ues of an r X r principal submatrix M, of an n X n Hermitian
matrix M fulfill \y(M) <N\,(M,) <N\i,,_, (M), where the ei-
genvalues are arranged in increasing order. As P is a projec-

tor, we have 0=<X\,(P) <\, (P) <\,y_,(P)<1. Hence,
1 -~ = 1 ~ -
u[HV)p] = Etr[P - P = 52 M(P)[1=N(P)]= 0.
!

(B5)

b. te[HY)p1=0

Define O=mn_g+nn_;=0, 0;::1 ia};aika_la,
+H.c.=0. Then HY)=0,05, and as [0;,0;]=0 we con-
clude that HY)=0,0; =0.

c. tr[HY)p]1=0

We will need the Lemma I1.2: tr[Hng]ztr[ngi)pkl],
where py==t_ B, In)n|, B,=0, =} B,=1, and [n), n
=0,....4 are separable n-particle states. Let (HY)),
=(n|H{)|n). Then a straightforward calculation leads to
(HYDo=1, (HE) =5, (HY),=3. (HY));=0, and (H)),=0.
Linearity of the trace implies t{ H¥)p]=0. Hence, all sepa-
rable states lie within the set bounded by the planes defined
by the witness operators H"), HY), HY).

Next, we show that each point within the polytope
curpaired corresponds to a separable state. As Sqep 18 convex, it
is sufficient to check that for every extreme point of CU"Paired
there exists a separable state. This is indeed the case: The
extreme points of CU"P4ed are (0, 0, 0), (2, 0, 0), (4, 2, 0),
(2,1/2, = 1/2), which correspond, for example, to the sepa-
rable states |0), aja;|0), aja’,aja’|0), and (a]
+a))(a’, = a’))/2|0), respectively.

It remains to show that H(l”i) and ngi) are pairing
witnesses. Define | W)= %(a}laf,ﬁ aja’))|0). Then
[ HP NV 1=t HE )W []=-1. m

2. Proof of Lemma V.2

Proof. Tt is sufficient to prove the lemma for p e S(Ay),
as the result for a general number-conserving state follows
from convexity.

a. tr[Hp]=0

Hy=5(n—n_)*+5(n—n_) =0,
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b. tr[H,.p]=0
Shown in the proof of Thm. V.2.

C. tr[H3ip] =(

Let pyu=20_,8,/0)n| be the reduced density operator in
the modes *k, */. We can rewrite H;y. in the form Hy=2

(nk+n i)l F(aja’a_a;+H.c)]. Defining O,
—1 +(aka @aa+H.e), we obtain (0y:3)0=(0,5)=(017)3
=(0y:)4=1, (O,y5),<2. This implies tr[pH;.]=4-(B,
+2B,+303 +4,34) =4-3)_nB,=4—tf(m+n_+n+n_)py]
=0

As in the proof of Lemma V.1, it remains to show that the
extreme points of C¥!' correspond to some fermionic state. It
has been shown in the proof of Lemma V.1 that (0, 0, 0), (2,
0, 0), and (4, 2, 0) can be reached by some separable state.
The remaining two extreme pomts (2,1, £1), correspond,
for example, to the state —(aka (+aja’))o). [ |

APPENDIX C: PROOF OF THM. V4

In this section, we will provide all the details leading to
Thm. v.4, starting with the bound on separable states:

Lemma C.1. Let p € S, with ttf No,p]=N and let H({v})
be as in Thm. V.4. Then tf[H({v,})p,]=0.

Proof. The operator H; acts nontrivially only on the
modes aj, a’y, a, ai(kJrM). Denote by p, the reduced den-
sity operator obtained when tracing out all but these four
modes. According to Lemma I1.2, p,=32_ B |n)(n| is a con-
vex combination of separable n- partlcle states |n)(n|. We
proved in Lemma A.l that |tr[(P Pry+Hec. )pS |<1/2.
Hence (H({v}))=2N(1-¢€)-23M (juXNy)+BP ). Now
2B, <(Nyy<4 and [v;]><1-e€ so that |vk|2 (Ny+B2)=4.
Due to the particle number constraint =}’ (N,)=N, this value
can be taken for k=1,...,N/4. Hence, —25M (|v\/XNy)
+BY)=-2x4(1- e)N/4 so that (H({v,}))=0. [ |

To show the witness character of H({v}), we also have to
prove that there exists a BCS state that is detected by the
Hamiltonian. We will need the following theorem about the
distribution described by the |[\y|* in Eq. (16):

Theorem C.2. Let |Wguu) =S ANMWNY Tike in Eq.
(15) and (17). If 2L [u o> = O(NV) for some >0, then in
the limit N— o the [\yJ? converge to a normal distribution,

1 (N-N)?
== —exp| -———— |, (c1)
\V2moy 20y,

where 2N=23 [v,|* is the mean particle number for the
variational state,
=4EkM:1|Uk|2|uk|2~

Proof. For the proof we will need a theorem from prob-
ability theory known as Lyapunov’s central limit theorem
[63]:

Theorem C.3. (Lyapunov’s central limit theorem). Let X/,
X,,... be independent random variables with distribution
functions Fy, F,,..., respectively, such that EX,=u, and var
X,,:of<00, with at least one ,,>0. Let S,=X,+...+X, and
s,=\var(S,)=\o* + ...+02. If the Lyapunov condition

given by o

and the variance is I
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2+52 E|Xk k|2+(s =0

Sy k=1 n—ow

is satisfied for some 6>0, then the normalized partial sums

S,,—ES

converge in distribution to a random variable with nor-
mal distribution N(0,1).

Consider the observables X;=n;+n_;,k=1,...,M, where
n+;=0,1 is the number of particles with quantum numbers
*k, respectively. The X can be considered as classical ran-
dom variables since they commute mutually. In the varia-
tional BCS state, the random variable S,,=3" X, is distrib-
uted according to the probability distribution

M
P(Sy=2N)= > o, |+ or Plaeey, 17+ g,
ky <t <kp=1
i log |7+ Jog |2
= (H |”k|2> > P l|2.,.| N|z (C2)
k k<o <ky=1 Wk, Ugy
|C|2 (M) 2
— C3
(N‘ 2|C |2 | | ( )

With the help of Thm. C.3 applied to the random variable
Sy, we can now complete the proof of Thm. C.2, i.e., show
that )\1(\9/’) converges to a normal distribution for large M. We
start calculating the expectation value u, of X;. For a BCS
state, X;=0,2, as particles with quantum numbers *k always
appear in pairs. As P(X,=0)=|u|?, P(X,=2)=|v/*, we get
= and E(Sy)= 22k|vk|2 2N. For calculating the
variance, note that X;=n;+n’,+2nmn_,=0,4, and P(X;=0)
=|u? P(X;i=4)=|v,]*. Hence

2 sy=42 o>
i

var(X,) = 4[u[*v; (C4)

To apply the central limit theorem, we consider
E(X—ml*). Using  P(X—pl*= ) =lwl?,  PLIX;—puel*
=(2—-wp)*1=vif% and w=2|v,|? we arrive at

E(1X, = my|*) = 16y |oa > (el + [v,[°)

< 16Jug o ([ * + Joil?)

= 16]uy|*[vel. (C5)
Setting 6=2 in the Lyapunov condition, we obtain
M
1 4 4 5
T2 E(Xe- ) = 7 =0 =0, (C6)
SM = Sm

where we have applied the assumption of the theorem
Y [vil?lug[>=O(N?) in the last step. The central limit theo-
rem implies that S, converges to a normal distribution with
expectation values 2N=2%v,/> and variance 012;/
=43 o . u

With this result at hand, we can ?rove the following:

Lemma C.4. Let H({v,}) and [W{N) be defined as in Thm.
5.4. If €>18/\@N, then

<\Pg\gs,sym|H({vk})|\pg\gs,sym> <0.
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Proof. We will use the correspondence of variational and
number-conserving BCS states, deriving first a bound for

|<H({vk})>var_<H({Uk})>N|’ where |\I,Gauss>zzlzlzwl)\n|‘{,gl()35,sym>
with | ¥ g%s,sym> like in Thm. 5.4. To do so, we will need that
the |\,|> are normally distributed. From |u;[>=1~-v>=¢,

where €>18/(V2mN) and St [v,|*=N, it follows that oy
=32M1y,[2u, 2= eN=0(N). Hence, we know from Thm.

C.2 that the |\,|* describe a normal distribution around N
=~ N with standard deviation oy.
Now, write H({v,})=H,-2W+2(1-€)=}.,N,, where

M
Hy=-22 [v,*N;,
k=1

W=22 PZPk+M+PI]:+MPk~
k

We start with a bound for [(H )y, —(Ho)y| < T, +T,, where

T, = Y MvealPCHoya = HW |
Ae[—o’]%,a’]%]
I,= Y (INsalP(Hobwea = Ho)y) | (CT)
Ae¢ [—1)'}2;],0']2\7]]
A bound for 7, can be easily derived noting that
|<H()>n - <H0>n/| =38 ‘ 2 |Uk|2(<nk>n - <nk>n/) P (CS)
k

and for n=N+A>=N we have X |v,)*((ny),—{ny)
<3 JvdXn,<n, as |v,]><1. Hence,

> IV +4]
A¢[o,a§]

0-_ .
< 8——¢ N2 1+ 4N - erf(0/\2)]
V2

oy [
< 8—+4N[1 —erf(ox/\2)], (C9)
Jom U o2

where we have approximated the sum by an integral in the
second step. For bounding T, we will show first that for n

=N+A, where A € [—(r]%, cr]%], we have (n;),—(ny),_; =0. Ex-
panding the BCS wave function

2M
i i
|\P§3n()js,sym> = Cnn! E a.il o ajnle o Rin|0>’
J1<<Jy=1

(C10)

the expectation value of the number operator is easily calcu-
lated to be (n;),=|C,[*(n!)?|a; 28"V, where

PHYSICAL REVIEW A 79, 012306 (2009)

oM
(n) _
s= X
J1< <=1
itk

|aj,|2"'|ajn|2~ (C11)

If 0<|v><1-¢, there exists a lower bound on the coeffi-

cients |ay|2=|v >/ \1=[v?=bV k. Then 5"~V and S{"? are

related via

2M - (n—-1
(n=1)

n—1
sV =p p—

(n-2)
k .

In the proof of Thm. C.2, we show that

NP Gl = 1P

= s Cl12
P~ IC P2 (€12
resulting in
2M-(n-1) ]\ )
— =) —
<nk>n <nk>n—l ( -1 |)\n_] |2
X[CL ) sy, (C13)

For n=N+A and A e[-03,0%], the normal distribution of

the |\,]> implies P\”P/ Mt > =exp[(2A-1)/207) ] <e.
Hence, b2=ttl b > 0= o5t >33 For

M=g(n—1), this is equivalent to |a|*=3/(2¢—1), which
can be achieved for ¢> 1. The last condition is satisfied, as
we are considering dilute systems, where M >N. Thus,
(=1 =0, implying  Zfv 2 (np),—(np,-) <1, as
[vi/><1. Using Eq. (C8) and a telescope sum, we conclude
that

> |AN+A|2|A|‘

Ae[-oy,0y]

< 8‘2 |xN+A|2|A|‘
A

o
= 16—

Cl4
o (C14)

Next, we derive the bound for the operator W. Its expec-
tation value is given by

2M
W, =[CL 22 el 2 oy, P
k J1<<Up-1
JiFkk+M
(C15)

For ne[N-A,N+A], we use the same argumentation we
have used for bounding {n;),—{n),_;, to obtain

<W>n_<W>n—] <2. (Cl6)
Further, (n,),=(PjP]_,,+H.c.),/2+{mme ), due to the
symmetry o=y, Hence, (W),<2n. Thus, up to a factor

of 2 we obtain the same bound as for H,. Putting all the
pieces together, we find that
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2
KH{o ) )var = (H{uib)n < 2(1-€) + V/%TUN

+ 12N[1 = erf(ay/\2)].
(C17)

In the limit of large x, the error function erf(x/ \*’ET) can be
approximated by the following formula:

exp[— x%/2]

1 —erf(x/V 2) 2
\277

(x'=x3+ ). (C18)

As UN:O(\W), we conclude

12N[1 - erf(o/\2)] < 240 exp[- o/2)/(e\2m) — 0

for N>1. A straightforward calculation results in
(H{v}))yar=—4NEe, leading immediately to the statement of
the theorem. |

APPENDIX D: LEMMA FOR THE PROOF
OF THM. 5.6

Lemma D.I. Every pure separable state p € S(Ay) fulfills
S [(PiP),|<N/2, and this bound is tight.
Proof. Using Lemma A.2, we obtain

M

2 (PIP)| = 2 |PuP_ii— PiP-
k=1 k=1

(D1)

where P=P?>=P" and tf P]=N. Using the triangle inequality,
we get

E (PiP)| <

E (Pl + [P + | Py + [Py
k=1 2%

1
= Etr[Pz] =N/2.

In the last step, we have used the property that the sum of the
squares of a normal matrix is equal to the sum of squares of
its eigenvalues. Taking the square root, we obtain the bound
of our claim.

The bound is tight, as P=1, implies =, [(P{P)|=N/2,
which is obtained for 1aIY|O> [ ]

APPENDIX E: PROOF OF LEMMA 3.5
Proof. Let

i,j):afa”O) and consider the subspace

—k,~1)}. In this basis, the two-particle RDO p{* of [¥ ) is
of the form

PHYSICAL REVIEW A 79, 012306 (2009)

ay ap 0
p(N)= ! a, a; 0 (El)
2 T 4424, ’
0 0 1,

where al—(M 1)/(N=1), a,=(M—-N)/(N-1). The witness
o?erator H<p of Thm. 5.1 has a negative expectation value on
p; ’, hence the state is paired in these modes.

For solving the entanglement question, we will use the
following theorem [25] applicable to mixed fermionic states
of two particles each living on a single-particle Hilbert space
of dimension 4:

Theorem E.1. Let the mixed state acting on A, have a
spectral decomposition p=2"_ , where r is the rank
of p, and the eigenvectors |¥;) belonging to nonzero eigen-
values \; are normalized as (V,|¥)=\;8;. Let |V
=2, W, ah|0> in some basis, and define the complex sym-
metric » X r matrix C by

= E € deWZbWéw (E2)

abed

which can be represented using a unitary matrix as C
=UC,U", with C,=diag[c,,...,c,] diagonal and |c,|=|c,]
=---=|c,|. The state has Slater number 1 if and only if

ey < 2 el (E3)
=2

The spectral decomposition of pgN ) is given by
PS5V = W W] 4+ [ W]+ (W)W + [ (W
+ WXV + [P (W
where W)=+ Si; ), Y= \/ 5+1a l), and W)
5+a +k,*[). Here |¢.)= +|l,-)) and a,
—(2M N-1)/(N-1). Defining 'yz—l/(S+a+), one obtains

a, 0 0 0 00
0 -1 0 0 00
0 0 0 -100
C= , E4
y200—1ooo (E4)
00 0 0 0°1
0 0 0 0 10

with spectrum spec(C)=9*a,,1,1,-1,-1,-1}. For M<N,
the state |\I’BCS is separable, so we can take M > N. Hence,
a,y is the eigenvalue with the biggest absolute value. Ac-
cording to Thm. E.1, the reduced state in the subspace of the
four modes is entangled iff |c,|<Z2/_,|c,|. For our example,
this holds iff M >3N-2. |
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