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Adam Miranowicz,'> Monika Bartkowiak,? Xiaoguang Wang,'* Yu-xi Liu,'*> and Franco Nori'?®

1Advanced Science Institute, RIKEN, Wako-shi, Saitama 351-0198, Japan
2Faculty of Physics, Adam Mickiewicz University, PL-61-614 Poznan, Poland
3Zhejiang Institute of Modern Physics, Department of Physics, Zhejiang University, Hangzhou 310027, China
4Institute of Microelectronics, Tsinghua University, Beijing 100084, China

3Tsinghua National Laboratory for Information Science and Technology (TNList), Tsinghua University, Beijing 100084, China

Physics Department, The University of Michigan, Ann Arbor, Michigan 48109-1040, USA
(Received 19 April 2010; published 21 July 2010)

We consider a way to generate operational inequalities to test nonclassicality (or quantumness) of multimode
bosonic fields (or multiparty bosonic systems) that unifies the derivation of many known inequalities and allows
to propose new ones. The nonclassicality criteria are based on Vogel’s criterion corresponding to analyzing
the positivity of multimode P functions or, equivalently, the positivity of matrices of expectation values
of, e.g., creation and annihilation operators. We analyze not only monomials but also polynomial functions
of such moments, which can sometimes enable simpler derivations of physically relevant inequalities. As
an example, we derive various classical inequalities which can be violated only by nonclassical fields. In
particular, we show how the criteria introduced here easily reduce to the well-known inequalities describing
(a) multimode quadrature squeezing and its generalizations, including sum, difference, and principal squeezing;
(b) two-mode one-time photon-number correlations, including sub-Poisson photon-number correlations and
effects corresponding to violations of the Cauchy-Schwarz and Muirhead inequalities; (c) two-time single-mode
photon-number correlations, including photon antibunching and hyperbunching; and (d) two- and three-mode
quantum entanglement. Other simple inequalities for testing nonclassicality are also proposed. We have found
some general relations between the nonclassicality and entanglement criteria, in particular those resulting from
the Cauchy-Schwarz inequality. It is shown that some known entanglement inequalities can be derived as
nonclassicality inequalities within our formalism, while some other known entanglement inequalities can be seen
as sums of more than one inequality derived from the nonclassicality criterion. This approach enables a deeper
analysis of the entanglement for a given nonclassicality.
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I. INTRODUCTION

Testing whether a given state of a system cannot be
described within a classical theory has been one of the
fundamental problems of quantum theory from its beginnings
to current studies in, e.g., quantum optics [1-12], condensed
matter (see, e.g., Refs. [3,13]), nanomechanics [14,15], and
quantum biology (see, e.g., Ref. [16]). Macroscopic quantum
superpositions (being at the heart of the Schrodinger-cat
paradox) and related entangled states (which are at the core
of the Einstein-Podolsky-Rosen paradox and Bell’s theorem)
are famous examples of nonclassical states which are not
only physical curiosities but now fundamental resources for
quantum-information processing [17].

All states (or phenomena) are quantum, i.e., nonclassical.
Thus, it is quite arbitrary to call some states “classical.”
Nevertheless, some states are closer to their classical approxi-
mation than other states. The most classical pure states of the
harmonic oscillator are coherent states. Thus, usually, they are
considered classical, while all other pure states of the harmonic
oscillator are deemed nonclassical. The nonclassicality crite-
rion for mixed states is more complicated and it is based on the
Glauber-Sudarshan P function [1,2]. A commonly accepted
formal criterion which enables to distinguish nonclassical from
classical states reads as follows [3-6]: A quantum state is
nonclassical if its Glauber-Sudarshan P function cannot be
interpreted as a true probability density. Note that, according
to this definition, any entangled state is nonclassical, but not
every separable state is classical.
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Various operational criteria of nonclassicality (or quan-
tumness) of single-mode fields were proposed (see, e.g.,
Refs. [3,4,18,19] and references therein). In particular, Agar-
wal and Tara [20] and Shchukin, Richter, and Vogel (SRV)
[21,22] proposed nonclassicality criteria based on matrices
of moments of annihilation and creation operators for single-
mode fields. Moreover, an efficient method for measuring such
moments was also developed by Shchukin and Vogel [23].

Itis not always sufficient to analyze a single-mode field, i.e.,
an elementary excitation of a normal mode of the field confined
to a one-dimensional cavity. To describe the generation or
interaction of two or more bosonic fields, the standard analysis
of single-system nonclassicality should be generalized to
the two- and multisystem (multimode) cases. Simple exam-
ples of such bosonic fields are multimode number states,
multimode coherent and squeezed light, or fields generated
in multiwave mixing, multimode scattering, or multiphoton
resonance.

Here, we study in greater detail and modify an operational
criterion of nonclassicality for multimode radiation fields
of Vogel [24], which is a generalized version of the SRV
nonclassicality criterion [21,22] for single-mode fields. It not
only describes the multimode fields but can also be applied
in the analysis of the dynamics of radiation sources. This
could be important for the study of, e.g., time-dependent
correlation functions, which are related to time-dependent
field commutation rules (see, e.g., subsections 2.7 and 2.8
in Ref. [4]).
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A variety of multimode nonclassicality inequalities has
been proposed in quantum optics (see, e.g., textbooks [3-6],
reviews [7—11], and Refs. [25—41]) and tested experimentally
(see, e.g., Refs. [42-48]). The nonclassicality criterion de-
scribed here enables a simple derivation of them. Moreover,
it offers an effective way to derive new inequalities, which
might be useful in testing the nonclassicality of specific states
generated in experiments. It is worth noting that we are
analyzing nonclassicality criteria but not a degree of nonclas-
sicality. We admit that the latter problem is experimentally
important and a few “measures” of nonclassicality have been
proposed [49-58].

Analogously to the SRV nonclassicality criteria, Shchukin
and Vogel [59] proposed an entanglement criterion based
on the matrices of moments and partial transposition. This
criterion was later amended [60] and generalized [61] to
replace partial transposition by nondecomposable positive
maps and contraction maps (e.g., realignment). A similar ap-
proach for entanglement verification, based on the construction
of matrices of expectation values, was also investigated in
Refs. [62-65]. Here we analyze relations between classical
inequalities derived from the two- and three-mode nonclassi-
cality criteria and the above-mentioned entanglement criterion.

The article is organized as follows: In Sec. II, a nonclas-
sicality criterion for multimode bosonic fields is formulated.
We apply the criterion to rederive known and a few apparently
new nonclassicality inequalities. In subsection III A, we sum-
marize the Shchukin-Vogel entanglement criterion [59,60].
In subsection III C, we apply it to show that some known entan-
glement inequalities (including those of Duan ef al. [66] and
Hillery and Zubairy [67]) exactly correspond to unique non-
classicality inequalities. In subsection III D, we analyze such
entanglement inequalities (including Simon’s criterion [68])
that are represented apparently not by a single inequality but by
sums of inequalities derived from the nonclassicality criterion.
Moreover, other entanglement inequalities are derived in sub-
section III D2. The discussed nonclassicality and entanglement
criteria are summarized in Tables I and II. We conclude in
Sec. IV.

II. NONCLASSICALITY CRITERIA FOR
MULTIMODE FIELDS

An M-mode bosonic state p can be completely described
by the Glauber-Sudarshan P function defined by [1,2]:

p= /dza P(a,a®)]o) (], (1

where |a) = 1—[’7111421 |oy,) and |a,) is the mth-mode coherent
state, i.e., the eigenstate of the mth-mode annihilation operator
dm, o denotes complex multivariable (o¢j, o7, ... ,0tp), and
d*a = [],, d*c,n. The density matrix 4 can be supported on
the tensor product of either infinite-dimensional or finite-
dimensional Hilbert spaces. For the sake of simplicity, we as-
sume the number M of modes to be finite. But there is no prob-
lem to generalize our results for an infinite number of modes.

A criterion of nonclassicality is usually formulated as
follows [70]:

Criterion 1. A multimode bosonic state p is considered to
be nonclassical if its Glauber-Sudarshan P function cannot be
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interpreted as a classical probability density, i.e., it is nonpos-
itive or more singular than Dirac’s § function. Conversely, a
state is called classical if it is described by a P function being
a classical probability density.

Itis worth noting that Criterion 1 (and the following criteria)
does not have a fundamental indisputable validity, and it was
the subject of criticism by, e.g., Wiinsche [71], who made the
following two observations. (i) In the vicinity of any classical
state there are nonclassical states, as can be illustrated by
analyzing modified thermal states. So, arbitrarily close to any
classical state there is a nonclassical state giving, to arbitrary
precision, exactly the same outcomes as for the classical
state in any measurement. Note that analogous problems can
be raised for entanglement criteria [61] for continuous-variable
systems, as in the vicinity of any separable state there are
entangled states.' (ii) There are intermediate quasiclassical (or
unorthodox classical) states, which cannot be clearly classified
as classical or nonclassical according to Criterion 1. This can
be illustrated by analyzing the squeezing of thermal states,
which does not lead immediately from classical to nonclassical
states. Due to the singularity of the P function, Criterion 1 is
not operationally useful as it is extremely difficult (although
sometimes possible [72]) to directly reconstruct the P function
from experimental data.

Recently, Shchukin, Richter, and Vogel [21,22] proposed a
hierarchy of operational criteria of nonclassicality of single-
mode bosonic states. This approach is based on the normally
ordered moments of, e.g., annihilation and creation operators
or position and momentum operators. An infinite set of these
criteria (by inclusion of the correction analogous to that
given in Ref. [60]) corresponds to a single-mode version of
Criterion 1.

Let us consider a (possibly infinite) countable set F' =
(fl,fg, . ,ﬁ, ...) of M-mode operators f, = f,»(ﬁ,ﬁ"), each
a function of annihilation, & = (d;,ds, .. .,dy), and creation,
af, operators. For example, we may choose such operators as
monomials

M
fi — 1_[ (&L )iZm—] &’irzlm , 2)
m=1

where i stands in this case for the multi-index i=
(i1,ia, ...,Ioy), but the f,-’s can be more complicated func-
tions, for example, polynomials in the creation and annihilation
operators.

If

f=>cf. 3)

where ¢; are arbitrary complex numbers, then with the help of
the P function one can directly calculate the normally ordered
(denoted by ::) mean values of the Hermitian operator f1 f as
follows [21,73]:

) = / P | fler.a®)2Pla.a®). 4

'tis worth stressing that this is the case only for continuous-variable
systems: in the finite dimensional case, the set of separable states has
finite volume.
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TABLE I. Criteria for single-time nonclassical effects in two-mode (TM) and multimode (MM) fields, and two-time

nonclassical effects in single-mode (SM) fields.

Nonclassical effect Criterion Equations
MM quadrature squeezing d™(1,X4) <0 (A1), (A6)
TM principal squeezing of Luks et al. [32] d“‘)(A&fz,A&lz) = d(“)(l,&f2,&12) <0 (AT)-(A10)

TM sum squeezing of Hillery [33]

MM sum squeezing of An-Tinh [39]

TM difference squeezing of Hillery [33]

MM difference squeezing of An-Tinh [40]

TM sub-Poisson photon-number correlations

Cauchy-Schwarz inequality violation

TM Cauchy-Schwarz inequality violation via Agarwal’s test [31]

TM Muirhead inequality violation via Lee’s test [34]
SM photon antibunching

SM photon hyperbunching

Other TM nonclassical effects

d™(1,V,) <0

d™(1,V4) <0
d™(1,Wy) < —1 min (A1), (2
d™(1,W,) < =4IC) — (D)

(A12), (A15)
(A18), (A20)
(A21), (A25), (A26)

)
| (A31), (A34)

d™(1,4, £7,) <0 (B1), (B3)
d™(fi,f) <0 (15), (16)
d‘“>(ﬁ1,ﬁ2) <0 (B4), (B6)
d(“)(ﬁl — ) <0 (B7), (B8)
d(“>[ﬁ(t),ﬁ(t +17)] <0 (C3), (C6)

AV AR, AR + T)]
= d™[Lat)AF +1)] <0

(C7), (C12), (C13)

d™(1,4,4,.alal) < 0 (18)
d™(1,a,al,ala,) <0 (19)
d™ (1,4, + al.al +a,) <0 (20)
d™(1,a, + &y.a] +al) <0 1)
d™(1,a,,4!,al,a,) < 0 (22)

The crucial observation of SRV [21] in the derivation of their
criterion is the following:

Observation 1. 1If the P function for a given state is a
classical probability density, then (: £ £:) > 0 for any function
f. Conversely, if (: f1£:) < 0forsome f, then the P function
is not a classical probability density.

The condition based on nonpositivity of the P function
is usually considered a necessary and sufficient condition of
nonclassicality. In fact, as shown by Sperling [74], if the P
function is more singular than Dirac’s § function [e.g., given
by the nth derivative of §(«) for n = 1,2, ...], then it is also
nonpositive.

TABLE II. Entanglement criteria via nonclassicality criteria.

Reference Entanglement criterion Equivalent nonclassicality criterion Equations

Duan et al. [66] d"(Aay,Ady) = d"(1,4,,4,) < 0 d™(Ady,Adl) = d™(1,4,,4]) < 0 (48)~(50)
Simon [68] d"(1,ay,a!,a,,a)) <0 d™(1,a,,al,al,8,) + d™(1,a,,al) (52)

+d™(1,4,,4],a0) + d™(1,4,,4},a,) < 0

Mancini et al. [69] d"(1,ay + .4l +al) <0 d™(1,a, 4+ al,al +ay) +2d™(1,a, +a)+1<0  (58),(59)

Hillery & Zubairy [67] d"(1,414,) < 0 d™(1,a,al) <0 (33), (36)

Hillery & Zubairy [67] d(1,amat) <0 d™(1,am@alym <0 (40)—(42)

Hillery & Zubairy [67] d"(ay,a) <0 d®™(@,,al) <0 (34), 37)

Hillery & Zubairy [67] d"(1,4,8043) < 0 d™(1,ala,85) < 0 (35), (38)
Miranowicz et al. [61] d"(Gy,0083) < 0 d™(al,a,a3) < 0 (39)

Other entanglement tests d'(1,akalamy <0 d™(1,@htalar) < 0 (43), (44)

d"(@ak.alary <0 d™(@hr,alar) < 0 (45), (46)

d"(1,a,a5.a]a}) < 0 d™(1,a1a},ala) + (A, + Ax) + DA™(1,a,a) <0 (54), (55)

d"(1,a,al,ala,) < 0 d™(1,a,45,a1a) + (A1) (A2) + (A1 + Ax)d™(1,8185) < 0 (56), (57)

d"(1,4y + .4l +al) <0 d™(1,a, + al,al + ay) +2d™ (1,4, +al) <0 (60), (61)
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With the help of Eq. (3),
CFf =) cre;MP(p) (5)

i,j

(: f1 1) can be given by

in terms of the normally ordered correlation functions

TG ) f 2 ), (©)
where the superscript (n) (similarly to ::) denotes the normal
order of field operators. In the special case of two modes,
analyzed in detail in the next sections, and with the choice of
fi given by Eq. (2), Eq. (6) can be simply written as

MP(p) =

M®(p) = Tel: @ a b6yl @ albtibiy : o1, (7)

where @ = 4, and b = &,. 1t is worth noting that there is an
efficient optical scheme [23] for measuring the correlation
functions (7).

With a set F = (f],fz, ...,fA,A, ...) fixed, the correla-
tions (6) form a (possibly infinite) Hermitian matrix

(M5 (). )

In order to emphasize the dependence of (8) on the choice of
F,we may write M( )(p) Moreover, let [M™(5)], with r =

M (p) =

(r1,...,ry), denote the N x N principal submatrix of M™(p)
obtained by deleting all rows and columns except the ones
labeled by ry, ... ,ry.

In analogy to Vogel’s approach [24], by applying
Sylvester’s criterion (see, e.g., Refs. [60,75]) to the matrix (8),
a generalization of the single-mode SRV criterion for multi-
mode fields can be formulated as follows:

Criterion 2. For any choice of F = (fi,f2,....fi,...), a
multimode state g is nonclassical if there exists a negative prin-
cipal minor, i.e., det(M;")(,é))r < 0,forsomer = (ry, ...,ry),
withl <ri<mrm<...<ry.

According to Vogel [24], this criterion (and the following
Criterion 3) can also be applied to describe the nonclassicality
of space-time correlations and the dynamics of radiation
sources by applying the generalized P function:

M
Pla,a®) = <z []s@ - ai>g>. ©)
i=1

where o = (ay, ...,0y), with o; = o;(r;,t;) depending on
the space-time arguments (r;,#;). By contrast to the standard
definition of P function, symbol ¢ describes both the normal
order of field operators and also time order, i.e., time arguments
increase to the right (left) in products of creation (annihilation)
operators [4]. As an example, we will apply this generalized
criterion to show the nonclassicality of photon antibunching
and hyperbunching effects in Appendix C.

Note that Criterion 2, even for the choice of f; given
by Eq. (2) and in the special case of single-mode fields,
does not exactly reduce to the SRV criterion as it appeared
in Ref. [22]. To show this, let us denote by M'(p) the
submatrix corresponding to the first N rows and columns of
M®™(p). According to the original SRV criterion (Theorem 3
in Ref. [22]), a single-mode state is nonclassical if there
exists an N, such that the leading principal minor is negative,
ie., det[M](\?)(ﬁ)] < 0. Such formulated criterion fails for
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singular (i.e., det[Mf\',“)(,é)] = 0) matrices of moments, as
explained in detail in the context of quantum entanglement in
Ref. [60].

Considering [Mg’)(,é)]r is equivalent to considering the

correlation matrix corresponding to a subset £’ C F, with
= (o frar - fo)s Lo IMP ()] = M) (p). We note

that the subset symbol is used for brevity although it is not

very precise, as the F's are ordered collections of operators.
Thus, by denoting

Mp) = [MP@)],
(:Ffs) (A0 (: Fi ot

(ﬁ£ﬁ1> (ﬁZﬁz) <f:£ﬁ1v>

(2 i fo )
(10)

< : frivfrl : ) ( : frivfrz : )
and its determinant
d)(p) = det ME)(p), (11)
we can equivalently rewrite Criterion 2 as:
Criterion 3. A multimode bosonic state 0 is nonclassical if
there exists £ such that dgl)(,é) is negative.
This can be written more compactly as:

g (p) >0
df(p) <0

pis classical = VF :
(12)

p is nonclassical < 3 F :

In the following, we use the symbol " to emphasize that a
given inequality can be satisfied only for nonclassical states

and the symbol ; to indicate that an inequality must be
satisfied for all classical states.

Let us comment further on the relation between Criteria 2
and 3 and the SRV criterion (in its amended version that
takes into account the issue of singular matrices). Criterion 3
corresponds to checking the positivity of an infinite matrix
M;; ™ defined as in (6) with the f;’s chosen to be all possible
monomials given by Eq. (2). Considering the positivity of
larger and larger submatrices of this matrix leads to a hierarchy
of criteria: testing the positivity of some submatrix M,(\;”
leads to a stronger criterion than testing the positivity of a
submatrix M,(\;l,), with N < N.Nonetheless, when one invokes
Sylvester’s criterion in order to transform the test of positivity
of a matrix into the test of positivity of its many principal
minors, it is arguably difficult to speak of a “hierarchy.”
Indeed, because of the issue of the possible singularity of
the matrix we cannot simply consider, e.g., leading principal
minors involving larger and larger submatrices.

As regards the general formalism, of course by adding
operators to the set F , and therefore increasing the dimension
of the matrix M }",), one obtains a hierarchy of matrix conditions
on classicality. Nonetheless, also in our case when moving to
scalar inequalities by considering determinants, we face the
issue of the possible singularity of matrices. Motivated also by
this difficulty, in the present article we do not focus so much on
the idea a hierarchy of criteria but rather explore the approach
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that by using matrices of expectations values it is possible to
easily obtain criteria of nonclassicality and entanglement in
the form of inequalities. As already explained, this is done by
referring to Observation 1 and considering f;’s possibly more
general than monomials, e.g., polynomials.

Indeed, when we choose a set of operators F= ( f] , f}, R
we compute the corresponding matrix of expectation values,
and we check its positivity, what we are doing is equivalent
to checking positivity of, e.g., (: T f:) for all f’s that can be
written as a linear combination of the operators in F: f =
>iCi fi. As polynomials can be expanded into monomials,

it is clear that checking the positivity of a matrix M ;") with

F' consisting of polynomials, cannot give a stronger criterion
than checking the positivity of a matrix M (",), where F’ is

given by all the monomials appearing in the elements of F.
Of course, to have a stronger matrix criterion of classicality
we pay a price in terms of the dimension of the matrix

Mgf) , which is larger than M;”). Further, as we will see,

by considering general sets F—that is, not only containing
monomials—one can straightforwardly obtain interesting and
physically relevant inequalities, which may be difficult to
pinpoint when considering monomials as “building blocks.”
It is worth noting that the possibility of using polynomial
functions of moments was also discussed in Ref. [59] in the
context of entanglement criterion.

Finally, we remark that to make the above criteria sensitive
in detecting nonclassicality, the f; must be chosen such that
the normal ordering is important in giving M. In particular,
assuming this special structure for the f;’s, there must be some
combination of creation and annihilation operators. On the
contrary, the inclusion of only creation or only annihilation
operators would give a matrix M™ positive for every state,
thus completely useless for detecting nonclassicality.

A. Nonclassicality and the Cauchy-Schwarz inequality

The Cauchy-Schwarz inequality (CSI) for operators can be
written as follows (see, e.g., Ref. [5]):

(ATAY(BTB) > |(ATB)?, (13)

where A and B are arbitrary operators for which the above
expectations exist. Indeed, (ATB) = Tr(pA' B) is a valid inner
product because of the positivity of p. Similarly, one can define
a valid scalar product for a positive P function. In detail, by
identifying A = fi(a,a’)and B = f»(a,al), one can define the
scalar product

cﬁﬁw=/faﬁwawmmwwuaw (14)
Then, a CSI can be written as:

CALACA By SICH P (15)
Such CSI, for a given choice of operators f] and f5, can be
violated by some nonclassical fields described by a P function
which is not positive everywhere, that is, such that (14) does
not actually define a scalar product. We then say that the state
of the fields violates the CSI. The nonclassicality of states
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violating the CSI can be shown by analyzing Criterion 3 for
F = (f1, f2), which results in
DG
(fifa)

~

)

d® = 2
d f2)

. (16)

A
i

B. A zoo of nonclassical phenomena

In Table I, we present a variety of multimode nonclassicality
criteria, which can be derived by applying Criterion 3 as shown
in this subsection and in greater detail in Appendices A—C.

In the following, we give a few simple examples of other
classical inequalities, which—to our knowledge—have not
been discussed in the literature. In particular, we analyze
inequalities based on determinants of the following form:

1 x x
D(x,y,z) = |x* z y*|. (17)
X y Z

(i) By applying Criterion 3 for ' = (1 ,&1&2,&1&;), we obtain
2)) "€ 0, (18)

where A, = aI 4, and A, = azaz (i) For F = (1, alaz',cﬂ&z)
one obtains

dP = D((@a}).(a}@)?).(aiAx) "< 0, (19)

(iii) For F' = (1,4, + &;,d', + &), Criterion 3 leads to

df’ = D(@1d2),(@743), (i

d¥ = D((ay + ab). (@ +a})?).2) "< 0, (20)

where z = (i) + (Ai) + 2Re(a;a,).
@iv) For F = (1,a; + &2,&I + &;) one has

dY = D((ar + &) (@1 + @2)%).2) "€ 0, 1)

where z = (ii1) + (A7) + 2Re(&1&;) These nonclassicality
criteria, given by Egs. (18)—(21), will be related to the
entanglement criteria in subsection III D2.

Another example, which is closely related to the Simon
entanglement criterion [68], as will be shown in subsec-
tion III DI, can be obtained from Criterion 3 assuming F=

(1,a,a],al,a,). Thus, we obtain:

L @y @) @) (@
@) faja) @) ajad) (ala)
dV =l@) @) @a) @a) (@a)| Yo
(@) (@a) (@la) (alay)  (@3)
@) (@al) (ajal) @b (ala)

(22)

III. ENTANGLEMENT AND NONCLASSICALITY
CRITERIA

Here, we express various two- and three-mode entan-
glement inequalities in terms of nonclassicality inequalities
derived from Criterion 3, which are summarized in Table II.
First, we briefly describe the Shchukin-Vogel entanglement
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criterion, which enables the derivation of various entanglement
inequalities.

A. The Shchukin-Vogel entanglement criterion

The Criterion 3 of nonclassicality resembles the Shchukin-
Vogel (SV) criterion [59-61] for distinguishing states with pos-
itive partial transposition (PPT) from those with nonpositive
partial transposition (NPT). Analogously to Egs. (7) and (8),
one can define a matrix M(p) = [M;;(p)] of moments as
follows:

Mij(p) = Tr[(&Til &ingiq;m)T(&Tj] fl'iZZ;Tj3E'j4),5], (23)

where the subscripts i and j correspond to multi-indices
(i1,i2,i3,i4) and (J1, j2, J3, j4), respectively. Note that, contrary
to Eq. (7), the creation and annihilation operators are not
normally ordered. As discussed in Ref. [61], the matrix M (p)
of moments for a separable state f is also separable, i.e.,

p=> il ®@pF = Mp)=>_piM*(p}') @ M®(p}).
(24)

where p; > 0, Y, pi = 1, MA(p") = Yo My (01 (|
is expressed in a formal basis {|i")} with i’ = (i1,i»,0,0) and
i = (1, j»,0,0); MB(p?B) defined analogously. Reference [59]
proved the following criterion:

Criterion 4. A bipartite quantum state p is NPT if and only
if M(p") is NPT.

The elements of the matrix of moments, M(p') =
[M;; (7)1, where I denotes partial transposition in some fixed
basis, can be simply calculated as

Mij(,@r) — Tr[(&Til a2 bt ];i4)T(&le a2 bin 5.1'4)[31‘]
— Tr[(&'['il &izl;'['jsl;h)f(&'ljl a2 ptis 1314)/6] (25)

Let us define

ST (AT (L f)T
] TV RNV AY (FLIT
iy =] _ R )5
AT (AL AT TAN Y

in terms of (/! /)" = (/1 /,)0) G.j =1,...,N). For ex-
ample, if X is an operator acting on two or more modes, and
we take partial transposition with respect to the first mode,

X' = (T ®id)(X),

with T the transposition acting on the first mode and id the
identity operation doing nothing on the remaining modes,
respectively. Then the SV Criterion 4, for brevity referred
here to as the entanglement criterion, can be formulated as
follows [61]:

Criterion 5. A bipartite state p is NPT if and only if there
exists £, such that d};(,@) is negative.

This Criterion 5 can be written more compactly as follows:

pisPPT & VF :
pisNPT < 3 F :

T, A
dﬁ(l)) = 0,

- @7)
db(p) < 0.
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As for the case of the nonclassicality criteria, the original
SV criterion actually refers to a set £ given by monomials
in the creation and annihilation operators. This entanglement
criterion can be applied not only to two-mode fields but also
to multimode fields [61,76]. Note that Criterion 5 does not
detect PPT-entangled states (which are part, and possibly the
only members, of the family of the so-called bound entangled
states) [77]. Analogously to the notation of Iﬁl, we use the
symbol %' to indicate that a given inequality can be fulfilled
only for entangled states.

Here we show that various well-known entanglement
inequalities can be derived from the nonclassicality Criterion 3
including the criteria of Hillery and Zubairy [67], Duan
et al. [66], Simon [68], or Mancini et al. [69]. We also
derive new entanglement criteria and show their relation to
the nonclassicality criterion. Other examples of entanglement
inequalities, which can be easily derived from nonclassicality
criteria, include [78-80]. However, for brevity, we do not
include them here.

B. Entanglement and the Cauchy-Schwarz inequality
. M)Ay = 1 .. A ~
The matrix Mﬁf' () is linear in its state p =), p;fi.
Therefore we have

MEP(p) =) M (p) > 0 (28)

if M;f)(ﬁ,-) > 0 for all p;. Thus, M;f) is positive for separable
states if it is positive on factorized states.

Let
F=f . fv) (29)
with functions f; = fi\ fin - -+ fim, where
. 1 if i #£k;j
fij = (30)

either g;(a,) or g;(a) if i =k;.

Here, i is the index of the element f, in F , and index j refers
to the mode. f; j 1s possibly different from the identity for one
unique value i = k;, and in that case it is equal to a function
g of either the creation or annihilation operators of mode j,
but not of both.

Writing the matrix M}") in a formal basis {|k)}, one then
has

MY = %j«ﬁfﬁ:nkm
= Gl S B 31
For factorized sta:el:s holds
MY ="Aoo Ry A
kl
=Y A fan) - Gl far
k

+ Y A R A
k#l

=Y A fan) - Gl
k
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+ > DG -

(fhd G i)

k£l
> S a) - B Gan ol
k
+ 3 D) - Gk )
k£l

= <Z<ﬁ;‘l>--~<ﬁ'm|k>>
k
x (Z<ﬁ1>~~<ﬁm<u> > 0. (32)
!

The first equality comes from the state being factorized. The
third equality is due to the fact that the f;;s are functions
of either annihilation or creation operators, but not of both,
o - flifur) = (flifn) or (ffi fuz) = (fu fi)). and that for
k # [ atleastone among f,jl and fj;,letussay,e.g., fi1,is equal
to the identity—in particular this implies that its expectation
value is equal to (f;;) = 1. The first inequality is due to the
fact that (:f{, fur:) = (/) ) or (A fia) = (fu £ and 1o
the Cauchy-Schwarz inequality.

C. Entanglement criteria equal to nonclassicality criteria

By applying the nonclassicality Criterion 3, we give a few
examples of classical inequalities, which can be violated only
by entangled states.

1. Hillery-Zubairy’s entanglement criteria

Hillery and Zubairy [67] derived a few entanglement
inequalities both for two-mode fields:

(Aiha) M [(@1a)) 12, 33)
(A1) (A2) 2 aan)l?, (34)
and three-mode fields

(igiz) 2 |(@]anas) . (35)

These inequalities can be derived from the entanglement
Criterion 5 [59,61] assuming: F= (1,a,a,) to derive Eq. (33),
f = (41,d,) for Eq. (34), and F = (1,4,4,a3) for Eq. (35).
On the other hand, Eq. (33) can be obtained from the non-
classicality Criterion 3 assuming F' = (1,&1&;), which gives

go_| 1@ al)
oo l@lay) (i)

e, (36)

Analogously, assuming F' = (&1,&2), one gets

av | @ (@1ds) | 37

(G1a2)  (2)

which corresponds to Eq. (34). By choosing a set of

three-mode operators F= (1,&1&2&3), one readily obtains
Afa
40— 1 (a,a-43)

p 2o, (38)

(@alaly (ainsns)

which corresponds to Eq. (35).
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By applying Criterion 3 with F = (511,&2&3), we find
another inequality
() (a18203)

dP =
F (a@a3)*  (fahiz)

20, (39)

which was derived in Ref. [61] from the entanglement
Criterion 5.

Using the Cauchy-Schwarz inequality, Hillery and
Zubairy [67] also found a more general form of inequality
than the one in Eq. (33), which reads as follows:

((a'lr)malln(&;)nég> ent (Am Al)n)’ (40)
This inequality can be derived from the nonclassicality
Criterion 3 for £ = (1,a}"(a})"), which leads to
w_| 1 (ai" @)
R ICHE I CORACHR)
Alternatively, Eq. (40) can be derived from the entanglement
Criterion 5 for F' = (1,a7"ay). Thus, we see that

. (41)

d(l’l)[] Am(é\lz)n] dr(l AmAn) cnt (42)

where, for clarity, we use the notation d"(F ) instead of d];r
for k = (n),I". Moreover, we can generalize entanglement
inequality, given by Eq. (38), as follows:

(afabay) < |((a Ya ;a;")| (43)

for arbitrary integers k,l,m > 0. This inequality can be proved
by applying both Criteria 3 and 5:

d[1,@)asay] = a" (1.afabay)
1 <(aT)"aé&§”
((aT)kaZa3 ) (n’l‘nlzﬁg”)

where the first mode is partially transposed. Analogously,
Eq. (39) can be generalized to following entanglement in-
equality:

) o, (44)

(if)(asay) < (atasay)f. (45)
which can be shown by applying Criteria 3 and 5:
dv[@)* asay] = d" (ay,ahay)
<ﬁlf> (AIIc Aé&;ﬂ) ncl
= Ak Al am\* NP 0. (406)
(afayay)  (ayng) =

It is worth remarking that in all the above cases, once the "

inequalities are found as nonclassicality inequalities, it is easy
to check that they can be satisfied only by entangled states; that
is, they really are %' inequalities. Indeed, the determinant con-
dition is the only nontr1v1al one for establishing the positivity of
the involved 2 x 2 matrices. Further, these matrices are linear
in the state with respect to which the expectation values are
calculated. Thus, if we prove that the matrices are positive for
factorized states, then we have that they are necessarily positive
for a separable state and so are the determinants. For the sake
of concreteness and clarity, we prove the positivity of the 2 x 2
matrix of Eq. (37) for a factorized state. The positivity of the
other matrices for factorized states is analogously proved.
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For a factorized state, as a special case of inequalities given
in Eq. (32), we have

@) alad)\ _ ( @an @)l
(@ay)  (Aa) @)(a)  (@a)
2((@%(@0 <ai><&i>>

(@1)(a2) (@) (@)

@y =0, @7

where the first inequality is due to the Cauchy-Schwarz
inequality (XTX) > (X )|2

2. Entanglement criterion of Duan et al.

A sharpened version of the entanglement criterion of Duan
et al. [66] can be formulated as follows [59]:

(AalAa)(AaLAG) M (AG AG) P, (48)

where Ad; = a; — (@;) for i = 1,2. Equation (48) follows
from the entanglement Criterion 5 for F= (1,a,a,) [59] or,
equivalently, for F= (Ady,Aay). It can also be derived from
the nonclassicality Criterion 3 for F= (A&l,Adi). Thus, we
obtain

(AajAay) (Aa]Aal)

o 4o, (49)
(Aa1Ady)  (Ad,Ady)

() _
d, =

which corresponds to Eq. (48). Alternatively, by choosing £ =
(1,4, ,&;), one obtains

1 (@) (@)
df =@l ) (@lad) |- (50)
@) (@a) ()

which is equal to Eq. (49). Thus, it is seen that this
nonclassicality criterion is equal to the entanglement criterion.
Moreover, the advantage of using polynomials, instead of
monomial, functions of moments in £ is apparent. The same
conclusion was drawn by comparing Egs. (A9) and (A10) or
Egs. (C12) and (C13).

D. Entanglement criteria via sums of nonclassicality criteria

Here, we present a few examples of classical inequalities de-
rived from the entanglement Criterion 5 and the nonclassicality
Criterion 3 that are apparently not equal. More specifically,
we have presented in subsection III C examples of classical
inequalities, which can be derived from the entanglement
Criterion 5 for a given 4 F} or, equivalently, from the nonclassi-
cality Criterion 3 for F, equal to a partial transpose of F|. In
this section, we give examples of entanglement inequalities,
which cannot be derived from Criterion 3 for F, = F 11".

States satisfying Criterion 5 for entanglement must be
nonclassical, as any entangled state is necessary nonclassical
in the sense of Criterion 1. We will provide specific examples
that satisfying an entanglement inequality implies satisfying
one or more nonclassical inequalities. This approach enables
an analysis of the entanglement for a given nonclassicality.
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The main problem is to express dg = d"(F) as linear combi-
nations of some d™W(F®), i.e.:

df =" e d™(F®), (51)
k

where ¢; > 0. To find such expansions explicitly, we apply the
following three properties of determinants: (i) The Laplace
expansion formula along any row (or column): detM =
Zj(—l)iJrjMijuij, where 1;; is a minor of a matrix M =
(M;;). (ii) Swapping rule: By exchanging any two rows
(columns) of a determinant, the value of the determinant is
the same of the original determinant but with opposite sign.
(ii1) Summation rule: If some (or all) the elements of a column
(row) are sum of two terms, then the determinant can be given
as the sum of two determinants, e.g., det(a + a’,b + b'; c,d) =
det(a,b;c,d) + det(a’,b’; c,d).

1. Simon’s entanglement criterion

As the first example of such nontrivial relation between
the nonclassicality and entanglement criteria, let us consider
Simon’s entanglement criterion [68]. As shown in Ref. [59],
it can be obtained from Criterion 5 as dF 0 for F=

(1,4, ,aI,az,az). We found that Simon’s criterion can be
expressed as a sum of nonclassicality criteria as follows:
db = d™(1,4y,a},a}.a,) + d™(1,a,,a})
+d™(1,a1,a],a) + d™(1,a1,a.00),  (52)

where d™(1,4; ,&I,&;,&g) is given by Eq. (22). Moreover, dgl)
for F =(l,ay.al,al), F=(1,4,,4},a,), and F = (1,4,,4))
can be obtained from (22) by analyzing its principal minors.
Thus, one can prove the entanglement for a given nonclassical-
ity by checking the violation of specific classical inequalities
resulting from the nonclassicality Criterion 3.

2. Other entanglement criteria

Now, we present a few entanglement inequalities, which
are simpler than Simon’s criterion but still correspond to sums
of nonclassicality inequalities.

Let us denote the following determinant:

1 x x
D(x,y,z,2) = |x* z y*|. (53)
X 'y z
(i) Criterion 5 for £ = (1,4,4,,4a)) results in
df = D ((@ad).(atal). (o)) 2o, (54

where 7 = ((fi; 4+ 1)(7i; + 1)). By using the aforementioned
properties of determinants, we find that the entanglement
criterion in Eq. (54) can be given as the following sum of
nonclassicality inequalities resulting from Criterion 3:

d% = d™(1,a:a5.4]ar)
+ () + (A2) + Dd™(Laa). (59
(ii) Criterion 5 for £ = (1,4,a],a]@,) leads to

dFI: = D((fl]&Q) (fl%a%) 7,2 ) ent (56)
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where z = (A1A2) + (A1) and 7' = (fi1A>) + (A,). Analo-
gously to Eq. (55), we find that the following sum of
the nonclassicality criteria corresponds to the entanglement
criterion in Eq. (56):

dy = d™(1.a1a.4]a}) + () (i)
+ (A1) + (A2))d™(1,4185). (57)
(iii) For F= (1,a; + &ZT,&': + a,), one obtains
di = D((@1 + &), (@1 + @2)*),2,2) 20, (58)

where z = (1) + (A2) + 2Re(&1&§) + 1. Analogously to the
former cases, we find the relation between the entanglement
criterion in Eq. (58) and the nonclassicality Criterion 3 as
follows:

df = d™ (.41 + 4.0} +ab)
+2d™(1,4, 4 ap) + 1. (59)

(iv) As a final example, let us consider the entanglement
Criterion 5 for £ = (1,&; + @,a! + a}). One obtains

d% = D((a; + ab), (@ + a})?),z,2) 20, (60)

where z = (A1) + (A,) + 2Re{d14,), and 7’ = z + 2, which is
related to the nonclassicality Criterion 3 as follows:

d = d®™ (a4, + al.al + @) +2d™(La, +al),  (61)

where d™(1,a, +al,al +a,) is given by Eq. (20), and
d™(1,4; + al) is given by its principal minor. Equation (60)
corresponds to the entanglement criterion of Mancini et al. [69]
(see also Ref. [59]).

IV. CONCLUSIONS

We derived classical inequalities for multimode bosonic
fields, which can only be violated by nonclassical fields, so
they can serve as a nonclassicality (or quantumness) test. Our
criteria are based on Vogel’s criterion [24], which is a general-
ization of analogous criteria for single-mode fields of Agarwal
and Tara [20] and, more directly, of Shchukin, Richter, and
Vogel (SRV) [21,22]. The nonclassicality criteria correspond
to analyzing the positivity of matrices of normally ordered
moments of, e.g., annihilation and creation operators, which,
by virtue of Sylvester’s criterion, correspond to analyzing
the positivity of Glauber-Sudarshan P function. We used not
only monomial but also polynomial functions of moments.
We showed that this approach can enable simpler and more
intuitive derivation of physically relevant inequalities.

We demonstrated how the nonclassicality criteria intro-
duced here easily reduce to the well-known inequalities (see,
e.g., textbooks [3-6], reviews [7-9,11], and Refs. [25-41])
describing various multimode nonclassical effects, for short
referred to as the nonclassicality inequalities. Our examples,
summarized in Tables I and II, include the following:

(i) Multimode quadrature squeezing [4] and its generaliza-
tions, including the sum and difference squeezing defined by
Hillery [33], and An and Tinh [39,40], as well the principal
squeezing related to the Schrodinger-Robertson indeterminacy
relation [81] as defined by Luks et al. [32].

PHYSICAL REVIEW A 82, 013824 (2010)

(i) Single-time photon-number correlations of two modes,
including squeezing of the sum and difference of photon
numbers (which is also referred to as the photon-number
sum/difference sub-Poisson photon-number statistics) [6],
violations of the Cauchy-Schwarz inequality [5] and violations
of the Muirhead inequality [34,82], which is a generalization
of the arithmetic-geometric mean inequality.

(iii) Two-time photon-number correlations of single modes
including photon antibunching [4,5,37] and photon hyper-
bunching [38,41] for stationary and nonstationary fields.

(iv) Two- and three-mode quantum entanglement inequal-
ities (e.g., Refs. [66-69]). We have shown that some known
entanglement inequalities (e.g., of Duan et al. [66] and Hillery
and Zubairy [67]) can be derived as nonclassical inequalities.
Other entanglement inequalities (e.g., of Simon [68]) can be
represented by sums of nonclassicality inequalities.

Moreover, we developed a general method of expressing
inequalities derived from the Shchukin-Vogel entanglement
criterion [59,60] as a sum of inequalities derived from the
nonclassicality criteria. This approach enables a deeper anal-
ysis of the entanglement for a given nonclassicality. We also
presented a few inequalities derived from the nonclassicality
and entanglement criteria, which to our knowledge have not
yet been described in the literature.

It is seen that the nonclassicality criteria based on ma-
trices of moments offer an effective way to derive specific
inequalities which might be useful in the verification of
nonclassicality of particular states generated in experiments.
It seems that the quantum-information community more or
less ignores nonclassicality as something closely related to
quantum entanglement. We hope that this article presents a
useful approach in the direction of a common treatment of
both types of phenomena.
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APPENDIX A: UNIFIED DERIVATIONS OF CRITERIA FOR
QUADRATURE SQUEEZING AND ITS GENERALIZATIONS

Here and in the following appendices, we present a
unified derivation of the known criteria for various multimode
nonclassicality phenomena, which are summarized in Table I.
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1. Multimode quadrature squeezing

The quadrature squeezing of multimode fields can be
defined by a negative value of the normally ordered vari-
ance [4,9,27]

((AXp)%) <0 (A1)

with AX ¢ = X ¢ — (X ), of the multimode quadrature opera-
tor

M
Xp =" cw Enm(m), (A2)

m=1

which is given in terms of single-mode phase-rotated quadra-
tures given by

Zn(Pm) = G expli) + ), exp(—ipy). (A3)

It is a straightforward generalization of the single-mode
quadrature squeezing [7,25]. In (A2), ¢ = (¢1,...,¢n) and
¢, are real parameters. In the analysis of physical systems, it
is convenient to analyze the annihilation (&,,) and creation (&L)
operators corresponding to slowly varying operators. Usually,
X (0) and %,,(7r/2) are interpreted as canonical position and
momentum operators, although this interpretation can be
applied for any two quadratures of orthogonal phases, x,,(¢,)
and X,,(¢n, + 7/2).

The normally ordered variance can be directly calculated
from the P function as follows:

(:(AXp)%) =/d2a Plo,a)[Xg(o,a®) — (X)1%,  (A4)

where
M
Xg(e,a) = ) culane®™ +aze ) (AS)
m=1
and @ = (1, ... ,ap). From Eq. (A4) it is seen that a negative

value of (:(AX ¢)2:) implies the nonpositivity of the P function
in some regions of phase space, so the multimode quadrature
squeezing is a nonclassical effect. This conclusion can also
be drawn by applying Criterion 3. In fact, by choosing F =
(1,X¢), one gets

1 (Xp)

dv =1 . .
F (Xp) (X3

’ = (AKX 20, (A)
which is the squeezing condition (A1).

2. Two-mode principal squeezing

For simplicity, we analyze below the two-mode (M = 2)
case for ¢c; =c; =1 and ¢, — ¢ = /2. The two-mode
principal (quadrature) squeezing can be defined as the
¢-optimized squeezing defined by Eq. (A1):

min (AX)%) < 0. A7
o F X AP

By applying the Schrodinger-Robertson indeterminacy rela-
tion [81], Luks et al. [32] have given the following necessary
and sufficient condition for the two-mode principal squeezing

(Al Aan) < [(Aan))l, (A8)
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where
aip =4+, Adp =apn— (an).

This condition for principal squeezing can be derived from
Criterion 3 by choosing F= (A&}LZ,Afllz), which leads to:

((Aap)?)

o (Adl,Ady)
(Adl,Aay)

" ) (A9)
E el =

Equivalently, by applying Criterion 3 for £ = (1,&12,&12) one
obtains:

1 @, (an)
df = () () (@),

@h) (@hy»  (an)

(A10)

where
A AT A A A At A
np = al'zalz =ny1+ny+ 2Re(a1a2).

The determinants, given by Egs. (A9) and (A10) are equal to
each other and equivalent to Eq. (A8). This example shows that
the application of polynomial functions of moments, instead
of monomials, can lead to matrices of moments of lower
dimension. Thus, the polynomial-based approach can enable
simpler and more intuitive derivations of physically relevant
criteria.

3. Sum squeezing

According to Hillery [33], a two-mode state exhibits sum
squeezing in the direction ¢ if the variance of

Vy = L@aze ™ + ajale’?) (A11)
satisfies
(AVpP) < $(V2), (A12)
where

V.=t +a+ 1)

and 7, = &,T,,&m for m = 1,2. As for the case of quadrature
squeezing, a; and d, usually correspond to slowly varying op-
erators. Let us denote V, = V(¢ = 0) and ‘7y =V(= w/2).
It is worth mentioning that the operators Vi, (—V. ) and V.
are the generators of the SU(1,1) Lie al gebra Equatlon (A12)
can be readily justified by noting that [VX,V 1=iV., which
implies the Heisenberg uncertainty relation

(AV)H(AV)?) > (V)2
By analogy with the standard quadrature squeezing, sum
squeezing occurs when min[((AV,)?), ((A Vy)2>] < (V;)/2,0r
more generally if Eq. (A12) is satisfied. We note that, in
analogy to the principal quadrature squeezing, one can define
the principal sum squeezing by minimizing ((A V¢)2) over ¢:
min (AV4)?") < 5(Vo). (A13)
Conditions (A12) and (A13) can be easily derived from
Criterion 3. In fact, by noting that
(AV)?) = (:(AVp)") +

(Vo). (Al4)
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the condition for sum squeezing can equivalently be given by
a negative value of the variance (:(A Vd,)z:). On the other hand,
by applying Criterion 3 for £ = (1, ‘7¢), one obtains

1 (V)

S
B0 (02

‘ = ((AVy*) D0, (A15)

which is equivalent to Eq. (A12). So it is seen that sum
squeezing is a nonclassical effect—in the sense of Criterion 1.

Two-mode sum squeezing can be generalized for any
number of modes by defining the following M-mode phase-
dependent operator [39]:

~ 1 . .
Vy = 3 67”1)1:[&]' +e’¢l:[a}

satisfying the commutation relation

(Al6)

L ia
Vo Vpsnpl = 5C. C=[Ta+ap—[Ta;. 17
7 7

A

Hereafter j = 1,...,M and we note that [(C)| = (C). Thus,
multimode sum squeezing along the direction ¢ occurs if

AV < H%. (A18)
One can find that
P S (6]
((AVg)") = (:(AVg)™1) + T (A19)

Thus, by applying the nonclassicality Criterion 3 for F=
(1,V,), we obtain the sum squeezing condition

((ADp)%) =dP 0,

which is equivalent to condition in Eq. (A18).

(A20)

4. Difference squeezing

As defined by Hillery [33], a two-mode state exhibits
difference squeezing in the direction ¢ if

(AWg)?) < SHW.)I, (A21)
where
Wy = L@iale’® + alase ) (A22)

and W, = %(ﬁl — fip). The principal difference squeezing can
be defined as:

min (AWy)") < 5(Wo)l, (A23)
in analogy to the principal quadrature squeezing and the
principal sum squeezing. Contrary to the V; operators for sum
squeezing, operators Wx = W(d) =0), Wy = W(¢ =r/2),
and W, are generators of the SU(2) Lie algebra. The un-
certainty relation ((AW,)?) ((AW,)?) > (1/4)|(W,)|? justifies
defining difference squeezing by Eq. (A21). One can find that

(AW = ((AW)™) + 1) + (). (A24)
By recalling Criterion 3 for F= (1, W¢), it is seen that
dg’ = ((AW)*) €0, (A25)
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in analogy to Eq. (A15). And the condition for sum squeezing,
given by Eq. (A21), can be formulated as:

dY < —%mini_y (). (A26)

So states exhibiting difference squeezing are nonclassical. But
also states satisfying

(A1) = (Aa)] < ((AWp)) < {((A1) + (R2))  (A27)

Bl

are nonclassical although nor exhibiting difference squeezing.
The first inequality in Eq. (A27) corresponds to condition
opposite to squeezing condition given by Eq. (A21).

Criterion 3 can also be applied to the multimode general-
ization of difference squeezing, which can be defined via the
operator [40]:

1 K M
Wy = se [ a [] al+He (A28)
k=1 m=K+1

for any K < M. For simplicity, hereafter, we skip the limits
of multiplication in [ [, and [],,. The commutation relation

~ ~ I A
WpWpin2] = EC’ (A29)
where

C=Tla+ao]Tan—Ta [T +4m.
k m k m

justifies the choice of the following condition for multimode
difference squeezing along the direction ¢ [40]:

(A30)

(AW < |(4ﬂ. (A31)
We find that
A . D
(AW)?) = (:(AW)*) + %, (A32)
where
M
D=TJa+a0] Jan+]]ac] ] +im—2] ],
k m k m j=1
(A33)

By applying Criterion 3 for F = (1,W¢), we obtain the
following condition for multimode difference squeezing:
dY = (AW < JUC) = (D)), (A34)

which is equivalent to the original condition, given by
Eq. (A31). For states exhibiting difference squeezing, the

A

right-hand side of Eq. (A34) is negative. In fact, if (C) > 0
then

C-D=-2]]u (H(l + Apg) — Hn) <0, (A35)
k m m

otherwise

C-D=-2 (H(1 + ) — l_[nk> Hﬁm <0. (A36)
k k m
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It is seen that the difference squeezing condition is stronger

than the nonclassicality condition d;ﬁ') "' 0. This means that
states satisfying inequalities

TG — (D)) < (:(AWp)R) <0 (A37)

are nonclassical but not exhibiting difference squeezing.

APPENDIX B: UNIFIED DERIVATIONS OF CRITERIA
FOR ONE-TIME PHOTON-NUMBER CORRELATIONS

Various criteria for the existence of nonclassical photon-
number intermode phenomena in two-mode radiation fields
have been proposed (see, e.g., Refs. [3-6,28,31,34]). Here, we
give a few examples of such nonclassical phenomena revealed
by single-time moments.

1. Sub-Poisson photon-number correlations
The squeezing of the sum (i, = #i; 4+ 7/ip) or difference
(fi— = iy — fip) of photon numbers occurs if

G(AAL)*) <0, (B1)

which can be interpreted as the photon-number sum/difference
sub-Poisson statistics, respectively [6]. These are nonclassical
effects, as can be seen by analyzing the P function:

(:(AfL)*) = f d*a P(o,a)[(|a|* £ |eal?) — (i),
(B2)

where a = (a,a2). Thus, photon-number squeezing implies
the nonpositivity of the P function. The same conclusion can
also be drawn by applying Criterion 3 for Fy = (1,A4), which
leads to

(Ax)

Gy gy |~ HARD O

(n) __
dﬁi = (B3)

2. Agarwal’s nonclassicality criterion

Here, we consider an example of the violation of the CSI
for two modes at the same evolution time. Other examples of
violations of the CSI for a single mode, but at two different
evolution times, are discussed in Appendix C in relation to
photon antibunching and hyperbunching.

By considering the violation of the following CSI:

2 cl N

(AT:):A3:) > (iAa)?, (B4)

Agarwal [31] introduced the following nonclassicality param-
eter:

(BS5)

Explicitly, the nonclassicality of phenomena described by a
negative value of I, is also implied by Criterion 3 for F' =
(7i1,M>), which results in

el . (B6)
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3. Lee’s nonclassicality criterion

The Muirhead classical inequality [82] is a generalization of
the arithmetic-geometric mean inequality. Lee has formulated
this inequality as follows [34]

R R |

D, = (n%) + (n%) — 2{f177) C;O. B7)
The nonclassicality of correlations with a negative value of
the parameter D), is readily seen by applying Criterion 3 for
F = (i, — iy) = (Ai_), which yields

D = (:a%:) "9 0. (B8)

For comparison, let us analyze Criterion 3 for F= (1,n_),
which leads to

n n R 1
dP = (%) — (A-)* 20. (B9)
Clearly
D <0=dY 0. (B10)

Thus, the criterion given by Eq. (B9) detects more nonclassical
states than that based on the D, parameter.
Alternatively, a direct application of the relation

Dy = / P Plea)ar? — enPP ™90 (BLI)

also implies the nonpositivity of the P function in some regions
of phase space.

APPENDIX C: UNIFIED DERIVATIONS OF CRITERIA
FOR TWO-TIME PHOTON-NUMBER CORRELATIONS

Here, we consider the two-time single-mode photon-
number nonclassical correlations on examples of photon
antibunching and photon hyperbunching.

1. Photon antibunching

The photon antibunching [4,5,7,8,43] of a stationary or
nonstationary single-mode field can be defined via the two-
time second-order intensity correlation function given by

GO(t,t + 1) = CAMAT + 7)2)
= (@'na't + vae + va@e)) (CD)
or its normalized intensity correlation functions defined as
GO@t,t +1)
JGOUHGO( + Tt + 1)

where 2° denotes the time order and normal order of field
operators. Photon antibunching occurs if g®(¢,t) is a strict
local minimum at v =0 for g@(¢,t + ) considered as a
function of t (see, e.g., Refs. [5,37]):

g2t +1)=

(C2)

§Pt,t +1) > gP@,0). (C3)

Photon bunching occurs if g (t,t + 1) decreases, while
photon unbunching appears if g®(t,t + t) is locally constant.

For stationary fields [i.e., those satisfying GOt +1)=
G@(1) so gP(t,t + 1) = gP(1)], Eq. (C3) reduces to the
standard definition of photon antibunching [4,5]:

(1) > g?(0). (C4)
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Photon antibunching, defined by Eq. (C3), is a nonclassical
effect as it corresponds to the violation of the Cauchy-Schwarz
inequality:

GO.nG2( + 1.t + 1) SIGP(t + DR (C5)

As shown in Ref. [24], this property follows from Criterion 3
based on the generalized definition of space-time P function,
given by (9). In fact, by assuming F' = (A(¢),/A(t + 1)), which
leads to

go _ | G0 GAmaG + o))
Flamat + 132 (A2 + 1))
GO, + 1)

GA(t,t
:‘ ®.2) 0. (C6)

GP(t,t+1) GPU+1,1+71)

2. Photon hyperbunching

Photon hyperbunching [41], also referred to as photon
antibunching effect [38], can be defined as:

2@, r+1)> 3%, (C7)
given in terms of the correlation coefficient [83]

Gt +1)

g0t +1) = . (C8)

\/E(Z)U,t)ﬁ(z)(t +1,t4+1)
where the covariance 5(2)(t,t + 1) is given by

G2t +10)=G62% 1 +1) - GGV + 1),  (C9)

and GV(1) = (A(t)) = (al(t)a(r)) is the light intensity. It is
worth noting that, for stationary fields, the definitions given by
Egs. (C3) and (C7) are equivalent and equivalent to definitions
of photon antibunching based on other normalized correlation
functions, e.g.,

GOt + 1)

52 —
§HITO=Tem0p

(C10)
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However for nonstationary fields, these definitions cor-
respond in general to different photon antibunching
effects [37,38,41].

Analogously to Eq. (C3), the photon hyperbunching,
defined by Eq. (C7), can occur for nonclassical fields violating
the Cauchy-Schwarz inequality:

G246+ i+ SIGPCr+ P (D)

Again, the nonclassicality of this effect can be shown by
applying Criterion 3 for the space-time P function, given
by (9), assuming F = (AA(1), Ai(t + 1)), where AA(r) =
Ai(t) — (7i(t)). Thus, one obtains

%0 Gt +1)

dgﬂ - o, (C12)

GPur+1) Gttt

which is equivalent to Eq. (C7). Alternatively, by choosing
F = (1,i(t),n(t + 1)), one finds

1 (A@)) (At + 1))
dP =| (@) (23 (GAMAE + )9 |,
(A +1)  (CAMAGC+T)) (A + 1))

(C13)

which is equal to the determinant given by Eq. (C12). By
comparing Egs. (C12) and (C13), analogously to Eqgs. (A9)
and (A10), itis seen the advantage of using polynomial, instead
of monomial, functions of moments in F.

Finally, it is worth noting that the single-mode sub-Poisson
photon-number statistics, defined by the condition (:(A#)*:) <
0, although also referred to as photon antibunching, is an effect
different from those defined by Eqgs. (C3) and (C7), as shown
by examples in Ref. [35].
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