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Signifying the nonlocality of NOON states using Einstein-Podolsky-Rosen steering inequalities
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We construct Einstein-Podolsky-Rosen (EPR) steering signatures for the nonlocality of the entangled
superposition state described by %{lN 110y + |0)|N)}, called the two-mode NOON state. The signatures are a
violation of an EPR steering inequality based on an uncertainty relation. The violation confirms an EPR steering
between the two modes and involves certification of an intermode correlation for number, as well as quadrature
phase amplitude measurements. We also explain how the signatures certify an Nth order quantum coherence, so
the system (for larger N) can be signified to be in a superposition of states distinct by a mesoscopic value of
quantum number in each mode. Finally, we examine the limitations imposed for lossy scenarios, discussing how

experimental realizations may be possible for N = 2,3.
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I. INTRODUCTION

The generation and signification of a macroscopic quantum
superposition state is an outstanding challenge. Schrodinger
explained that according to quantum mechanics it is con-
ceptually possible for a macroscopic system (like a cat)
to become entangled with a microscopic one in such a
way that a superposition of two macroscopically distinct
states is created [1]. Schrodinger pointed out the paradoxical
nature of such a macroscopic system: a superposition of two
macroscopically distinguishable states cannot be interpreted
as being in one or the other of the states until measured. In
realistic scenarios, couplings to external environments make
the generation of macroscopic superposition states difficult but
simpler mesoscopic realizations are feasible [2—4].

One of the most interesting realizations is the two-mode
NOON state [5-16]:

1 .
[¥nooN) = ﬁ{|N>|0> + €'?10)|N)}. (1)

Here, N boson particles (or photons) are in a superposition
of being either in the first mode (denoted a) or the second
mode (denoted b). The modes may correspond to different
spatial paths. Denoting the creation and destruction operators
for the two modes by a,a' and b, b, |n)|m) is the eigenstate
of numbers A, = a'a and A, = bth with eigenvalues n and m,
respectively. Experiments have used spontaneous parametric
down conversion to generate photonic NOON states for N up
to 5 [5,8-13]. Recent experiments achieve Hong-Ou-Mandel
interference with atoms (for N = 2) [17] and proposals exist
for Bose-Einstein condensates (BEC) [18]. NOON states are
typically signified by way of interference fringes or fidelity
[8-13,15].

As N — oo, the NOON state is a superposition of two states
with macroscopically different values of quantum number 71 in
each mode. While genuinely macroscopic systems (like a cat)
would involve many degrees of freedoms (for example, many
modes) [19], the NOON state (similar to other single and two-
mode states studied in the literature [3,4]) nonetheless provides
a simple model for the Schrodinger cat paradox, as N — oo.
The NOON state superposition (1) can therefore elucidate
aspects of the transition from microscopic to macroscopic.
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In order to quantify the transition, we refer to the state (1) as
an “N-scopic superposition.”

Our motivation is to investigate the nonlocality of the
NOON state (or of an approximate NOON state that may
be generated experimentally). While nonlocality between
two microscopic systems (corresponding to N = 1) has
been experimentally certified using Bell inequalities [20],
relatively little is known about nonlocality between more
mesoscopic systems [21]. In particular, it is an important goal
to experimentally verify the nonlocality of an entangled state
like that described by Schrodinger, where the system is in a
superposition of two mesoscopically distinguishable states. In
this paper, we derive a set of Einstein-Podolsky-Rosen (EPR)
steering inequalities [22-24] based on the number-phase
uncertainty relation

ARAPY = S|([A, M), )

where 7 is the mode number and P is the mode quadrature
amplitude (defined below). We show how violation of these
inequalities can be used to demonstrate the nonlocality of the
NOON state for arbitrary N. By examining realistic scenarios
for NOON states where losses are present, we suggest feasible
tests for N = 2,3.

The detection of an EPR steering nonlocality between
two optical systems consisting of many photons has been
experimentally verified [25], but this does not in itself imply
the type of entangled state considered by Schrodinger: By
contrast, we are able to show that the violation of the EPR
steering inequalities as predicted for the NOON state certifies
the N-scopic nature of the entanglement of (1), which involves
a superposition of number states distinct by N quanta.

EPR steering has been established as a distinct type of non-
locality, different to both Bell’s nonlocality and entanglement
[22,23,26]. “Steering” is the term used by Schrodinger [27]
to describe the effect where an observer at one location can
apparently change the quantum state at another—the effect
Einstein called “spooky action-at-a-distance” [28]. Some
EPR steering and Bell inequalities have been derived for
NOON states [29-31]. For N = 1 this led to the experimental
verification of the Bell nonlocality of a single photon [31].
More recently, steering inequalities for N =1 have been
used to give conclusive proof of the “collapse of the wave
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function” [32,33]. The EPR steering inequalities for larger N
may therefore open a way to investigate such effects for a
mesoscopic superposition state.

Most steering and Bell inequalities derived to date use either
number or quadrature phase amplitude measurements. The
proposal of this paper combines number and quadrature phase
amplitude measurements. This gives two advantages. First,
the number measurements are useful in optimizing violation
of the inequalities for entangled two-mode systems over a
range of field intensities where there is a perfect number
correlation between the modes (as with NOON states). Second,
the inequalities are based on variances and provide a simple
method in nonideal scenarios with small losses to demonstrate
that the nonlocality observed in the experiment is indeed due
to a superposition of states distinct by ~N quanta.

Summary of paper. Our proposed EPR steering inequalities
are derived in Secs. IT and I1I of this paper. For N = 2and ¢ # 0
we show that a suitable signature for the steering nonlocality
of a NOON state is the violation of the EPR steering inequality

Aintiip Aint (PF) = 1(C)line /2. 3)

where C‘b = 2)?13’71/4 — )A(i — f’bz. Here we define the rotated

quadrature phase amplitudes for mode b as X bo = X cosO +
ﬁb sinf and ﬁb’g = —)A(b sin6 + ﬁb cos @, where )A(;, =b+
bt, P, =k —bhyi.AlsoX, =a+al, P, =(@—a'")/i.The
Ainffip 1s the uncertainty in the prediction for 7, based on
measurement of 7i,. Similarly Ay I3b2 is the uncertainty in Isbz
based on the measurement X «s and I(C‘ ») linf 15 the magnitude
of the mean value of C"h based on the measurement )A(,,. An
EPR steering inequality is obtained by replacing the quantities
of an uncertainty relation [in this case (2)] with their predicted
(“inferred”) values [25,34,35]. In Sec. II, we summarize the
local hidden state (LHS) model developed by Wiseman, Jones,
and Doherty [22]. Using the methods of Cavalcanti et al.
[23], we prove that (3) is a steering inequality the violation
of which falsifies LHS models, so that steering of the mode b
(by measurements on the mode @) can be confirmed.

In Secs. II and III, we provide similar inequalities for
arbitrary N, including one for odd N and ¢ = 0. Specifically,
EPR steering of the mode b is confirmed if

A AN
Aintfip Ajpt P,

(p)
EWP = ST (4)
1 [Ap PN lint
or
E;\J;) _ AintAp Aine XY <1 5)

3 W[ X3 )
For the ideal NOON state, A7l = 0 and the usefulness of
the inequality depends on whether the denominator is nonzero.
We show that the first criterion is useful provided cos ¢ # 0
for N odd or sin¢ # 0 for N even, and the second criterion
is useful for all N provided sin ¢ # 0. We explain in Sec. VII
for N up to 3 how the denominator of the inequality can be
measured via homodyne detection. For N = 1 the inequality
becomes straightforwardly

Aty Aint Py < [(Xp) lin /2- (6)

The cases of N =1 and N =2 are analyzed in detail
in Secs. IV and V. The explanation of how the steering
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inequalities signify an N-scopic superposition state is given
in Sec. VIIL

The inequalities (3)—(5) involve measurement of number
(fiu, Aip) and hence have the drawback of low detection
efficiencies (in the photonic case). In the first instance, we
propose that the correlation be established by postselection of
the events where a total of N quanta (photons) are detected at
the sites of both modes. A second problem is distinguishing
between the detection of two and one photons at a given site.
Here, beam splitters or photon number-resolving detectors
could be used [10,13] in conjunction with postselection over
events where a total N photons is counted. The measurement
of observables X", PV is achievable via optical homodyne
techniques that are highly efficient. Nonetheless, we explain
in Secs. VI, VII, and IX that losses have a significant effect
(measurement efficiencies of n > 0.94 are required for N = 3)
and that care needs to be taken to avoid possible loopholes
created by asymmetrical losses for the number and quadrature
measurements.

II. EPR STEERING INEQUALITIES BASED ON
UNCERTAINTY RELATIONS

In this section we give the formal derivation of the EPR
steering criteria summarized in the Introduction. We show in
Sec. III how we can use the inequalities to detect EPR steering
for a NOON state.

A. EPR steering inequalities

EPR steering is verified as a failure of local hidden state
models (LHS). The LHS model was pioneered in the papers
by Wiseman, Jones, and Doherty [22] and is based on the
local hidden variable models considered by Bell [36]. We
define two subsystems A and B and consider spacelike
separated measurements on each of them. The measurements
are described quantum mechanically by observables X 4(0)
and X (o) (respectively) and the outcomes are given by the
numbers X 4(6) and X g(¢) (written without the “hats’). Here
0 and ¢ denote the measurement choice at the locations A and
B. To prove Bell’s nonlocality, one falsifies a description of
the statistics based on a local hidden variable model, where
the averages are given as

(Xp(9)Xa(0)) = fxd?» PO X (@) (Xa@)). (D)

Here fx P(A)dX) =1 so that the P(A) is a probability density
(or probability if the integral is replaced by a discrete
summation, as explained in Bell’s papers [36]). The A denotes
aset of variables {A} that take the role of the hidden variables as
postulated in Bell’s model. The (X 4), denotes the average of
the results X 4 for the system in the particular hidden variable
state denoted by A; and similarly for (Xg),. The P(X) is
independent of the 6 and ¢. The factorization that occurs
for the moments in the integrand is due to the assumption
of “locality” [36].

To prove EPR steering of subsystem B, we need to falsify a
description of the statistics based on a local hidden state (LHS)
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model where the averages are given as [22,23]

(XB(9)XA(0)) = /d?» PA)(Xp(@)r.p(Xa@)r.  (8)
A

Here an extra condition is placed on the average (Xpg);. The
p subscript denotes that the average is to be consistent with
that of a quantum density operator pZ. This is the case for
all choices ¢ of measurement at B. For example, if Xg(0) =
Xp and Xp(m/2) = Pp then the statistics for the LHS model
must be consistent with a local uncertainty principle namely
(X5 — (X)) (P — (P))*)s > 1. The p; is an example
of alocal quantum state (for site B). No such constraint is made
for the moments (X 4(0));, written without the subscript.
In this paper we consider three quantum observables defined
through the uncertainty relation:
soa8y > |l67) /2. ©)
Following the approach given in Refs. [25,34] used to derive
a criterion for the EPR paradox [26] and also for EPR steering
[22,25], we consider the average conditional uncertainty
Aineoy defined by

(i) = L P)[a (o

Xj

PO a0

Here, we denote the possible results of a measurement X 4 at
Aby {x?'}. P(x}) s the probability for obtaining the result x'.
The uncertainty (10) is a measure of the (average) uncertainty
in the inferred value [which we take to be the mean of the
conditional distribution P (o |x7)] for a measurement 65 at

B given a measurement X, at A. Specifically, [A(o [x/)]?

is the variance of the conditional distribution P (o |xjA). We
define similarly

(Aimsg)” =3 PO [A R

v

yH?. an

noting that the {y;} is the set of results for a measurement Ya
made at A to infer the value of the measurement of 6} at B.
Further, we define an (average) 1nferred value for the modulus
of the mean of measurement of 67 given a measurement Z4
at A as

85 )i =

> PE)oi)al- (12)

Here (0f). s is the mean of the conditional distribution
P(og |zA) and the {z;} is the set of values for a measurement
Z4 at A, that we use to infer outcomes for 67. Using these
definitions, we can prove the following result [35].

Result (1): The EPR steering inequality. The LHS model
(8) implies the inequality

(Aini ) (Aini6g) = [(65) /2 (13)

Hence violation of this inequality (called an EPR steering
inequality) implies failure of the LHS model [Eq. (8)], and
therefore steering of system B by (measurements at A). The
proof is given in Appendix A.
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III. STEERING INEQUALITIES FOR THE
NOON STATE

To arrive at a steering signature for a NOON state, we
consider the three observables for each mode: number 7, and
the two quadrature phase amplitudes X and P. Specifically,
Ag=a'a, X, =a+af,and P, = (@ —a')/i, and A, = b'h,
X, =b+b', and P, = (b —b")/i. Where the notation is
clear, we omit the “hat” for these operators. Using the Result
(1) given by Eq. (13), we can write down EPR steering criteria
associated with the three observables: we certify EPR steering
(of B by A) if either one of the following hold:

Ainntp Ain (P ) < ‘([nb’Plfv])Lnf/z (14)

and
Niney Nin (X5') < [{[16. X5 ) ]1/2- (15)

Here, Ajn;, refers to the average uncertainty of the result
for n, given a measurement On at A, as defined by (10).
Similarly, A P refers to the average uncertainty of the result
for PbN given a measurement o pat A. The Ajp X év refers to the
average uncertainty of the result for X év given a measurement
O at A. The [(C >|mf where € = [nb,P}fV] (or [nb,XéV]) is
defined similarly, by (12), as the average value of the modulus
of the expectation value of C conditioned on a measurement
O. at A. The steering inequalities of this paper take 0, = fia,
Op = Xa, O = Xa, and 0 = X The motivation for this
choice is explained in Sec. I'V.

To evaluate the right side of the inequalities (14) and
(15), we determine the commutation relations: [n,X] = —i P
and [n,P] =iX. By ordering the P’s to be always on the
left of the X’s and since [X,P] =2i, we arrive at the
commutation relation [X,P*] = 2ikP*~!. It can be shown
that [n,PN]=iN{P"2[PX + (N — 1)i]} and [n,X"]=
—iN{XN2[XP — (N — 1)i]}. We use this result to further
evaluate the right side of the steering inequalities. Most
generally, the right side of the steering inequality (14) can
be written

([0, P Dline = NP X0 + iV = DR (16)

so that the procedure is to measure the modulus of the expecta-
tion value of the measurement C = P "' X}, +i(N — 1)P' 2
made on mode b, given a specific result for a measurement O,
is made on mode a, and then take the weighted average as
defined by (12). We discuss methods for measuring PbN X,
where N = 1,2,3 in Sec. VII below.

To investigate whether the steering inequalities will be
useful for the NOON states (1) with phase ¢, we evaluate
the prediction for the right side of the steering inequality (14)
in the general NOON case. We will take O. to be the mea-
surement X, and denote the result of that measurement by x.

We find
‘([nb’PbN])Lnf = N’(PhN_z(PbXb +(N — l)i)‘inf
= N|((BY) + (=D BN i

[eiqﬁ + (_l)N+le—i¢]

inf’

= NV/N! 5
Xf [{(x]|0)(x|N})|dx, (17)

042119-3



TEH, ROSALES-ZARATE, OPANCHUK, AND REID

where |x) are the eigenstates of X. Thecases N = land N = 2
are presented in Secs. IV and V below. We find similarly

([76: X5 e = N|(X5 21X Py = (N = Dil)|
= N| — (B") + (BN ) ine

inf

= Nv/N!|sin¢| /Oo |(x|0)(x|N)| dx. (18)

Now we determine when each of the steering criteria (14) and
(15) will be useful. For the NOON state, the mode numbers
are always correlated, and we observe that Ay, = 0. Hence
either of the steering criteria (14) and (15) will be effective to
detect steering in NOON states, provided that the right side of
the inequality is not zero, and provided the variances Ajne(X ,1)\’ ),
Aine(P)Y) are finite. Since the integral [*_[(x|0)(x|N)|dx is
nonzero for the NOON state, we see from the expressions
(17) and (18) that the condition for the right side of the
inequalities (14) and (15) to be nonzero is, for N odd, cos ¢ #
0 and sin¢ # 0, respectively; for N even, sin¢ # 0 in both
cases.

To summarize, we rewrite the EPR steering criteria (14)
and (15) as

Aingttp Aine PY
E(p)= inf/th Rinf L7y, <1 (19)
U sl P
and
. . N
E;\)/C): AmfnbAmf)(b <1 (20)

3 (Lo X5 )

Steering is obtained if E$/”’ < 1. Either criterion is sufficient
to certify an EPR paradox, or EPR steering. For the NOON
state |¥nooN) = \%{W)IO) + €?|0)| N)} the first criterion is
useful provided cos ¢ # 0 for N odd or sin ¢ # O for N even,
and the second criterion is useful for all N provided sin ¢ # 0.
We comment that the right side of the steering inequalities
(14) and (15) needs to be measured in the experiment. We
examine how this can be done below in Sec. VII, finding that
cases of low N are much more accessible to experiment. We
also point out that except where N = 1 or 2, the equivalence
of the first two lines in Egs. (17) and (18) holds only for
the expectation values as calculated for the ideal NOON
state (1).

In Sec. VI, we will evaluate predictions for the nonideal
case where loss is present. To complete the prediction for the
steering inequalities with loss present, we also need to calculate
Aine(PN), Ainr(XN). In this paper, we use O, = Op = X, as
the measurement on mode a. As above, we take x to be the
result of the measurement X,. We evaluate

/_ T pwla(p o)) dx

o0

A12111°(Pb[\/)

= [ pwlir), - (pff1ax. e

oo

where (. ..), denotes the expectation value conditioned on the
result x, as defined for (12). The (P?"), and (P}), can be
expressed in terms of the momentum representation functions
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FIG. 1. Predictions for EPR steering of the NOON states. EPR
steering is observed when Ejj’) < 1.Itis assumed that the two-mode
NOON state is created and that each mode is then (independently)
subjected to losses. Loss at each mode is modeled by a beam splitter
coupling as described in Sec. VI. Here the beam splitter transmission
efficiencies are n = n, = n,. We select the NOON state (1) with
¢ = 0for N odd and ¢ = /2 for N even.

(p|N) as shown in Appendix B. Similarly,

AL(X)) = / T Pola(X) ) dx

o0
= [ peolix), - (xpflar. @
—00

The (X év )x and (X iN )x can be solved in terms of the harmonic-
oscillator wave functions (x|N) (27) as shown in Appendix B
and explained for N = 1, 2 below. We have introduced the
shorthand notation A%2x = (Ax)? to avoid overuse of brackets.
We have solved for the effect of loss on the NOON states using
the methods outlined in Sec. VI and the results for the steering
inequalities are plotted in Fig. 1.

IV. SPECIAL CASEOF N =1

Steering for the case of N = 1 has been proposed by Jones
and Wiseman [32] and experimentally achieved by Fuwa et al.
[33]. The inequalities used in those papers verified steering in
the high efficiency limit based on homodyne detection, thus
giving a firm experimental proof of the nonlocality of the
NOON (N = 1) state. Here, we outline the application of the
steering inequalities (14) and (15) for this case.

For N = 1, the relevant Heisenberg uncertainty relations
are AnAP > |(X)|/2 and AnAX > [(P)|/2. We see from
(13) that a criterion sufficient to certify EPR steering of mode
b by measurements on mode a is

Ainenp Ning Py < [{Xp) ling /2. (23)

The inequality Ajnenp AinsXp < |(Pp)lint/2 is also a steering
criterion. Note we can also define the corresponding criteria
for steering of the a mode by interchanging the a and b indices.
The quantities have been defined above in Secs. II and III.
The choice of measurements On, Oc, Op, Ox = Xa to be
made on the mode a [as defined for Egs. (14) and (15)] is
generally so as to optimize the criterion for a given state,
but is otherwise not explicitly specified in the criterion. Here,
the choice of On = fl, is crucial because it takes advantage
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of the correlation of number between the two modes of the
NOON state, to allow precisely that Aj¢n, = 0. The criterion
(23) is then predicted to be satisfied for any finite APy,
provided |(Xp)|ins # 0. For the choice of OC, OP, we focus
on quadrature phase amplitude measurements because they
are readlly measurable experimentally. For Aj,¢ Py, we select
0,, = X, but we note in the Appendices B-D that the result
is not particularly sensitive to this choice. On the other hand,
without a suitable measurement on mode a, [(Xp)|ins Will
vanish. We find below that the measurement X + on a does not
completely collapse the state b, and the resulting superposition
predicts a nonzero result for [{X}) |inr. With this motivation, we
takeé =ﬁu,0 =)A(a,0 =)A(a,and(A) _)A(

We examine the NOON state [v) = f{|N)|0) + |0)|N)}

(¢ = 0) and restrict therefore to the steering criterion (23). The
measurement of n, will enable a perfectly accurate prediction
for the number n;, so that Ajsn = 0. Taking 0. = X, we
evaluate the mean of X, (or P,) at b, given a result x for
measurement of X, at A. This enables us to evaluate |({X})|inf
and [(Pp)|ins for a valid steering criterion. If we measure X,
with result x, the normalized reduced wave function is (we
denote the eigenstate of X for mode a by |x))

_ {xIN)I0) + (x|0)|N)

24
V= e+ 1o ey

Thus we write the reduced density operator as

Pred,x = {1{xIN)I10)(0] + [(x]0)|*|N)(N]|

2P(x)
+(0[x) (x[N)0)(N| + (N|x){x|0)|N){O]}, (25)

where the probability distribution for obtaining a result x for
X, is
P(x) = 3{[(x[0)]* + (x| N)I?). (26)

Here (x|n) are the standard oscillator wave functions
1
2
e rz H, \/_ 27
Je c

involving Hermite polynomials H,, and derived using that ¥ =
£(@+a",p = £(a —a'). In this paper we have taken ¢ = 2.
Now we see that the mean for X, given the result x for X, is

(Xb>x = Tr(pred,xXh)

(x|n) = (V7T2"n!)~ 5

1
— T(){(()|x)(x|N)<N|Xb|O>

+ (Nx)(x|0) (01X, |N)} (28)
and similarly

<Pb>x = Tr(pred.x Ph)

1
= F()HOIX)(XIN)(NIP;;IU)I

+ (N |x){x]0)}{0] P,|N)}. (29)
In fact the mean (X,), will be nonzero only for N = 1, in
which case the steering criterion (23) is satisfied because
Aintnp = 0 (and Ajpe Py, # 00). Hence the inequality (23) is
a suitable steering criterion for N = 1. Specifically, following
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the definition (12), we evaluate

*° 2
[(Xp)linf = / P)[(Xp)xldx = \/; (30)

where (X;), is the conditional quantity between two modes,
as defined in (12). To complete the prediction for the steering
inequality, we calculate a suitable value for Ay P, by selecting
the measurement at A to be X,. We denote the result of that
measurement by x. Then the reduced density operator is preq, x
as above, which for N = 1 gives

1
S P +31x1007) G

2
(A(Pplx))” = 2P0

and thus

APy = f P(X){A(Py|x)}dx

l o0
=5/ D +31x10* =2, (32)

where A2x = (Ax)2. We obtain an EPR steering when E\” =

% < 1. For the ideal NOON state with no losses

E ip ) = 0and the steering is always detectable via this criterion.
The situation with loss is studied in Sec. VI and presented in
Fig. 1. Efficiencies n > 0.92 are required to detect the steering.

V. SPECIAL CASE OF N =2

We now examine the details for the NOON state
with N =2 which represents an important case poten-
tially accessible to experiment, in view of recent advances
[13,17,33]. First, [n,X?] = —i(XP + PX) = —2iXP — 2 =

2(a'? — a?). Similarly, [n,P?]=i(XP + PX)= —2(a'?> —
a?). The steering criteria are

Ainin Aint(X?) < @™ — @) fint (33)
and

Ainin Aint(P?) < [(a"? — a) s (34)

For the NOON state (1) with N = 2 we obtain

a'? — a*)|inr = / P()[(@2]x) — ((a")’[x)| dx
= 2| sin¢|f|<x|0><x|2>|dx

2
=2,/ = |sin¢| = 0.968] sin ¢|.
emn

Both the steering criteria (33) and (34) become useful for
the NOON state with ¢ = /2. We show in Appendix B by
integration of the Hermite polynomials that Aj,p(X?) = 3.18
and Aiy¢(P?) = 3.18. For the ideal case with no detection loss,
Aipen = 0 and the steering for the NOON state with N = 2 is
detectable using either criterion. Comparing with the results
for N = 1, we see that the prediction for the ratio of the right
to left sides of the steering inequalities decreases for N = 2.
We expect the criteria will be more difficult to satisfy at higher
N in nonideal cases. Details of the calculations for arbitrary
N are given in Appendices B and C. The effect of the losses is
studied below in Sec. VI and the results are shown in Fig. 1.
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N=1

1
0.85 0.90 0.95
Na

FIG. 2. Contour plot shows the effect of loss on the EPR steering:
EPR steering is observed when E;VP) < 1. The n, and 7, are the
efficiencies for detection of mode a and b, respectively.

VI. INCLUDING LOSSES

Signatures of the NOON state superposition are known
to be fragile to losses. We examine the effect of loss on the
signatures proposed here, by using a simple model for loss. We
couple each mode a and b to second independent fields taken
as single modes and initially in independent vacuum states,
following the beam splitter model introduced for the study of
the decoherence of a macroscopic superposition state by Yurke
and Stoler [3]. We thus evaluate the moments of detected fields
with boson operators age;, bger given by

Adet = ma + V1 —nqay,
baer = /mpb + /1 — npb,. (35)

Here the a, and b, are destruction operators for independent
external vacuum modes that couple to the modes of the NOON
state. These external modes model the presence of an external
environment into which quanta can be lost from the a and b
modes. The amount of coupling for each mode is determined
by the efficiency factors n, and n;, respectively. The ns,p = 1
indicates zero loss; low n4,p indicates high loss. The model
is effective for optical NOON states where thermal noise can
be neglected. The full calculation is explained in Appendix D.
We findfor N =1and ¢ =0

(» _ AintnAint P
! [{X) ling /2

[ melna +m = 2) 2
—2[ 20— 2) a +nb)] /[ n\/na’?b:|~
(36)

The expressions for higher N are more complex but are
explained in Appendix D and evaluated numerically. Figure 1
shows E;VP) versus 7, for the case of symmetrical efficiency
n = n, = np. The criterion for EPR steering is satisfied for
N = 1provided n > 0.92 but as expected for the NOON state,
the cutoff efficiency increases sharply for higher N.For N = 2
there is asymmetrical dependence on n, and n, as evident
by the contour plots of Fig. 2. The signature appears more
sensitive to the efficiency np of mode b. Such asymmetrical
sensitivity depending on the steering direction has been noted
previously [37,38].

We note that the model (35) describes losses that occur
prior to detection. It is assumed that the subsequent detection
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process gives no further loss. Alternatively, if the beam splitter
is to model detection losses, then the losses would need to
be assumed identical for each of the detection processes
(number or homodyne). In reality, for low N the numbers
ng, np are usually detected via counting techniques where the
efficiency of detection is often small. On the other hand, the
quadratures X and P are measured via homodyne detection
where efficiencies are high (at least for optical fields). This
creates a situation where the loss coefficient 1 is dependent
on the choice of measurement made at each site, which we
point out can create loopholes in the use of the signature for
a practical experiment if not considered carefully [36,39]. We
discuss this further in the Conclusion.

VII. MEASUREMENT

We next consider how to experimentally measure the
moments on the right side of the steering inequalities (14)
and (15). For N =1 this is straightforward as explained in
Sec. IV. For N = 2, on examining the expressions (17) and
(18), we see we need to measure {[n, P?]) = (XP + PX). We
define the measurable rotated quadrature phase amplitudes as
Xy = X cos(f) + P sin(f) and Py = —X sin(f) + P cos(9).
Hence X, /4 = \%{X + P}and Pry = %{—X + P} and we
note that <X721/4> = (X?>+ P>+ XP + PX)/2. Thus we can
deduce either (XP) or (PX) by measuring the moments
(X?), (P?), and (Xi/4). The steering criteria (4) and (5) for
N = 2 can be written as (here we drop the subscripts b for
convenience)

Ainn Aint(P?) < ([, P*])lint /2
= |(x7. = X?2 = P2)2) . (37
and
Aintn Aing(X?) < [{[1,X]) ling/2

- X2- P, G

inf*
The moments of X, P, and X4 are each measurable using
homodyne detection.

For N =3, we see from (17) and (18) that we need to
measure [n, P3] = 3(P?X + 2i P), the other measurements
being straightforward. Expanding gives

1
ﬁ(

Hence we can measure (X ,),(P; ), (X*), (P) and conse-

(X3, — Pu) = —=((X?) +6i(P) + 3(P?X)).

quently infer the value of (P?X). Specifically, the steering
inequalities become

Aintn Aint(P?) < [{[n, P?1)|ing/2
= \(ﬁ(X?TM - P;?/4) - X3)|inf/2 (39
and
Ainn Aing(X?) < [{[1.X°]) lint /2
= V2(X3 4+ P3a) = P?),p/2. (40)

We comment that the inequalities (37)—(40) are valid as a
sufficiency test of EPR steering for all states, i.e., we do not
assume ideal NOON states.
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VIII. DISCUSSION

To conclude, we discuss an obvious question, which is
how to ensure in an experiment that the observed steering
is due to the quantum coherence of the NOON superposition,
as opposed to an alternative microscopic effect that might arise
from superpositions of number states distinct by less than N
quanta? This is an important question where losses are present,
because then the outcomes for number measurements can be
different to zero and N.

First, the answer is clear in the ideal case of a two-mode
system that generates only outcomes zero or N for the number
measurements. The density operator can then be written in
terms of four basis states |0)|0),|0)|N),|N})|0),|N)|N). The
violation of an EPR steering inequality is also confirmation
of an entangled state, and in this case that can only imply
entanglement involving the mesoscopically distinguishable
basis states. The violation of the steering inequality confirms
the presence of an Nth-order off-diagonal matrix element (i.e.,
(O|(N|p|0)|N) # 0). The details are straightforward and given
in Appendix E.

In experiments where loss or noise is present, the distri-
bution p, for number 7i;, will include outcomes other than
zero and N. It is not then clear whether an observation of
EPR steering is a result of the superposition of states such as
|M')|n) and |M)|m) where M — M’ ~ N, or the result of less
interesting superpositions where M ~ M'.

The problem of determining whether the system has an
Nth-order quantum coherence (defined as (O] (N|p]0)|N) # 0)
is nontrivial [40—43]. However, the following approach based
on the steering inequality may be useful. The outcomes for
number at mode a are either n, > 0orn, = 0. The distribution
for the outcome 1, of number at mode b given any resultn, > 0
is (for small losses) a “hill” centered near (or at) zero. The
distribution for n;, given the result n, = 0 is a hill centered
near N. The mean and variance of each of the two hills is
measurable and denoted by (1)1, (AfA,)? and (np)2, (Afp)3
respectively. For small losses, each of the two variances will
be small.

We suppose that the experimentalist has measured a
violation of the EPR steering inequality AinfﬁbAinf(ﬁbN ) >
(Co)line/2 where (Aisfip)? =Y, P(na)(A(nylng))* and
P(n,) is the probability of outcome n,. We note that where
the conditional distribution for n, given n, is uniform for
all n, > 0, this will imply violation of the new but similar
inequality

[Pi(AR)} + Pa(Aa 2] (Ainc BY) = LG, 4D

Here we specify as selected in (3) that the inferred values

for ﬁbN and C, are calculated using the same observable
at mode a. Here P; is the probability of n, > 0 and we
have assumed (Aﬁ,,)% = A(np|n,) for n, > 0. Similarly, P,
is the probability that n, =0 and (A#A,); = A(nyln,) for
n, = 0. We note that the loss model of Sec. VI predicts the
distributions to be uniform, but if this is not the case then the
inequality can be measured directly.

It is shown in Appendix F that violation of the inequality
(41) is a negation of the mixture

p = Pip + Pyps, 42)
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where p? and p$? are two-mode density operators with a mean
and variance for 71, given by (ny)1, (Anp)? and (np)2, (Any)3
respectively. The negation is for all mixtures of the form (42),
which includes where pl.”” can be a superposition of number
states. However the spread of number states involved in the
superposition is constrained by the small variances associated
with each ,ol.”h. The ,ofh and ,05”’ each have a variance for 7,
that is narrower than the variance of the distribution given by
the NOON superposition state. In other words, the violation
of the inequality (41) can only be consistent with a density
operator p involving superpositions |,,) of states distributed
over both hills.

IX. CONCLUSION

The particular steering inequalities we present in this paper
involve measurements of number as well as quadrature phase
amplitude correlation. Number measurements often entail poor
efficiencies. It would seem feasible to perform in the first
instance an experiment based on postselection of the events
where a total of N quanta (e.g., photons) are detected across
both sites. The problem of distinguishing multiple from single
photon counts at a given location require photon-number-
resolving detectors, or could be handled with N-photon counts
being evaluated using multiple beam splitters [10,13].

The experiment for N = 2 would be a demonstration of a
higher order (more mesoscopic) nonlocality than for N = 1
and would seem not unrealistic given the high efficiencies
available with homodyne detection. Our calculations show that
n > 0.94 is required. Care is needed to model the homodyne
inefficiency as a loss before detection, and this small amount of
loss must therefore also enter into the evaluation of the number
correlation, to avoid the well-documented possible loopholes
associated with losses that depend on measurement choices.
The experiment for N =1 is feasible. Such an experiment
would complement that performed recently by Fuwa et al.
[33] based on a different EPR steering inequality.

Finally, we point out that the steering inequalities (4) and
(5) might be useful for detecting steering in other two-mode
systems, especially where there is an intermode photon number
correlation so that Ajen, = 0. For instance, we can apply the
first-order inequality Ainefp Aint Py < |()2'b)|mf/2 [Eq. (6)] to
the two-mode squeezed state. Denoting the two-mode squeeze
parameter by r, the solutions for this state give Ajyen, = 0 for
all . Further, it is well known that there is an EPR correlation
between the quadrature phase amplitudes of the two modes
for all r [25,34], so that [(X,)]inf # 0 and AjnsP, — 0 as
r — oo. While steering has been experimentally achieved
for this state via the alternative EPR steering inequality
Aini Xp Aint Py < 1[34,44,45), itis quite possible that the use of
the steering inequality with the number correlation Ajyn;, = 0
(which is valid for all ») may provide advantages in some
regimes.
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APPENDIX A: PROOF OF RESULT (1)

We will assume that the LHS model holds, for which
moments are given by

(Xa0)Xp(9)) = /dk P(XA(0))r.p (X (D)1

A

= Z Pr{XaA@)ro(Xp@)r.  (AD)
R

Here we give two alternative (but equivalent) notations for
the hidden variable-type parameters, denoting the continuous
variable option by the symbol A as in Bell’s work and the
discrete option by R. The proof is unchanged whether we use
integrals (1) or discrete summations (R).

We consider the inference variance (Ao} )>.
Based on the definitions given in Sec. III, we see that
S PUDA@KIXDP=Y 0 PG P IxD){o) —
(af)x/ #}?, which we can reexpress as ) 5 oX P(x7?,

J i’
oOfoX — (UA) #}? and henceas Y , Pr Y., 5 X(PR(xf,aj‘)
{oX — (o )X]_ }2. This follows using that for a probabilistic
(hidden variable) mixture P(x?,0%) =g PrPr(x},0%).
Now we note that {(x — 8)?) > ((x — (x))?) where § is any

number. Hence the expression becomes bounded from below,
and we can simplify further to show that

S re ¥ puled olok o),
ol
>ZPRZPR(XJB){AR O'X
R ij
= Z 1”R{Ainf,1e0,i(}2
R

Here, the subscripts R imply that the probabilities, averages,
and variances are with respect to the state R and we have used
that {A;g(ali(l)cB)}2 Z PR(of|xB){aA — (o), g}* We
note that the symbol X is used alternatively to R in the main
text, to describe that the variables may also be continuous. The
proof follows similarly in either case. Now, if we assume the
separability between the bipartition A — B for each state R, in
accordance with the LHS model (8), then

Pr(x?.0)) = Pr(x7)Pr(0). (A2)

This implies <o-,i()xf,R = (0f)r and {AR(oﬂxf)}z =
(Ago¥)?. Then we find, on using Y » PR(xf) = 1, that we
{ARr O’A} .

can write {Ajy, RO’A} Thus, on applying the
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Cauchy-Schwarz inequality, we see that

A2oXA2 oY > <Z Pr{Ago) )(XR: PR{AR0§}2>
- (z PR{ARa,ﬂ{ARo:})Z,

R

where we define A2 0¥ = (Ao )? and
Z POI

noting that the {y;} is the set of results for a measurement y
made at B to infer the value of the measurement of o X at A.
We consider an LHS model (8) where we assume the states
at A are local quantum states, so that we can use quantum
uncertainty relations to derive a final steering inequality:
e.g., {Ar(0)H ARG} = |(0Z)g|/2 for any quantum state
denoted by R. Using the above results, the LHS model implies

ZPR Ao Ara)}
> ) Pr(|{0),]/2).

2
AfaA_

oX|vh)Y

1nfUA

(Ainfag) (AmtO'A

However, for a separable model, we know that (67).s , =
5

(o£) g and hence

S P Y Pellod)aa = Y Pe Y

ZB

P(z})lieX )]

=>_ Prllof)el

where here the {z} is the set of results for a measurement z at
B, that we use to infer results for o¥. Hence

(Aintoy ) (Aingay) > ZP(ZB ZPR Uf)zg,RVz
= Z

We have used (for states constrained by the LHS model),

(7h)y = Lok Plokle!
04
=Y 0i Y PePr(0f]z%)
ol R
= XR: PR(O—AZ>Z;§ R

Defining [(0°f)[int = sz P(z?)|(o§)zf|, we see finally that
the LHS model implies (Ao )(Aingo ) ) = (0 %) ling/2. Vio-
lation of this inequality implies failure of the LHS model, and
therefore implies steering of A by B. The result is steering of
B by A if the A and B indices are exchanged (as in the main
text). This completes the proof. |

(lof). /2.
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APPENDIX B: EVALUATION OF INFERRED VARIANCES

Here we will evaluate the inferred uncertainties Ajs(X")
and Au(PV) for the NOON state given in Eq. (1). We

first consider X = X, and evaluate AZ (X)) = [Ainf(X{,V)]z,
which is given by (22). The terms of the form (X,’;)mf’x
(Xplx), with n =N or n =2N, are evaluated using the

reduced density operator preg :

preax = {IXIN)P[0) (0] + e (x| N){0]x) [0}(N]|
+(x[0)PIN) (N + €' (x|0)(N|x)|N)(O]} (BI)

and the fact that operators X and P can be described in terms
of a complete set of projectors as X, = ffooo xglxp)(xpldxp

and f’g = ffooo Pslps){pgldps. Therefore, we get
(Xn)inf,x - Tr(pred,xXn)

- |<x|N>|2/x"|<x 10)Pdx
T 2P(kx) BIVE B

e’ (XIN>(OIX>/%(NIXB)(XBIO) dxp
+e? (XIO)(NIX>/XZ(OIXB)(XBIM dxp

1[0y / xg|<xB|N>|2de}, (B2)

where P(x) = 1[|(x|0)|* + [(x|N)|’] is the probability of
measuring X, and getting outcome x and (x|N) are the
harmonic-oscillator functions given in Eq. (27). The value for
Aine(X ,f’ ) is obtained on evaluating the expressions of (X" )inf x,
with n = N or 2N, and substituting on the expression given
in Eq. (22). Similarly, we evaluate the inferred variance of
P = P,, which is given by (21). Using the reduced density
operator prq., given above we find

1

—[|<x|N>|2/p’,;|<p3|0>|2dp3

(P")intx = 2P0

+e7'? (x|N){0]x) / PEOlps){psIN)dps
+ € (x]0)(N|x) / PE(N|ps){psl0) dps

+|<x|0>|2/p';|<p3|N>|2de]. (B3)

To evaluate, we first consider N = 2. We let ¢ = m/2:

1
(XDintr = —[|<x|2>|2 / x5 1(xp10)*dxp

2P(x)

+1x10)P f x§|<x3|z>|2dx3}

8
=1 - -
+3—2x2+x4

and

72

X4i x:3 4 A9, A
X i, +x4—2x2+3
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_x? 2
where we have used that P(x) = ;J—;iﬂ((zsz_z) 4+ 1). On
performing the integration using the above results we get
for the N = 2 state that A2 (X7) = 10.1351 and Ai(X7) =

inf

3.18356. Similarly we evaluate Aiznf(PbN ):

8
Py =14+ —
( >1nf, + 3 _ 2)62 +X4
(PYinrx =3+ e
infx = x4 —2x2 43

These results are the same as for X, since for this value of
angle e’ =i = —e~?, and also

/P’é<0|p3><pgl2> dpp = /p'é<2|p3)(pza|0> dpp

= /X%(O|XB><XB|2) dxp,

so that the second and third terms of Eq. (B3) cancel. We
obtain for N = 2 that A ;(P?) = 10.1351.

inf

Continuing for higher N, we obtain for N = 3, A2 (Ph3) =

inf

477.081 and Ainf(PbS) =21.8422; for N =4, A? (Pb“) =

inf

10982.8 and Ajy(Py) = 104.799; and for N = 5, A% (P})) =

795639 and Ainf(PbS ) = 891.986. Identical results are obtained
for the inferred variances in X V.

APPENDIX C: EVALUATION OF |([1, X’ 1) lint
AND [{[125, P 1) lint

The expressions for the terms |[([np, X, )|, and
|([nb,PbN 1|, are calculated from Eq. (16) and the first line
of Eq. (18). Using that X, = b+ b' and P, = (b — b")/i, we
note that on evaluating the expectation value for the NOON
states given in Eq. (1), the only nonzero contributions involve
terms of the form (b") and (b™V):

([, X5 T)iae = N1 = (0") + (B™ ) int,

inf —

([75: P )i = NIBYY + (=DM BN [

(C1)
We evaluate (V) = Tr{preab¥] and (V) =

Tr[pred,x(bT)N] using the reduced density matrix given
in Eq. (B1):

ANy _ ei¢’
(O™ Yin,x = zp(x)VNNXIO)(XIN%
—i¢
PNy _ e
(BN intx = 2P(X)VN!<XI0><XIN>- (C2)

On integrating over all possible values we get
[o.¢]
‘([nb,Xf,V])‘mf = N+ N!|sing| f [{(x|N)(Olx)| dx.
—00

For |{[n,, PbN 1. . the expression for N odd is given by

inf

|([nb,PbN]>]mr.=N\/m| cos¢>|/ [(x|N){O|x)| dx,
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while for N even we find
[, X)), _N«/_lsmqb|/ |(x|N)(O]x)]| dx. (C3)

We obtain for N = 2 that |([nb,PbN])|inf = 1.93577 with ¢ = 7 /2; for N = 3, |([nb,PbN])|

|([n;,,PbN])|inf = 11.2024 with ¢ = 7/2; and for N = 5, |([n,,,PbN])|.

inf

= 4.53 with ¢ = 0; for N =4,

inf

= 29.5504 with ¢ = 0.

APPENDIX D: INCLUDING LOSSES

The detected fields dge, l;de[ are given by

Adet = /Mal@ + /1 = Ngay,  Qloss = —+/1 — Naa + /Maay,

with similar definitions for the mode operators bge; and bloss Using these transformations it is possible to write the operators a, b
and hence the NOON state |y) of Eq. (1) in terms of ade[, aloss, b;el, and blosS We will denote the vacuum state for all four modes
by |0). The density operator p = [)(1| can then also be expressed in terms of these operators. Since we are not interested
in the modes ajoss and bjoss (Which we label A,loss and B,loss) we take the trace over the statesiof the loss mode to evaluate
p' = Tra joss:B.10ss P- After using the binomial expansion for terms such as («/%aglet — /(1= na)afoss) and performing the trace,
the reduced density operator for the detected modes is

1 .
p=3 [Z <le s)(na)Nf(l = 12" IN = $)a.deN = 5| ® 0) 5.4 (O] + (v/1al6)" ¢ IN) 4,061 (0] ® 10) . (N |
+(an5)" €' 10) 4.0t (N | @ IN) p.ae{O] + Z ( )(m)N (1= )" 10) 4,061 01 ® [N = 8) p.ger (N — s'}' (D1)

1. Calculating A2 (PY) and A2 (X))

The Alznf(PN ) and Amf(X l’f ) are the inferred variances of quantities Plfv and X 117\/ due to a measurement in X,. These are given
by (21) and (22). We evaluate these inferred variances using the density operator for modes a4 and by given in Eq. (D1). For
the inferred variances we evaluate the density operator p”, where we consider that the mode A,det is in the state |x). This density

operator is given by

y 1) aded(x]0'1x) 4 der (x|
P(x)

1

=5 [Z (Njf s)(na)N—sn = 02 (XIN = )40 (N = 51) %) 40 (x] © 0} 3 (0]

+ (V1a15)" €7 (xIN) 42 (012} 1) aa (] © 10) ga (N | + (/11a715)" € (x]0) aa (N 1x)1x) aa (x| @ IN) pa (O]
+Z < )(nb)N *(1 = 1)’ (x10) 4 (01x) [X) 4a (x| @ IN — ) pa{N — SI],

where
P(x) = Tr[|x) a et (x| 0"|2x) 4,det (x ]
1

= 5[2( )(n(,)N (1= na) [(xIN =) +Z( )(m)N (1= ) |<x|0>|} (D2)

Here we are using the following notation for the modes: Ad = A,det and Bd = B,det. In order to compute A*(P/¥|x) and
A%(X)|x), we trace out the A,det mode to get the reduced density operator for B,det mode:

Pred,det,x = TrA,det(p//)

1
2P(x)

[Z (N]f S>(77a)N_‘(1 = 1) (XIN = $) 40 (N = 51x)10) 5 (0]
+ () €% (XN} 4a{01)10) 3N | + (/7a71)" € (x10) aa (N |} IN) 54 0]

+ Z ( )(nb)N *(1 = n3)*(x10) 4 (O1x) [N — 5) pa (N — SI} (D3)
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The inferred variances are defined as
A2 ) = () J) — (XY A2(BY ) = ()] — (B 04
Next we evaluate (X} |x) = Tr[preq,get,x X, 1 and (P} |x) = Tr[pred,det,x P; ] using the density operator given in Eq. (D3) obtaining

1

(Xp|x) = F(X)[Z (N]\i s)(na)Ns(l —104)" (xIN — ) aa(N — SIX>/XE(0|xB)<xB|0> dxp

+ (Vnamp)Y e (x|N) Ad<0|x>/x;l;<N|xB)<xB|O)de +(«/nunb)Nei¢<x|0>Ad<N|x>/x§(0|x8><xB|N)de

+ Z( )(nb)N (1 —=np) (x|O)Ad<O|x>/ B(N —slxp)(xpIN — S>de] (D5)

1
(P"Yinfx = m[Z <N]i s)(’la)N—.v(l — 1) (X|N — $)a det{N — s|x) / P (0lps)(prl0)dps

+ (VNatp)V e '? (x| N) 44 (0] x) / Pa(NIps)(psl0)dps + (VTatip) € (x]0) aq (N x) f PiOlps){psIN)dps

+ Z < )(T/b)N *(1 = n5)*(x10) 4,det (Ol x) / pp(N —slps)(psIN — S)dp3:|- (Do)

The value of the corresponding variances for A?(X} [x) and A%(P) |x) of Eqs. (D4) is evaluated using the expressions given
in Egs. (D5) and (D6) consideringn = N orn = 2N.

2. Inferred variances A - ¢(n3) including losses

Aiznf(nb) is the inferred variance of n; due to a measurement in 72,,. In order to evaluate this variance we will consider that the
outcome in n, is m. We define P(m) as the probability for obtaining the result m for n,. Next, we evaluate the reduced density
operator p,, for the modes A,det and B,det given that the outcome is m:

1
Pm = P_m[|m>Ad<m|p/|m>Ad<m|]

(
N m N—m N N—s s
= [<m>n (1= 0™ |m) aa(m| ® 0)54{0] + (N - s)nb (1= 1)°10)44{01 ® [N — s} pa(N — sq/[zP(m)],

where

_ / _l N m _ N—m 1
P(m) = Tr[|m) a,dec(m|p |m)A,det<m|]—2 m Ja (L= 11a) 5 (D7)

In order to write the last line we have used that Zﬁv (NIK S)név_“(l —n) = 1.

Next we evaluate (ng)in,.n = Tr[pmnp] and (n%)imc,m = Tr[,omn%] obtaining

12 () m = m b0V =) 1 (60 = 1y 80N = 5
2 P(ny =m) L ) P(ny =m) '
Since n4 = m = 0 is the only nonzero contribution for the statistical moments we obtain

1 Nu ) 1 ny(N = N + N2np)
(nB)int0 = 55— (MB)ato = 5 _ ’
2 P, =0) 0T 2T Pa=0)

(NB)intm =

1 N
Pna=0)=3I0 =n)" +11.

Using the above results we evaluate the inferred variance for m = 0, which we denote by AZ :n, o:

(N — Nnp) + Nip(1 — )N (1 — np + N77b)
(1 —n)V + 177

In order to evaluate the variance of the inferred value n g, we sum over all possible values of m obtaining

Amfnb 0=

N N
m(N — Nnp) + N1 — )" (ns — nj + Nn
Nnige =Y P(ng = 0)A it o = AT ( o b+ ).

m

(D8)
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3. Evaluation of |([1;, X} 1} lint and [{[15, P 1) lint

Full evaluation of the terms |([nb,X£’]) lint and |{[np, Plfv])linf [given by Eqgs. (16) and (18)] reveals that for the lossy system
and for N < 5:

([, X0 )].e = NT= &) + O™ ing. |([16: PN ). e = NIBYY + (= DN THB™) fins.

We evaluate (b") = Tt[preq.der.b™ ] and (b)) = Tr[pred,det,x(bT)N] using the reduced density matrix given in Eq. (D3) and
performing the corresponding trace, we obtain

1 .
(D™ Yin.x = m(«/—nanb)Ne’¢<x|N><0|x>m

and ((bT)N)inf,x = ((b" Yinf.x)*. Thus the expressions obtained are identical to (C2) and (C3) but replacing ~/N! with
Cn = N!(\/ r]anb)N~

APPENDIX E: PROOF OF Nth-ORDER QUANTUM COHERENCE AND ENTANGLEMENT

The question is how to prove experimentally that the system is indeed in a superposition of the two number states | N')|0) and
|0)| V) that are distinct by N quanta in each mode. For such a state, the density matrix o has a nonzero off-diagonal element:

(O{N{pl0)IN) # 0. (ED)

We refer to the nonzero term (E1) as an Nth-order quantum coherence. The presence of this term distinguishes the superposition
of the two states |N)|0), |0)|N) from a classical mixture of the two states.

In the ideal scenario, the experiment generates only outcomes zero or N for the number measurements n, or n. It is then
straightforward to show that any violation of an EPR steering inequality is also a signature of an Nth-order quantum coherence
(E1). The objective is to construct the density operator p for the system and to prove that necessarily (E1) holds. Since there
are only two outcomes for each mode, any viable two-mode density operator could be written in terms of four basis states
[0)10),]0)}|N),|N)|0),|N)|N). Supposing an EPR steering inequality to be violated, this will negate the LHS model given by (8)
and therefore also any fully separable quantum model

p =Y Prpaps, (E2)
R

where p, and p, are density matrices for the single modes a and b [22]. Thus the system cannot be in any mixture of the
basis states |0)]0),]0)|N),|N)|0),|N)|N), which are separable states. There are only certain remaining possibilities for p and
these require nonzero off-diagonal elements. For example, for the NOON state the results for number measurements 7 would
be either zero or N in one mode, correlated with N or zero in the other mode. Assuming that there is a nonzero probability for
the outcome for |0)|N) and |N)|0), this ensures that the off-diagonal term (0|(N|p|0)|N) is nonzero. Also, the failure of the
separable model (E2) ensures the system cannot be in the product state (|N) + |0))(|N) + |0))/2. This implies the system is the
entangled superposition of states |0)| N) and |N)|0).

APPENDIX F: PROOF OF INEQUALITY (41)
First we prove the the uncertainty relation

o AN\2 4
(A (Aine BY)” = LG (F1)

inf>

which holds for any two-mode state. We follow the methods used in Refs. [41]. The variance is defined as (AA)? =
an P(ny)(n, — (np))* (denoting the outcomes of 7, by n,). We can consider marginals and joint distributions for

the measurements on both modes a and b. Thus we write (AA,)? = > P(np,pa)(np — (np))? and then (Af,)* =
> s P11 Pa) P(Pa)(ny — (np))%. Thus

n[?#[’(l

(AfpY =" P(pa) Y Pl pa)y — (n6)* = D P(pa) Y P(s|pa)(ns — (ns) > = D P(pa)(A(ns| pa)y’,

Pa np Pa g Pa

where (A(ny|pa))* =Y, P(nplpa)(ny — (np)p,)* and (np), is the mean of the conditional distribution P(n5|p,). For each
Pa we have defined the distribution P(ny|p,) as P, (n,) and we see that the quantity Znh P, (ny)(n, — X )2, where X is any

042119-12
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constant, is minimized by the choice X = =>.,P

(A (Aing V) {Z P(pa)(A(nupa))zHZ P(pa)(A

Pa Pa

b (Mp)1p. Next, we write

1))

2 2

1 1
> 1122 PRalClp,l| = UG

Pa

> 3 P()AGIp)A (P | pa)
Pa

where we apply the Cauchy-Schwarz inequality and use the uncertainty relation (2) that holds for the state of b conditioned on
the measurement result p, of mode a. This proves (F1). Then we can say that for the mixture p® of (42) [using that for a mixture
it is true that [46] (AO); > Y, Pi(A 0)? where O is any quantum observable, and also true that (A PY)? = Y, Pi(Aine PY)?

[4711:

{ZPi(Aﬁb)?} (A B)? {ZP(Anb)Z}{ZPi( int Py ) }

where we use the Cauchy-Schwarz inequality and that the uncertainty relation (2) holds for each pi"b

( mbe

i ’

(F2)

. Now we see that

a b = a . b blPa)l- the system 1s describe t emlxture,o then
> PGINCH | = X, P(pa)l Y., CoP(Cylpa)l. If the system is described by the mixture p® th

P(vapa
(Cb) p, Z Co—0r

=Y CyP(Cylpa) = P

&) Cp

P(vapu
= LGP

Pi(pa)
22,-: ZCbP( S P(Colpa).  (F3)

where the subscript i denotes the probabilities for the component ,of . We can write

SeY I;((]’j)) PColpa| < 3P,
i Cy @ i

Thus from (F3)

> P(p)Ch)p,|

Pa

can write from (F2):

{Z Pi(Anw%}( AiuntP))?

This proves the inequality (41).

Z P Z Pi(pa) ZCbP(Cb|pa

where |(Cy)linr.i = Y., Pi(Pa)l X, CoPi(Cp|pa)l. Thus we have proved that 3, P;[(Cp) lin.

|1nf i

Pi(pa)
" P(pa)

Zcbmcupa)

=Y Pl(Co)linti,

2 Zpa P(pa)|{Cyp)p,|. Hence we

M{(Ch) po P = |(Cb>|mf|
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