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Abstract

We develop theory of realizing different types of hybrid entanglement between
discrete-variable (single photon) and continuous-variable states (coherent states). The
key mechanism for generating such hybrid entangled states is thanks to superposing
microscopic discrete-variable state with macroscopic continuous-variable Schrodinger
cat state on highly transmissive beam splitter followed by measurement strategies in
such a way that all the information about the amplitude of the continuous-variable state
is erased. Conditions for obtaining the balanced hybrid entangled states are established
and their degree of entanglement is evaluated.

Keywords Displaced number states - DV-CV interaction - Schrodinger cat state

1 Introduction

In optical quantum information processing, there are two different approaches
described in discrete-variable (DV) [1] and continuous-variable (CV) [2] frameworks.
The approaches use one of the aspects of the particle-wave duality [3]. Many proto-
cols employ the particle-like discrete nature of light (e.g., superposition of vacuum and
single photon ag|0) + aj|1) or superposition of horizontally and vertically polarized
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photons ag| H) + a1|V)) to encode quantum information. Maximally entangled states
from four-dimensional Hilbert space are required to implement quantum protocols
with such DV states. Alternatively, the CV approach employs states which are deter-
mined in infinite-dimensional space such as coherent states |+a) or Schrodinger cat
states ag| —a) £ay |o) with macroscopic continuous amplitudes +« [4]. Each approach
has its own inherent advantages and drawbacks [5—10]. The Bell measurement is the
main ingredient of quantum teleportation and construction of two-qubit controlled-X
operation [5], so its practical implementation is one of the major problems in quantum
information processing. Since only two of four Bell states can be discriminated by
linear optics and photodetection [6], the protocols succeed only with 50% [7, 8] or
even 25% probability [9], respectively. Theoretical schemes proposed in [1] can hardly
be realized at least at the current level of technological development. As for the CV
approach, an entangled resource can be provided, say, by a two-mode squeezed state
[2], but CV teleportation fidelity cannot be deterministic because CV resources are not
maximally entangled [10]. Recently, generation of multi-photon states entangled in
their dual wave—particle natures as well as possibility of continuous transitions back
and forth between wave-like and particle-like behavior are theoretically proposed [11,
12] and experimentally demonstrated [12]. Such refined manifestation of the wave—
particle duality promises potential applications by encoding information in terms of
the wave—particle degrees of freedom.

In the optical domain, coherent states as macroscopic states of light are most suited
in the CV framework, while single-photon states as microscopic ones are the best
candidates in the DV framework. A state that incorporates both DV and CV compo-
nents is called hybrid. Realization of hybrid entanglement is of great interest for some
reasons. On one side, it may answer fundamental questions underlying principles of
the separation between the classical and quantum worlds, for example, the question
concerning the so-called Schrodinger cat paradox [13] where macroscopic classical
states are entangled with microscopic quantum ones. On the other side, combining
both approaches to realize hybrid architecture may overcome the current limitations
[14-17]. Experimental aspects of generation of various hybrid entangled states have
been a subject of intense research [ 18-20]. Different types of optical arrangements have
been proposed for the generation. General features of the hybrid DC-CV entanglement
that could be exploited for advanced quantum optical technologies are analyzed in [21],
relying on various manifestations of the photon subtraction technique by recording a
certain measurement outcome in an auxiliary mode. All the above-mentioned proto-
cols exploit the interaction between CV states in infinite-dimensional Hilbert spaces
and DV states in finite-dimensional Hilbert spaces. But, of interest are also hybrid
entangled DV states living in Hilbert spaces with arbitrarily different dimensions [22].

Here, we study a more general mechanism for generating DV-CV entanglements
using peculiarities of interaction between DV and CV states (DV-CV interaction).
The mechanism relies on indistinguishably displacing DV state in the phase space at
the same time by equal-in-magnitude but opposite-in-sign macroscopic displacement
vectors. Such operation can be done by mixing the DV state of interest with big-size
Schrodinger cat by means of highly transmissive beam splitter (HTBS) [23-25]. The
displacement should be performed in such a way that all information about the amount
by which the interested DV state is displaced in the phase space is totally erased. Such

@ Springer



Designs of interactions between discrete- and continuous-... Page 3 of 22 68

information erasing is achieved by counting photon number in the auxiliary output
modes heralding generation of the desired hybrid state. The feature of the DV-CV
interaction on a HTBS rests in the fact that the sign of the amplitude of the displaced
state in the measurement carried out in the number state basis changes when the
displacement vector changes its sign [26-28]. It is related to action of the controlled-Z
gate on the DV qubit. This method proves to be universal allowing us to realize different
types of hybrid states. In particular, in this work we are concerned with generation of
two types of hybrid entangled states. The first type consists of coherent components
and single-rail qubit composed of the vacuum state and the single-photon state. The
second type is in terms of dual-rail photonic qubit. The generation schemes for the two
types of hybrid entangled states differ by an additional procedure of the displacement
in the auxiliary mode. We also establish the conditions to obtain the balanced hybrid
states whose degree of entanglement is evaluated by means of relevant entanglement
measures. The effectiveness of our entanglement generation schemes in terms of the
success probability and the fidelity is considered as well.

2 DV-CV interactions
2.1 Hybrid entanglement between a CV and a single-rail DV states

Consider a typical optical device, the beam splitter (BS), which is described by the
following unitary matrix

r t

BS:[t_r}, )

where ¢ and r are, respectively, the transmittance and reflectance coefficients, satisfying
the normalization condition 72 + 7> = 1. The action of the BS on two coherent states
lae)118), with o and B the corresponding amplitudes, which are assumed for simplicity
to be real and positive, reads

BSla)iB)y = lat + Br)|Bt —ar),. @

In a particular case, in which t &~ 1 (i.e., r =~ 0), 8 > 1 and p an arbitrary state
one has [29]

BS(p ® |B){BNBS* ~ D(@)pD* (@) ® |B)(BI, (€)

with
o= Br @)
in the limit case of + = 1. In (3), D(«) is the displacement operator whose definition
is given by (A1) in “Appendix A”, where « is displacement amplitude, the symbol ®

means tensor product and D*(«) is Hermitian conjugate of D (). The action of D(«)
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" [HTBS——{ar0) )
o).

Fig. 1 A schematic representation for generation of the hybrid state |¥)1> in Eq. (9), using a highly
transmissive beam splitter (HTBS) to mix a CV cat state | 84) in Eq. (6a) with mode 3 of a DV state |¢);3
in Eq. (7), which is produced by a source S. APD is commercially achievable avalanche photodiode

on a Fox state |n) yields the so-called displaced number state |n, ). The decomposition
of |n, ) in terms of Fox states as well as other relevant formulas are given in “Appendix
A”. Note that in (3), when |8) is replaced by |—8) one has

BS(p ® |-B)(—BNBS" ~ D(~a)pD* (—a) ® |—B)(—BI. (&)

Note that although  may be very large (8 — o0) and r may be very small (r — 0),
one may control them so as to keep « in (4) finite, « = const. In real experiments,
r # 0 and B # o0, so the approximate sign is used in Egs. (3) and (5).

Of interest in the CV framework are Schrodinger cat states which are superpositions
of coherent states like these

1B)y = N+(I=B) + B)), (6a)
1B-) = N_(I=8) = IBD). (6b)

where the factors Ny = (2(1 + exp(—Zﬂz)))_l/ * are the normalization parameters.
As for the DV framework, the dual-rail state of a single photon involving two spatial
modes of the form

lp)az = aol01)23 +a110)3, )

with |ag|> +]a1 > = 1, plays an important role. The state (7) can be created by sending
a photon through one input of a BS. If states (6a) and (7) are the two inputs of the
HTBS (see Fig. 1), then, using the mathematical derivation detailed in “Appendix B”,
we have

BS(1B)1lp)z) = NoF Y- 1) ol ®)

n=0 nt¥n
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Here, we introduce the following two-mode entangled hybrid states

o) o

and the single-rail state of a photon composed of the vacuum and the single-photon
states

)12 = N (1-B),

o) + DB

o), = Naaol0ns £ a1 4,1, 10)
In the above expressions

—1/2 —1/2
Ny = (laoP +1ar P14,2) " = (1+ (142 = Dia?) 7 an

N = (2(1+ -0 N2 exp(<267) (1= (1414,2) ) ()

are the normalization factors, F = exp(—oz2 / 2), while ¢y, (o) and A,, are defined by
(A15) and (B4). Clearly from (8), registration of n photons in mode 3 generates the
state |¥,) 1, in Eq. (9), with a probability equal to

N2 lc1n (@)

Py(a) = N2N(t0t)2

13)

As it should be, the success probabilities sum up to 1, i.e., - P, () = 1, in the
limit of t — 1 (r — 0), due to (A10).

2.2 Hybrid entanglement between a CV and a dual-rail DV states

Next, consider another type of DV-CV interaction with the DV state in the form of
two-photon entanglement occupying simultaneously four spatial modes

|)3456 = a0l0101)3456 + a11010) 3456, (14)

which can be created by sending each mode of the polarization-entangled state of the
form ag|HV )34 + a1|V H)34, with H(V') denoting horizontal (vertical) polarization,
through a polarization beam splitter. The optical scheme for this type of DV-CV
interaction is shown in Fig. 2 which consists of two HTBSs. One HTBS mixes an even
Schrodinger cat state | 8..) 1, in Eq. (6a), with mode 5 of |¢)3456, Whereas an additional
coherent state |—B1), (81 > 0) is mixed on the other HTBS with mode 6 of |¢)3456.
Using the mathematical derivation detailed in “Appendix C” gives

BS15BSx(18+)1 |—ﬁ1)2|¢)3456)

con(@)Cim(aq)
— N F?|-f) ZZZ o W) 134l s, (15)
n=0m=0 NnmNnm
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|1Iﬁnn>134

/’____—/A\_____\\

3| 4 li
o) “HTBS——PD)—|n)
3456 1I
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|-5) ~fATBSF>f

Fig. 2 A schematic representation for generation of the hybrid state |¥,;;, ) 134 in Eq. (16), using two highly
transmissive beam splitters (HTBSs), one (the other) is to mix a CV cat state | 8+) (coherent state |—)) with
mode 5 (mode 6) of a DV state |¢)3456 in Eq. (14), which is produced by a source S. APD is commercially
achievable avalanche photodiode

with finite « = Br and o1 = fyr,

Wandiaa = NS0 (1=Bnn i), + D" 1B [els)),,)- (16)
o4, = Nam (@101} 34 £ a1 An[10)3) a7

and the normalization factors
Naw = (1aof? 101 P140n) " = (14 (14 = )lan?) 0 18)

N = (2(1+ 1N exp(<2182) (1= (14 AP )i ))) T (19)

with A, derived in (C11). From (15), it follows that co-detection of n photons in
mode 5 and m photons in mode 6 leads to generation of the hybrid entangled state (16)
that comprises CV coherent states with opposite-in-sign amplitudes and DV dual-rail
single-photon states, with a probability in the large-¢ (small-r) limit equal to

|con (@) |c1m (1)

Pum(a, a1) = N2F? (@) F*(ay)
nm + Nr%mNr(lggt)z

(20)
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These success probabilities are already normalized for any « and o since it is
straightforward to verify from (A10) that ZZ?m:O Pym(a,ap) = 1.

Let us now discuss physical basis of our generation schemes. The hybrid entangled
states in Eqgs. (9) and (16) are generated if all the amplitude information of the CV
state is erased. To erase this information, measurements aim to detect photon numbers
in the auxiliary modes. The key point in our problem is then the decomposition of
displaced number states over Fock ones (A6). The matrix elements ¢y, () are written
in (A8) as " times a bracketed factor. Since the bracketed factor depends only on
the absolute value of the displacement amplitude ||, it is invariant with respect to the
transformation @ — « exp(i@) with any angle ¢. As for &/, it determines the phase
of the matrix elements when the displacement amplitude is rotated in the phase plane.
So, the matrix elements cq, () are those of the coherent state as seen in (A14) and
acquire a factor (—1)" under the change « — —a. As for the matrix elements ¢y, ()
in Eq. (A15), it determines the displaced single photon and acquires a factor (—1)"~!
under the same change « — —c. This difference in the way the matrix elements c;;, (&)
change in accordance with the change in the parity of the displaced state is akin to the
nonlinear action of two-qubit controlled-Z gate. Note, however, that this mechanism
does not work for the target entangled states in the polarization encoding like

l9)a = aolH)pz +arlV)s, (21
or
|§)34 = aol HV )34 +a1lV H)zy, (22)

as the states |H) and | V'), though have different polarizations, possess the same parity.
The coherent components of the cat (6a) simultaneously displace the target qubit
in indistinguishable manner on HTBS by the values which have opposite signs. All
information about the displaced values experienced by the target qubit disappears after
the measurement, and this uncertainty forms the superposed hybrid state. Additional
amplitude factors A, in (10) and A, in (17) appear as inherent parts of the DV-CV
interaction on HTBS. A coherent auxiliary state |—p8), in mode 2 is used to realize
the state (16). This state does not change the sign of cg, («) and ¢y, ().

To assess the quality of our schemes, we calculate the fidelities Fid,, and Fid,,,
between the states (9) and (16), which are obtained in the large-¢ (small-r) limit, and
the actual ones, which are generated with finite ¢# and r. Using the expression (B16)
in “Appendix B,” we have
2

Fid, = (NSO BN BN ) 23)

with N°Y(B) and NV (B/t) given by Eq. (12), while

2 2 e 2 2
NV () = 2(exp(—%(l -1 ) + (=" 'N? eXP(‘%(l +7) )) (24)
(1= (1+14,1%)la1l?)
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and
2
9

Fidun = (NS BINSD BN (B)) (25)

with N0 (8) and N (8 /1) given by Eq. (19), while N\ (8) follows from Eq. (24)
by the substitutions A, — Anm and N, — Ny, In the general case, the fidelities
depend in a complex manner on the parameters of the experimental setup, the amplitude
of the coherent components, the displacement amplitude « and the value of the absolute
value |a; | of the target states in (7) and (14).

3 Balanced hybrid entangled states

The states (9) and (16) in the previous section are hybrid entangled, but unbalanced
in the sense that their component terms are in general not equally weighted, i.e.,
lao| # laillAx| in (10) and |ao| # |ai||Anm| in (17), respectively. Interestingly, we
can establish the conditions to obtain balanced hybrid entangled states by adjusting the
initial parameters. Namely, the condition is lag? = |A, |2/(1 + |An|2) and |a;|? = 1/
(1 +1A, %), under which after registering n photons in mode 3 of Fig. 1, the state (9)
becomes

1
%(”))12 = 5(|—ﬁ>1<|0>2 +11)2) + (=" B), (10}, — |1>2)), (26)

where the superscript (b) means “balanced” and the zero relative phase between ag
and a; is assumed. Applying on mode 2, the Hadamard transformation H = |0)

({01 + (1)) /~/2 + 1) ({0] — (1])/~/2 brings (26) to

1
(b) _ _ _1yn—1
77), = 25 (=010 + 1 ignin,). @)

which is both balanced and hybrid. The corresponding success probability and fidelity
are

Ap(a)]?
PP (q) = AN?F?|c1y(a 2'"—, 28
2 ) = 4N len @) e (28)
and
Fid® — exp| — a2 = (29)
n 1+t )

We plot in Fig. 3 the dependence of P\”, P, P’ (+ = 0.9) and Fid{" = Fid”,
respectively, on the displacement amplitude « for different values of the transmittance
t. These top-left and top-right subfigures reveal that both the probabilities Péb) and

Pl(b) increase with increasing ¢ for small values of «, but turn out insensitive to t when
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Fig. 3 Success probability, Eq. (28), P.” (top-lef), P (top-right), P\’ (bottom-left) and fidelity,
Eq. (29), F id,(,b) (bottom-right) as functions of « for different values of ¢ and n as indicated in each
subfigure

o becomes large. For a given ¢, the success probability Pn(b) depends on both « and n
(as in the bottom-left subfigure of Fig. 3 for = 0.9), showing on average a favor to
a smaller value of n. However, as seen from the bottom-right subfigure of Fig. 3, the
fidelity Fidf,b) is independent of n and becoming better when ¢ is getting closer to 1,
for the whole range of «. From the values of the displacement amplitude, we can get
the value B of the even cat size, using the relation (4).

Likewise, the generally unbalanced hybrid entangled state (16) can also be made
balanced by suitably tailoring the problem’s parameters under detection of certain
photon numbers in mode 5 and mode 6 in Fig. 2. Namely, if we impose the condition

ap = ajAum, then from (17)—(19) we have N, = 1/(|a0|ﬁ), N,Etrzt) = l/ﬁ,
ﬁvr(nin)> = (|01)p3 £ |10)53)/ /2 and therefore, the unbalanced state becomes

nm

lp@) _ 01)53 +10 1)"18), (101 10 30
. §(|—ﬂ)1(| )23 + 10)23) + (= 1)"18)1(101)23 — [10)23)), (30)

which can be transformed into

1
i) = 75 (=A1101s + (=118 110)23). 31

by applying the Hadamard transformation to the dual-rail single-photon state of modes
2 and 3 [30]. It is worthy to note that the balanced state (31) is obtained not for
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any registered photon numbers n and m, but only for those satisfying the condition
ap = a1 An, we imposed above. More explicitly, by virtue of Eq. (C11), for given
parameters {ag, a1, &, a1}, n and m should be related so that aga (m — o ?) = ajo
(n — | |2). In particular, if we setag = a; = 1/ V2ando = a1, then a balanced hybrid
entanglement is generated whenever n = m. The corresponding success probability
can then be derived as

PO (@) = 2N2 F*(a)|con (@) P lc1n (@) . (32)

The fidelity to generate the state (30) coincides with (29) derived for production
of the state (26). If the numbers of photons detected in modes 5 and 6 in Fig. 2 are
different, i.e., n # m, then some terms of the superposition state

123 = N (1=B)1 Nam (10123 + Au[10)23)/V2 + (=" 1)1 N (101)23 = Aum[10)23)/72)
(33)

acquire an additional amplitude factor A,,, in the case of |ag| = |a1| = 1/ V2. The
dependencies of Po(g) () and Pl(f) (v) on the displacement amplitude « are shown in
the top-left and top-right subfigure of Fig. 4, respectively, for different values of the
experimental parameter #. As can be seen from the subfigures, an increase in ¢ leads to
a slight increase in the success probabilities under small values of «. In case of n # m
(see the bottom-left subfigure of Fig. 4) shows the dependence of Pyi(«) = Pio(w)
on « : the probabilities decrease with increasing «. Note that the state (31) can also be
transformed into the hybrid entangled state with single photon in polarization basis

1
vi0) = 5 (=BNIH) L+ 11811V )) (34)

with the help of a polarizer and a polarization beam splitter. In practice, implementing
the Hadamard operation for a single-rail qubit by linear optics is a rather complicated
problem. But, we can realize the state (27) by the same technique that was used to
generate the states (9) and (16). Mixing mode 3 of the state (31) with a coherent
state with some amplitude 8, chosen such that co,(y) = c1,(y), where B, and y are
connected by the relation (4), and registering n photons in the auxiliary mode, the state
to be obtained is that of (27). This condition is satisfied in the case of the displacement
amplitude y, = (—1 + m) /2 and y» = (—1 - m) /2.

At this moment, we would like to remark that the balanced state (30) but not
state (33) will also be obtained under another condition a9 = —a; Ay, which for
ap=a; =1/ V2 implies A,;; = —1. Then, for &« = o, the detected photon numbers
n and m that herald the generation of state (30) obey the relation n + m = 2|«|?. This
clearly reveals that n and m could be largely different if |a|> >> 1. In particular, when
eithern = 0,m = lorn = 1, m = 0 we have |¢| = l/ﬁ. With this value of
the displacement amplitude, it turns out that the state (30) is indeed generated for the
measurement outcomes being either |01)s¢ or |10)s¢. The bottom-right subfigure of
Fig. 4 shows the dependence of the success probability to realize the state (30) on the
transmittance ¢ in the case of |a| = 1/ /2. Here, four measurement outcomes |00) 56,
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Fig. 4 Success probabilities, Eq. (32), PAy’ (top-lef), P\ (top-right), the success probability, Eq. (20),
Pp1 = Pjo (bottom-left) and the sum of some success probabilities b = Pég) + Pl(f) + Po1 + Pro
(bottom-right) of producing the hybrid entangled states (30) and (33) with |ag| = |aj| = 1/ /2 in (14)
as functions of « or ¢ for different parameters indicated in the figure legends. The black curve in the
bottom-right subfigure corresponds exclusively to the generation of the balanced state (30)

|01)56, |10)5¢ and |11)5¢ give their contribution to the generation. The probability of
success is increased in this situation compared to that in the top-left and top-right
subfigure of Fig. 4.

More generally, relaxing any constraints on «, « the state (30) appears for arbitrary
n # m if the condition |ag| = |ai||Aum| 1s imposed, which is valid when la1]? =
1/(1 +|Aun|?). Then, if n and m photons are registered in mode 5 and mode 6,
respectively, the state (30) is generated with the probability

| Apm (at, a1)|?

_ 35
1+ Ay (a, 1) 33

PP (@) = 4N2 F*|con (@) P lein(@)]?

and the fidelity given by Eq. (29). Note that expression (35) goes into formula (32) in
the case of n = m as |A,; (o, a1)| = 1 for ¢ = «. Numerical results show similar
dependencies of the success probability on the displacement amplitude as in Fig. 4.

The possibility to generate the hybrid state with coherent and one-photon single-rail
components was experimentally demonstrated [19] with the target being the two-mode
squeezed state

lo1)si = Na(100)g; +A[11);), (36)

@ Springer



68 Page 12 of 22 S. A. Podoshvedov, N. B. An

which appears as output from optical parametric down-conversion for the signal s and
idler i modes in the very low gain limit, with N, the normalization factor. Then, using
the same calculation technique for Fig. 1a, we can obtain the state (9) with one-photon
single-rail components

o), = Na (100 £ 247 111)2). &)

The success probability in this setup is the same as given by Eq. (13) with ¢y,
(o) and A, replaced by cp, () and A;Wll, respectively. By imposing the condition
LA 1 = 1, the balanced hybrid entangled state (26) can be produced.

Finally, we also give an example of hybrid converter enabling to map discrete qubits
to coherent state ones. Let us take the state (31) and use a beam splitter to perform the
transformations [01),3 — #|01),3 4+ r|10),3 and [10);, — #]10);, — r|01);,. Then,
due to simultaneous presence of a single photon in both modes and indistinguishability

between the events, the following superpositions of coherent states

|@1)1 = Ni(t|=B) —rIB) (38a)

and

|P2)y = Na(r|=B) +r|B)1, (38b)

with Nj > the corresponding normalization factors, are expected to obtain, provided
that the following measurement outcomes |01),3 and |10),3, respectively, are found.
The states (38a) and (38b) can be considered as CV qubits subjected to a one-qubit
transformation in basis |+8).

4 Degree of entanglement

The hybrid entangled states (27) and (31) are though balanced, but this does not
mean that they are maximally entangled. The reason rests in the non-orthogonality
of the component coherent states which have the same size but opposite signs. To
evaluate to which extent those states are entangled (i.e., the degree of their entan-
glement), a relevant entanglement measure should be used and computed. One of
the entanglement measures is the so-called negativity [31] which is easy to com-
pute in a four-dimensional Hilbert space. This quantity is derived from the positive
partial transpose (PPT) criterion for separability [32] and possesses all required prop-
erties for the entanglement measure. The negativity A/ of a bipartite composed system
AB characterized by a density matrix ¢ is defined by N = (|¢™ | — 1)/2, where
074 is the partial transpose of o with respect to the subsystem A and ”QTA | =Tr

|o™| = Tr\/(0T)" o is the trace norm of the sum of the singular values of the

operator o4, where (074)" means Hermitian conjugate operator of original o”4. The
maximum value of the negativity of a quantum state is one, i.e., Njqx = 1, which
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indicates that the corresponding state is maximally entangled. For the states (27) and

(31), our calculation yields
N = /1 —exp(—4IBP), (39)

which tends to 1 (A" — Amax) in the case of an infinitely large value of the amplitude
of the coherent states, i.e., || — oo. Thus, mathematically, the balanced hybrid
states (27) and (31) are non-maximally entangled for a finite | 8|. However, since exp
(—4|ﬂ|2) drops very quickly with increasing |8], these states can be considered as
(near-)maximally entangled for sufficiently large values of the amplitude | 8| as in our
cases.

Alternatively, we can also assess the degree of entanglement by another convenient
measure called concurrence C [33]. For the most general pure state of a two-qubit sys-
tem [£2)1, = a|0),|0), +5(0), [ 1), +¢[1),[0),+d|1}, |1}, with { |0),.. [T}, } . {{0),. |1}, }
some orthonormal basis for qubit 1 (2) and |a |2 + |b|2 + |c|2 +|d |2 = 1, the concurrence
is determined by

C =2lad — bc|. (40)

Now, to calculate the concurrence of the state (27), we make use of_ the
Gram-Schmidt theorem to build an orthonormal basis for the coherent states as |O> =
1B) and [1) = (I-p) — ZIBN/VT = Z2, with Z = (B|—p) = exp(-2IBI?) [34].
Then, the state (27), in terms of { |0),, |1),} and { |0), = 10),. |1), = [1),}, becomes

1 /= = A - o
), = 25 (210110, + =0 0L 1), + VT =Z2(1)[0),). @
Similarly, for the state (31), in terms of { |6)1’ I)l} and
{10), = [01)23, 1), = [10)23}, we have
1 N N n\n T T N
llf,ff;l)>12 = E(z}())l 0), + (=1)"[0), [1), +v'1 = 221), |0>2)' 42)

From (41) and (42), it immediately follows by virtue of (40) that the concurrence
of both the states (27) and (31) is C = /1 — Z2 which exactly coincides with the
negativity A derived in (39) above.

5 Conclusion

We have developed the theory of interactions between the discrete-variable and
continuous-variable (DV-CYV interaction) states on highly transmissive beam splitters
(HTBSs). Generation of the hybrid entanglement between DV states (single photons)
and CV ones (coherent states) has special interest in fundamental quantum mechanics
within the framework of demonstration of Schrodinger cat states [13]. The theory is
based on peculiarities of the DV-CV interaction by means of HTBS. Manipulations
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with DV and CV states are pretty well known, while the DV-CV interaction is a fairly
new and less known problem, so designing such interactions would bring notable
advantages for the implementation of quantum protocols [17]. Coherent components
of a Schrodinger cat state with opposite-in-sign amplitudes simultaneously displace
the target microscopic state in an indistinguishable manner if the subsequent regis-
tration of photons in the auxiliary mode is made. This indistinguishability gives rise
to generation of a set of the hybrid entangled states whose amplitudes differ from
each other by known values. The change in sign of the displacement amplitude leads
to the fact that the amplitudes of the decomposition of the displaced states of light
vary depending on the overall parity of the photon being registered and the target
displaced state. Thus, the hybrid entanglement arises irrespective of the number of
registered photons due to action of the mechanism of DV-CYV interactions. In general,
the generated hybrid states are unbalanced (i.e., their component terms are unequally
weighted), but the initial parameters of the generation scheme can be chosen so as to
equalize the weights of the hybrid states making them balanced.

Here, two optical schemes to realize two different types of hybrid entangled states
have been proposed. One of them (see Eq. (9)) is formed from coherent components
and single-rail qubit composed of the vacuum and the one-photon states. Either state
of a single photon occupying two modes as in Eq. (7) or two-mode squeezed state
with small value of the squeezing parameter as in Eq. (36) can be served as the
target state for generation of the hybrid states. The other type of hybrid entanglement
of the form of Eq. (16) can be obtained by using two-photon four-mode state as
in Eq. (14) as the target one. Moreover, by generating the hybrid states (31) with
dual-rail photon as components, one can also transform them to those in polarization
basis as in Eq. (34). The proposed schemes can generate balanced hybrid states with
near-maximal entanglement under certain conditions which have been established in
this work. The success probabilities to generate the states of concern in dependence
on the displacement amplitude, and the HTBS parameter are obtained analytically
and shown graphically. The best strategies to generate the balanced hybrid states
with the greatest success probabilities and maximum fidelities are considered as well.
The schemes rely on a probabilistic preparation heralded by detecting the photon
numbers. In this way, noisy environment only affects the count rate but not the fidelity
of the resulting states. Therefore, the proposed method is more suitable to create
entanglement between different subsystems that differ in size or in the way they are
most conveniently described in DV and CV framework. Note that the implementation
of the optical circuits presented here requires a minimum irreducible number of optical
elements, thus increasing the effectiveness of our schemes.

Finally, we would like to note that superpositions of coherent states (SCSs) in the
form of Egs. (6a) and (6b) are not the only ones that can be exploited to generate the
concerned hybrid entanglement. As a matter of practical experience, instead of the
states (6a) and (6b), researchers use other CV states that approximate them quite well
[35, 36]. Yet, then the following question may be raised: how good is the DV-CV
interaction for the generation of hybrid entanglement if the SCSs are replaced by their
analogues with good fidelity? Even though superposition of coherent states may be
substituted by squeezed vacuum for small size, while squeezed single photon may
approximate odd superposition of coherent states of larger amplitude, consideration
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of such delicate issues are beyond the scope of the present work but deserves sepa-
rate analysis. Nevertheless, it can be expected that the designed DV-CYV interaction
mechanisms may also generate hybrid entanglement with high fidelity by using CV
states other than ECSs, implying the universality of our designs.

Acknowledgements S.A.P. is supported by Act 211 Government of the Russian Federation, contract No.
02.A03.21.0011, while N.B.A. is supported by the National Foundation for Science and Technology Devel-
opment (NAFOSTED) under Project No. 103.01-2017.08.

Appendix A: Decomposition of displaced number state in terms
of Fock states

The displacement operator D(«) is unitary and determined by
D(a) = exp(aa* — a*a), (A1)

with « the displacement amplitude and a(a*) the bosonic annihilation (creation) oper-
ator. Its action on an arbitrary pure state

k k
W) =) anln), with Y la,|* =1, (A2)
n=0 n=0
reads
k
D@IY) = aln, a), (A3)
n=0

where

In, a) = D(a)ln) (A4)

is called a displaced number state, which is characterized by two numbers: a quantum
discrete number n and a classical continuous parameter « (o specifies the size of the
state [23]). Note that |0, ) = D(«)|0) = |«) is nothing else but the coherent state.
For a given « the states

{ln,a),n=0,1,2,..., 00}, (AS5)

with the inner products (n, a|m, o) = §,,, constitute the basic set of the displaced
number state. The decomposition of a displaced number state in terms of Fock states
is [23]

) =F Y cn(@)ln), (A6)
n=0

@ Springer



68 Page 16 of 22 S. A. Podoshvedov, N. B. An

with F = exp(—|a/|?/2) and ¢, () are determined in [26] by

o k ik 21<l_l
c;n(a)_mg(—l) CHlal ]E)(n—l+k+1), (A7)
or the same
n(n—1)...(n—l+1)—C,1|ot|2n(n—1)...(n—l+2)
o +Cllal*nn—1)...(n —1+3)+---
Cln(a): I—1 ’
viln! k k12K 1.2
+=DECHa* [ =1 +k+ 1) + (=1 |e]
k
(A8)
where Cf =11 /(k! (I — k)!) and
-1
H(n—l+k+1)=n(n—1)...(n—l+k+l). (A9)
k

The matrix elements ¢, () in (A7) satisfy the normalization condition [26]

F2 Y lem(@ = 1. (A10)
n=0

From the explicit expressions (A7) or (A8) of ¢, (@), it is possible to check the
following relation

cin(—a) = (=1)"cjp (). (A1)
Obviously, foreven ! (i.e.,l = 2m)
Coman (=) = (=1)" com (@), (A12)
and forodd !/ (i.e.,l =2m+1)
Cometn(—a) = (=1)" " comirn. (A13)

In particular, for / = 0 and / = 1 one has [26]

@) = . (Al4)
n—1
Cin(e) = “m (n = 1), (A15)
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satisfying the normalization conditions

F? ) leon(@) =1, (A16)
n=0
F2Y lem@)® = 1. (A17)
n=0
One also has
con(—a) = (=1)"con (@), (A18)
cin(=a) = (=1)"epp(@). (A19)

Appendix B: DV-CV interaction for generation of hybrid entangled
states (9)

The action of HTBS on an even cat (6a) and a dual-rail one-photon state (7),

BS13(1B:)119)23) = Ne(BS13(I—B)1l9)23) + BS13(18)119)23)).  (BI)

can be calculated term by term as follows. For the first term in the RHS of (B1), we
have

BS13(1—B)1l¢)23) = BS13D1(—B)D3(—a) BS{;BS13|0); D3 () |9)23
= D1 (—B/t)D3(0)BS13]0);(ap|0)2|1, )3 + a1 1)z ler)3)

= FDi(=B/1) Z cin(@)(aol0)y +aiAnll)2) BS13(10n)13),
n=0
(B2)

while the second term reads

BS13(18)119)23) = BS13D1(B)D3(c) BS{3BS1310) 1 D3(—a)|9)23
= D1(B/1)D3(0)BS13|0)1(agl0)2|1, —a)3 +ay|1)2]—a)3)

o
= FD1(—=B/0) Y_(=1)""'e1(@)(ao|0); — a1 A[1)2) BS13(10n) 3).
n=0
(B3)
In (B2) and (B3)

con(a) _ o
cin(a) n— |O[|2

Apla) = (B4)
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Summing up (B2) and (B3) yields

BS13(18+)119)23)

_FN, [Ao(—=B)) 13 + |A0(,3)>;23 +r(|A1(=B)) 123 + |1 A1(B))123) . ®5)
r(182(=B)) 123 + 182(B)) 123) +
where
[Ao(=B)) 12z = |=B/th chn(a)fn(aow)z +ayAp|l))In)s, (B6)
n=0

180(B)) 123 = 1B/1)1 Y (1" cra(@)(@0]0); — arAul1)p)ln)3,  (B7)

n=0

AT =Bz = 1 =B/01 Y ctn (@™~ n(aol0), + a1 Ay|1)p)ln — 1)5. (BS)

n=1

A1) 123 = 11, B/1)1 Y (=D)L erne)r ™ /n(aol0)s — a1 Ag|1)2)|n — 13,

n=l1

(BY)

8a B = 2.~/ Y- enn@rr D 01, 4 Ay 1l ~ 20
n=2

(B10)

1A2(B)) 123 = 2. B/1)1 Y (=1 Lerpey" 2 ”(" D (a610)2 — a1 Anl1y)ln — 205,
n=2
(B11)

Using the above expressions, we can obtain the formulas (8)—(12) in Sect. 2.1.
The fidelity Fid,, in (23) is derived as follows. If n photons are registered in mode
3 of Fig. 1(a), then we have, up to the first order of smallness of r,

o) = () i

Cln

(n)>

v , B12
1 12> (B12)
where

) = N pn(1-p/0,

o)+ =D 1B /0,

W) o

“1’1(")>12 =N Bm (11 —p/n

oyh), + DL B/,

o)) B4
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with N,Emt) (Eq. (12)) and N, (00 the corresponding normalization factors. As for the

nl
normalization factor Nr(") in (B12), it is given by

—12
c1ne1 2

2
|

1+r2(n+1)
N(n) _ Cln

r £
+rm<c1n+1<wén)|wl(n))+(01n+1) <lpl(n)|%(n)>>
C C1

1n n

(B15)

Thus, the analytical expression for the fidelity Fid, in (23) is
(vt )+ rvs 1

x <<M>*(Wn o Yl ™) + Ci'lil(wnwo("))*(% |wl(”)>>

Cln n
(B16)

2
Fidy = |(#al9)|" = N2

up to the first order in r.

Appendix C: DV-CV interaction for generation of hybrid entangled
states (16)

Consider the following action of two HTBSs

BS15BS2 (1B+)1 1—B1)2 |9)3456)
= N+ (BSi15B S (1=B)1 1=B1)2 1)3456) + BS15BS26 (1B)1 1=B1)2 1#)3456)) -
(€1

Following the steps of calculation as in “Appendix B”, we have

BS15BSx(1—B8)11—B1)219)3456)
= BSi5D1(—B)Ds(—a)BS{5sBSa6D2(—B1) De(—a1) BS3s BS15BS26100) 12 D5 (c) D (1)) 3456
= Dy (—B/t)D5(0) D2(—PB1/1) D6 (0) BS15 B S26100)12(a0l01)3410, a)5|1, a1 )6 + a1|10)34]1, )50, 011()&)

and

BS15BS26(18)11—B1)218)3456)
= BS15D1(B)Ds5(cx) BSs BS26 D2 (—B1) De(—at1) BS3¢ B S15BS26100) 12 D5 (—a) Do (1)) 3456
= Di(B/1)D5(0)D2(—p1/1)De(0) BS15BS526100)12(ag|01)3410, —ar)s|1, 1)g + a1 |10)34]1, —)510, al)((i)-

Combining the decomposition (A6) with Eqgs. (A18) and (A19), we obtain

[Ao(=B, =B} 123456 + 1 A0(B, —B1)) 123456
BS15BSx(1B+)11-B1)2l)3as6) = No F2 x | +r(1A1(=B. =B1)) 123456 +|A1(B. —B1))123456) |

+2(1A2(=B)) 123 + 182(B)) 123) + - - -
(&)

@ Springer



68 Page 20 of 22 S. A. Podoshvedov, N. B. An

where
oo o0
|80(=B, =B 123ase = |=B/011=B1/1)2 D Y con(@cim(@1)(@0]01)34 +a1 Aum|10)34)Inm)se.
n=0m=0
(C5)
o0 o0
1A0(B, =B 123456 = 1B/D11=B1/1)2 Y, Y (=) con(@)eim(@1)(agl01)34 — ay Anm|10)34)Inm)sg
n=0m=0
(Co)
o0 o0
IA1(=B, =B 123456 = |1 =B/ 1=B1/12 D ¥ con(@)ctm @)v/nt™ 1 (ag|01)34 + a1 A 10)34) I — 1m)sg
n=1m=0
+1=B/ON L =BL/2 D Y con(@erm @DVmt™ 1 (@gl01)34 + a1 Aum [10)34)lnm — 1)s6 (C7)

n=0m=1

IA1B, =B 123ass = |1, B/ 1=B1/12 D D (=1)"con(@)cim (@) V/nt"™" " (ag|01)34 — a1 Aun [10)34)In — 1m)s

n=1m=0
FIB/NIL =B1/0)2 3 3 (— 1) con(@)ctm @) Vmt™ @ol01)34 — ar Apn | 10)30) lnm — s, (C8)
n=0m=1
( l) gtm— 2
[A2 (=B, —B1)) 123456 = |12, —B/t)11—B1/1)2 Z Z con@ec (@] =
n=2m=0
(a0l01)34 + a1 Apm|10)34)|n — 2m)s¢
00 00 pry—
+10, =B/t)112, =B1/t)> Z Z COn(a)Clm(al)\/: n+m—2
n=0m=1
(ap|01)34 + a1 Apm|10)34) Inm — 1)5¢
+|1, =B/t) 111, =B1/t)2 Z ZCOn(a)le(al)Fﬂﬁm 2
n=1m=1
(apl01)34 + a1 Apm|10)34)|In — Im — 1) 56, (Cg)
00 00 5
1A2(B, —B1))1234s6 = 12, =B/} 1=B1/1)2 Y Y (—1) COn(a)Clm(al)\/: n+m—2
n=2m=0

(ag|01)34 — a1 Apm110)34)|n — 2mse

1
10 =Bl =12 S D con(@ern ey i

n=0m=1
(agl01)34 — a1 Anm|10)34)Inm — 1)s¢

+ 1L, =B/ =B1/1)2 Y Y (=1 con(@)ery () /amt"™ ™2

n=1m=1
(aol01)34 — a1 Apm110)34)In — 1m — 1)56, (C10)
with
2
ai(n —|a
Ay (s p) = Sn@eom(@) 1(n = laf?) i)

con(@)cim(@) — a(m — o))’

In the limit # — 1 one obtains formula (15) in Sect. 2.2.
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