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Experimental Demonstration of Quantum Steering
Swapping with Gaussian Entangled States

Na Wang, Meihong Wang,* Caixing Tian, Xiaowei Deng, and Xiaolong Su*

As a key element in quantum repeaters, entanglement swapping establishes
entanglement between two independent entangled states. Besides
entanglement, quantum steering has been identified as an essential quantum
resource and has broad applications in quantum communication. Although
entanglement swapping has been realized experimentally, quantum steering
swapping still remains a challenge since the condition of quantum steering is
stronger than that of entanglement. In this article, quantum steering
swapping between a three-mode and a two-mode Gaussian entangled state in
a lossy channel is demonstrated. By choosing the optimum gain in the
classical channel that corresponds to the maximum transmission distance,
the one-way and two-way steerabilities in a new three-mode Gaussian state
located in distant nodes are achieved. The obtained collective steerability from
two users to one user has potential application in quantum secret sharing.
The results make a crucial step toward applications of quantum steering in

asymmetric quantum information processing.

1. Introduction

Toward building a quantum internet, it is essential to achieve
long-distance quantum communication among space-separated
quantum nodes. For quantum communication with entangled
states, it is a key challenge to identify suitable methods to share
entangled states between users. Entanglement swapping pro-
vides a feasible method to connect space-separated quantum
nodes, which establishes entanglement between space-separated
independent entangled states without direct interaction.'-
Since one mode of an entangled state is teleported in entangle-
ment swapping, it is also known as quantum teleportation of
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entangled  states.>*]  Experimental

demonstration of entanglement swap-
ping has been achieved in the discrete-
variable (DV),>®!  continuous-variable
(CV),’ and hybrid CV-DVIOH1] gys.
tems. Recently, the all-optical quantum
entanglement swapping has also been
demonstrated.['?]

Entanglement,  Einstein—Podolsky—
Rosen (EPR) steering, and Bell nonlocal-
ity are all important quantum resources
in quantum communication and quan-
tum networks.[3-16) In the verification of
entanglement, trusted measurement de-
vices are used, while untrusted measure-
ment devices are used in the verification
of Bell nonlocality.'’! Different from
entanglement and Bell nonlocality, EPR
steering is verified in a semi-device inde-
pendent way, which has no assumption
of full trust for measurement equipment on one side.['’-?2] Be-
cause of the inherent asymmetry of quantum steering,>?*! one-
way EPR steering is observed,?°! which has potential applications
in the tasks of quantum communication, for instance, one-sided
device-independent (1sDI) quantum key distribution, 26281 sub-
channel discrimination,?*3% quantum teleportation,332/ and
quantum secret sharing (QSS).**3*] EPR steering has been
demonstrated in the optical system,[2>**#¢] atomic system,!**%]
and high-dimensional system.[*>-2] Recently, the distillation!>*>*]
and sudden death[>>! of EPR steering have also been experimen-
tally demonstrated.

To build a quantum network with quantum steering, it is es-
sential to share steerability among users. Toward long-distance
quantum communication with quantum steering, how to es-
tablish steerability among space-separated quantum nodes with-
out direct interaction remains a challenging problem. Quantum
steering swapping, which is also known as quantum teleporta-
tion of quantum steering, provides a feasible solution for this
problem,5¢57] while it remains a challenge in experiment. Differ-
ent from entanglement swapping, different types of steerabilities
can be obtained after the quantum steering swapping and they
can be optimized by choosing different gains.[¢7! It is impossi-
ble to optimize all types of steerabilities with an optimum gain
factor. Thus, how to choose the gain factor in the classical chan-
nel according to the requirement of application of steerability is
an important issue in quantum steering swapping.

In this letter, we experimentally demonstrate quantum steer-
ing swapping between a three-mode and a two-mode Gaus-
sian entangled state in a lossy channel. By performing a joint
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Figure 1. Schematic of the quantum steering swapping between a three-
mode and a two-mode Gaussian entangled states. HD, homodyne detec-
tor; g, the gain in the classical channel; EOMx and EOMp, electro-optical
amplitude and phase modulators.

measurement on two modes from two entangled states and feed-
forwarding the measurement results to the other mode of the
two-mode entangled state, a new three-mode Gaussian state with
steerabilities is obtained. In the experiment, the optimum gain
in the classical channel corresponding to the maximum trans-
mission distance is chosen. Based on the reconstructed covari-
ance matrices of the output three-mode state after quantum steer-
ing swapping for different transmission efficiencies, one-way and
two-way steerabilities for different splittings are demonstrated.
The results show that EPR steerability from one mode to another
mode does not exist, only the collective steerabilities between one
and the other two modes exist. The obtained collective steerability
from two modes to one mode has potential application in QSS,
and the one-way steerablities would be benefcial for the asym-
metric quantum information processing.

2. The Principle

The principle of quantum steering swapping is shown in
Figure 1. A three-mode CV Greenberger—-Horne—Zeilinger
(GHZ) state and a two-mode CV EPR state are prepared indepen-
dently by coupling three and two squeezed states on beamsplit-
ters, respectively. In the quantum steering swapping, one mode
(A,) of the three-mode CV GHZ state is transmitted through a
lossy channel with transmission efficiency 5. Then, the joint mea-
surement (Bell state measurement) is performed by coupling the
transmitted mode and one of the EPR states on a 1:1 beamsplit-
ter and the output states are measured by homodyne detectors.
The measurement results are fed forward to the mode B, through
classical channels to implement phase space displacement opera-
tion. Finally, the steerabilities among space-separated modes A,,
AZ, and B/z are verified.

In the CV quantum information processing, the information
is encoded in the amplitude and phase quadratures of pho-
tonics harmonic oscillators,®® which are expressed by % = 4 +
o' and p = (& — a%)/i, respectively. In this case, variances of a
vacuum state are V; =V, =V, = 1, where the subscript 0 rep-
resents a vacuum state. By coupling two %-squeezed states and
a p-squeezed state on two beamsplitters with a transmittances
of T, =1/3 and T, = 1/2, a three-mode CV GHZ state consist-
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ing of modes A, A,, and A, is obtained (see Section S1, Sup-
porting Information, for more details). The quantum correlations
between phase and amplitude quadratures of the three-mode
CV GHZ state are A*(p, + P, +P,) =3V and A*(X, —%, )=
Az, —%,)= AZ(SC(pffc p)AZ= ZI\J/A)res tivel }(1 rev 'Azt)h

4, = X, 4, = %a, ., respectively, where V is the
variance of the squeezed quadrature. A two-mode CV EPR state is
prepared by coupling a p-squeezed state and an X-squeezed state
on a beamsplitter with transmittance of T; = 1/2. The quantum
correlations between amplitude and phase quadratures of the
two-mode state (B, and B,) are ARy —%p) =2V, and A*(pp +
Ps,) = 2V, respectively.

The mode A, turns into A; = \/ﬁA3 + Mfz after the trans-
mission in a lossy channel, where # and ? are the transmission
efficiency of quantum channel and a vacuum mode introduced
by loss, respectively. To implement the joint measurement, the
received mode A; and the mode B, are coupled on a beamsplit-
ter with transmissivity T, = 1/2 and the amplitude quadrature

Re = (&A; - &Bl)/\/i and phase quadrature p, = @A; +fJBl)/\/E
of output modes are measured by homodyne detectors. The mea-
surement results are fed forward to the remaining mode B, by
two classical channels with gain g. The mode B, is displaced
by adding the feedforward signals to electro-optical amplitude
and phase modulators. The displaced mode B; is expressed as
3/2 =B+ \/Egkc + i\/zng'

The property of a Gaussian state with a bipartite sys-
tem N and M can be determined by its covariance matrix

(N C .

ONM = T M 1)
Here, matrix element o;; = (Eifj + éjéi)/z - (Ei)(fj), and é=
G PN, &N PN RV M, L &M, PM)T represents the vector of

amplitude and phase quadratures of optical modes. The subma-
trices M and M are diagonal blocks of reduced states of subsys-
tems, C and CT are off-diagonal matrices of intermodal correla-
tions between subsystems. The covariance matrix of the output
three-mode state is expressed as

04, Oama, Oap
T
UAIAZB'Z = GAlAz 04, O-AZB; (2)
T T
o c oy
AB), T A,B, B,

The submatrices in the Equation (2) are given by

GAI =(7A2 =

Op =

oor = (;(Va - V) 0 )
)
( (3)

OB, = Opp =
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Figure 2. Experimental setup. The measurement results of the joint measurement are fed forward to a coherent beam through classical channels with
gain g and electro-optical amplitude and phase modulators (EOMx and EOMp). The modulated coherent beam is coupled with mode B, on a 99:1
beamsplitter. A half-wave plate and a polarization beamsplitter are used to simulate a lossy channel. The output states A;, A,, and 3’2 after the quantum
steering swapping are measured by three homodyne detectors. LO, local oscillator.

where V, is the variance of the anti-squeezed quadrature, V, =
2

[4ng” + 3(1+g)*]V,/6 + [2ng” + 3(1 — g)’]V./6 + (1 — n)g*V,
and VPB; = [2ng? + 3(1 + g)?]V,/6 + [4ng? + 3(g — 1)?]V,/6 +
(1 —n)g?V, are the variances of amplitude and phase quadra-
tures of the displaced mode B;-

Based on the covariance matrix, Gaussian steerability between
two partitions (N — M) can be quantified, which is given by!>*]

G M(oyy) =maxq0,— Y In(m") (4)

j:VJNM\N<1

In the Equation (4), \7].NM\N (j=1,...,m) is the symplectic eigen-
values of the Schur complement G y = M — CTN ™' C of sub-
system N. When GN=M > 0, the subsystem N can steer the sub-
system M. The higher value of N~ the stronger steerability. By
swapping the roles of N and M, the subsystem N can be steered
by the subsystem M.

3. The Experiment and Results

The experimental setup is illustrated in Figure 2. The nondegen-
erate optical parametric amplifier (NOPA) consists of a type-II
potassium titanyl phosphate (KTP) crystal and a concave mir-
ror (see Section S2, Supporting Information, for more details).
Squeezed states with —5.90 dB squeezing (V, = 0.26) and 9.84 dB
anti-squeezing (V, = 9.64) at 1080 nm are generated from three
NOPAs operated at deamplification condition, which is achieved
by locking the relative phase difference between the seed and
pump beams of the NOPAs to #.1° The output coupled modes
of the NOPA at +45° and —45° polarization directions (separated
by a polarization beamsplitter) are X-squeezed and p-squeezed

Laser Photonics Rev. 2023, 2300653

2300653 (3 of 6)

states, respectively, when the half-wave plate after the NOPA is
set to 22.5°. To produce the three-mode CV GHZ state, three
squeezed states (generated by NOPA1 and NOPA2) are coupled
on beam splitters T; and T,. To produce the two-mode CV EPR
state, two squeezed states generated by the third NOPA (NOPA3)
are coupled on beamsplitter T;. The mode A, is transmitted
through a lossy channel, which is simulated by a half-wave plate
and a polarization beamsplitter. In order to realize joint measure-
ment, the transmitted mode Ag is coupled with the mode B, on
a 1:1 beamsplitter T,, and two homodyne detectors are used to
measure the amplitude and phase quadratures, respectively. The
measurement results % and p, are fedforward to an auxiliary co-
herent beam by electro-optical amplitude and phase modulators
(EOMx and EOMp) first, and then the displaced auxiliary coher-
ent beam is coupled with the mode B, on a 99:1 beamsplitter.
Thus the displaced mode B’z is obtained.

In the quantum steering swapping, the gain g in the classical
channel is an important parameter. In case of infinite squeezing,
the gain in the classical channel is unit. While in the case of fi-
nite squeezing, the optimum gain can be chosen to maximize
the steerability and reduce the requirement of squeezing,>®>7]
which is helpful to extend the transmission distance. Here, we
analyze the dependence of different types of steerabilities on
gain g and transmission efficiency 5 at the current squeezing
level, as shown in Figure 3, according to the covariance matrix
of quantum state after the quantum steering swapping. It is ob-
vious that different transmission distances can be achieved for
different types of collective steerabilities (Figure 3a). The longest
transmission distance (7 = 0.29) is obtained for the steerabili-
ties ¢ 4% and ¢4~A% with the optimum gain g = 0.85 in
the classical channel. The obtainable transmission distances for
the steerabilities G*% 7%, gMPm%, gM%=h Jand ¢h "M% are
shorter than that of G475 and ¢4 % when the correspond-
ing optimum gains are chosen.
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Figure 3. a) The dependence of different types of steerabilities on transmission efficiency and gain of classical channel. Curves represent boundaries

with and without quantum steering. The blue star represents the gain in the experiment. b) The dependence of the steerability

’

¢"17%28; on transmission

efficiency and gain. Blue dashed and black solid lines represent the maximum steerability and the steerability with g = 0.85, respectively.

As shown in Figure 3b, the maximum steerability G415

is obtained with the increase of gain and transmission effi-
ciency. The gain approaches 0.94 when n = 1 (blue dashed line
in Figure 3b). To achieve the maximum steerabilities, the gain
should be optimized in the range of [0.85, 0.94] for different
transmission efficiencies. We choose g = 0.85 for different trans-
mission efficiencies in the experiment, which simplifies the ex-
perimental difficulty and only reduce the achievable steerability
slightly (black solid line in Figure 3b).

We reconstruct the covariance matrices of the output three-
mode Gaussian state at transmission efficiencies n = 0.98, 0.8,
0.6, 0.4, and 0.2, respectively, which are given by

3.05 0 272 021 267 0.035
0 534 -02 -254 -0.16 -2.88
272 =02 342 0 311 0.03
= 021 -254 0 637 025 —2.94]
267 -0.16 3.11 025 336 0
0.035 -2.88 0.03 -2.94 0 6.57
2.68 0 244  0.11 2.5 0.11
0 475 -0.08 -2.42 -0.18 -251
244 -0.08 351 0 331 0.13
2= 0.11 -2.42 0 6.44 002 -3.08(
25 -0.18 331 0.02 3.67 0
0.11 -251 0.13 -3.08 0 6.53
2.39 0 217 015 224 0.01
0 389 0.008 -197 -0.13 -2.24
2.17 0.008 351 0 331 0.06
7= 0.15 -1.97 0 6.44 002 311
224 -0.13 331 002 3.67 0
0.01 -224 0.06 -=3.11 0 6.57
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1.92 0 1.72 0.42 1.8 0.3
0 293 -0.03 -157 -0.07 -1.6
1.72 -0.03 3.1 0 331  0.06
042 -1.57 0 6.44  0.02 -3.16(
1.8 -0.07 331 0.02 3.67 0
03 -16 006 -3.16 0 6.68

o4 =

1.56 0 1.2 027 129 0.28
0 223 -0.16 -1.16 -0.18 -1.17
1.2 -0.16 351 0 331 0.13
0.27 -1.16 0 6.44  0.02 -3.08]
1.29 -0.18 331 002 3.67 0
028 -1.17 0.13 -3.08 0 6.53

By substituting the reconstructed covariance matrices in Equa-
tion (5-7) into Equation (4), we obtain various types of steerabili-
ties between any two modes and that between one and the other
two modes. Figure 4 shows the obtained steerabilities of different
splittings after the quantum steering swapping in a lossy chan-
nel, which is different from the results of entanglement swapping
due to the inherent asymmetric property of quantum steering.
The steerabilities between any two modes do not exist, because it
is limited by the monogamy relation in a three-mode state, which
shows that one mode cannot be steered by two distinct modes
simultaneously.[®*%%] For a three-mode CV GHZ state, if the mode
B; could be steered by the mode A,, it should be also steered by
the mode A,, which is forbidden by the monogamy relation.61.62]

Only the collective steerabilities between one and the other
two modes are observed after the quantum steering swapping.
For splitting A,|A,B), two-way steering G* =48, exists in the
transmission efficiency range of 0.53 < # < 1 (around 13 km in
a fiber channel with loss of 0.2 dB km™). When the transmis-
sion efficiency decreases from 0.53 to 0.29, the cooperation by
modes A, and B; can not steer the mode A,, but only one-way

steerability G*~*% > 0 is achieved, as shown in Figure 4a. The
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Figure 4. Experimental results for different types of steerabilities after the quantum steering swapping in a lossy channel. a—c) The collective steerabil-

ities for splittings A, |A, 3/2, Ay lA, @;, B;lA]AZ and the steerabilities between any two modes under Gaussian measurements. Blue and orange regions
correspond to the two-way and one-way steerable regions, respectively. Error bars represent + one standard deviation and are obtained based on the

statistics of measured covariance matrices.

maximum transmission distance for the quantum steering swap-
ping is obtained when # > 0.29 (around 26 km in a fiber chan-
nel) at present experimental parameters since the optimum gain
is chosen to maximize the transmission distance for steerability
of G445, in the experiment.

The steerablities for splitting A, |4, B; are the same as that for
A,|A, B), as shown in Figure 4a,b. The physical reason is that
modes A, and A, are completely symmetric even after the quan-
tum steering swapping. The steerabilities for splitting B;|A1Az
are shown in Figure 4c. Only the one-way steering G414~E: > 0/s
obtained in the transmission efficiency range of 0.85 <5 <1
(around 3 km in a fiber channel). Comparing Figures 4a, 4b, and
4c, the obtained steerability of QAlAZ"B,z is lower than the steerabil-
ities of gAl"AZBVZ, GhM B, QAZB/Z*Al, and ¢™M B,~4 which is lim-
ited by the finite squeezing in the experiment. The dependences
of experimental data on transmission efficiency agree well with
the theoretical predictions, although a few data points are not ex-
actly located on the theoretical curve (see Section S2, Supporting
Information, for more details). The difference comes from the
imperfections in our experimental system, including the phase
fluctuation in the locking system and the stability of the whole
experimental system.

4, Discussion and Conclusion

After the quantum steering swapping, the shared steerabilities
among three nodes can be applied to implement quantum com-
munication protocols. For instance, a three-mode state with the
steerabilities G¥~* > 0 and G"* = g% = 0, where the modes i
and j can not steer the mode k individually and only the collabora-
tion of them presents steerability on the mode k, can be applied to
implement QSS.1*! In our case, QSS can be implemented with
the three-mode state containing modes A;, A,, and B,. For ex-
ample, when the mode A, or A, acts as a dealer to send a se-
cret and the remaining two modes act as players to decode the
secret with cooperation, QSS can be implemented in the range
of 0.53 <y < 1.

Toward further applications of the obtained quantum steering,
there are still some issues that need to be solved. For example,
how to increase the transmission distance of the quantum steer-
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ing swapping remains a challenge. It is important and worth-
while to extend the quantum steering swapping to multipartite
entangled states since rich and diverse steerabilities can be ob-
tained after the quantum steering swapping.l’) It is also worth-
while to investigate applications of the steerabilities after quan-
tum steering swapping and the extension of the protocol to DV
and/or hybrid CV-DV systems.

In summary, we experimentally demonstrate the quantum
steering swapping (quantum teleportation of quantum steering)
between a CV GHZ state and a CV EPR state in a lossy channel.
By choosing the gain in classical channels to optimize the steer-
abilities G445 and ¢~*1%: the maximum transmission dis-
tance is achieved. The steerability between any two modes does
not exist because of the monogamy relation. Only one-way and
two-way steering of the collective steerabilities between one and
the other two modes are presented in different ranges of trans-
mission efficiency. The obtained collective quantum steerability
from two to one modes G¥~* has potential application in QSS.
Our results demonstrate the feasibility of establishing steerability
between space-separated quantum nodes without direct interac-
tion and make a step toward the application of quantum steering
in quantum communication.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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