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Remote preparation of optical cat states based on Gaussian entanglement
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Remote state preparation enables one to prepare and manipulate quantum state non-locally. As an essential
quantum resource, optical cat state is usually prepared locally by subtracting photons from a squeezed vacuum
state. For remote quantum information processing, it is essential to prepare and manipulate optical cat states
remotely based on Gaussian entanglement, which remains a challenge. Here, we present experimental prepara-
tion of optical cat states based on a remotely distributed two-mode Gaussian entangled state in a lossy channel.
By performing photon subtraction and homodyne projective measurement at Alice’s station, an optical cat state
is prepared remotely at Bob’s station. Furthermore, the prepared cat state is rotated by changing Alice’s mea-
surement basis of homodyne detection, which demonstrates the remote manipulation of it. By distributing two
modes of the two-mode Gaussian entangled state in lossy channels, we demonstrate that the remotely prepared
cat state can tolerate much more loss in Alice’s channel than that in Bob’s channel. We also show that cat states
with amplitudes larger than 2 can be prepared by increasing the squeezing level and subtracting photon numbers.
Our results make a crucial step toward remote hybrid quantum information processing involving discrete- and

continuous-variable techniques.

I. INTRODUCTION

With the development of quantum communication and
quantum network, it becomes possible for a user without
the ability of preparing quantum state to obtain quantum re-
sources. Generally, there are several options to achieve this
goal, such as direct state transmission, remote state prepara-
tion (RSP) [11 2], and quantum teleportation [3]], respectively.
RSP enables one to create and control a quantum state re-
motely based on shared entanglement. Compared with the
direct state transmission, where a prepared quantum state is
directly transmitted to the user through a lossy channel, RSP
offers remote control of quantum state and intrinsic secu-
rity [4} 15]. Compared with quantum teleportation, RSP does
not need joint measurement, requires less classical communi-
cation [6], and offers the ability to manipulate quantum state
remotely.

Schrodinger cat states play important roles in both fun-
damental physics and quantum information, such as explor-
ing the boundary between quantum and classical physics [[7-
9], quantum computation [10-13]], quantum communication
[14H17] and quantum metrology [[18H20]. Free-propagating
optical cat states have attracted much attention attributed to
their weak interaction with the environment, which is bene-
ficial to quantum information processing. Up to now, most
of the reported optical cat states are prepared locally by sub-
tracting photons from squeezed vacuum states [21H27]], which
combines the discrete-variable technology and continuous-
variable resource [28|]]. However, this method sets a barrier
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for the users since it requires the ability of creating squeezed
states and performing a non-Gaussian operation.

Recently, RSP has been applied to prepare non-Gaussian
states [29431]], which demonstrate the connection between
remotely prepared Wigner negativity and quantum steering.
As for a special kind of non-Gaussian states, cat states have
also been prepared by RSP based on a two-photon Fock
state [32], a two-photon NOON state [33]], hybrid discrete-
and continuous-variable entanglement [34] 35 and optomag-
netic entanglement [36]]. In most previous experiments [33,
34], the RSP of cat states demonstrates the generation of a
non-Gaussian state from a non-Gaussian entangled resource.
Compared with preparing the non-Gaussian entangled re-
source, such as the NOON state and hybrid entangled state,
Gaussian entangled states can be prepared deterministically
and present scalability [37H42]]. However, it still remains a
challenge to experimentally prepare and manipulate optical
cat states remotely based on Gaussian entanglement.

Here, we experimentally demonstrate the preparation of cat
states at a distant node based on a distributed Gaussian en-
tangled state in a lossy channel. Alice, who has the ability
to perform photon subtraction, and Bob, who doesn’t, share a
two-mode squeezed state (TMSS) remotely. By implementing
photon subtraction and homodyne projective measurement on
Alice’s state, Bob’s state collapses to a cat state conditionally.
An optical odd cat state with amplitude of ~ 0.65 and fidelity
of ~ 0.67 is created at a generation rate of 1 kHz by projecting
on phase quadrature at Alice’s station when the transmission
efficiency on Bob’s mode is 0.9. Then, the cat state is rotated
for 90 degrees by converting the projective measurement to
amplitude quadrature at Alice’s station, which demonstrates
remote manipulation of the prepared state. Moreover, remote
preparation of optical cat states is achieved when Alice’s or
Bob’s state is transmitted through a lossy channel. We also


mailto:qiongyihe@pku.edu.cn
mailto:suxl@sxu.edu.cn

PBS

FIG. 1: Schematic and experimental setup. a) The principle of the
experiment. Alice implements photon subtraction by using a single-
photon detector and homodyne projective measurement on one mode
of the TMSS. A cat state or rotated cat state for 90 degrees is created
at Bob’s station conditioned on the measurement results of p4 = 0
or x4 = 0. b) Experimental setup. Bob’s lossy channel is simulated
by the combination of a half-wave plate (HWP) and a polarization
beam splitter (PBS). TMSS, Two-mode squeezed state; HD, Homo-
dyne detector; NOPA, Non-degenerate optical parametric amplifier;
PD, Photodiode; IF, Interference filter; FC, Filter cavity; SNSPD,
Superconducting nanowire single photon detector; LO, Local oscil-
lator.

show that the amplitudes of the prepared cat states can be in-
creased by subtracting more photons from a TMSS with opti-
mum squeezing. In principle, this scheme can remotely pre-
pare odd or even cat states by subtracting odd or even photon
numbers at Alice’s station. Thus, our result provides a new
method to remotely generate and manipulate optical cat states.

II. THE PRINCIPLE

As shown in Figure E}a, a TMSS of the form |Yo)ap =
—— Y~  tanh™ rlm, m),p is prepared, where r is the squeez-
ing parameter, and then two modes of the entangled state
are sent to Alice and Bob through lossy quantum channels
with transmission efficiencies of 14 and np respectively. Al-
ice performs photon subtraction on her state and measures the
photon-subtracted state with a homodyne detector (HD). By
measuring the quadrature £ = (a4¢™ + a}e™)/ V2 and pro-
jecting the output to xf‘ = 0, where a4 is the annihilation op-
erator and 6 is a general phase, an odd cat state is remotely
prepared at Bob’s station. Especially, fci corresponds to the
amplitude quadrature (%4) for 6 = 0 and the phase quadrature
(pa) for 8 = m/2. And the eigenstate |xi>A with correspond-
ing eigenvalue xﬁ is expressed by the inner product with the
photon number state |m)
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where H,,(x) is the Hermite polynomial.
For an arbitrary quadrature measurement fcﬂ with the out-
come chosen as xﬁ = 0, the ideal conditional state ob-

tained at Bob’s station becomes |@)p = 4{0%laalo)ap o
Yoy ANm[2m " (m — Dle~ =00 tanh™ r H,,_;(0)|m)g. Since
Hy(0) = (=2)%(2k — D! and Hoi,1(0) = 0, the state can be
simplified as
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with |r, ) o« Y0 :/”—r!ni!e‘im(("”/ Dtanh™ rlm)p (see Appendix A
for more details). Hence, if Alice measures the phase quadra-
ture (p4), Bob’s state is similar to an odd cat state |cat_) =
(@) = | = a))/ V2(1 — e~2leP) with the real number «. Ide-
ally, the fidelity F' = (cat_|pp|cat-) between Bob’s state pp =
|©) pp{¢| and the odd cat state |car_) reaches ~ 99% with 3 dB
squeezing of the TMSS (see Appendix A for more details). If
Alice measures the amplitude quadrature (X4), Bob’s condi-
tional state is similar to the state (Jia) —|—ia))/ V2(1 — e=2le*),
which is equivalent to applying a rotation operation by 90 de-
grees I?(ﬂ/Q) on the odd cat state |cat_). This indicates that
Bob’s cat state can be remotely manipulated by choosing the
basis of Alice’s homodyne projective measurement.

III. THE EXPERIMENT

As shown in Figure [Ib, when the non-degenerate opti-
cal parametric amplifier (NOPA) is working at amplification
status, where the relative phase between seed beam (1080
nm) and pump beam (540 nm) is locked to 0, a TMSS with
squeezing and antisqueezing levels of —3.2 dB and +4.2
dB is prepared when we inject 70 mW pump power into
the NOPA. [43H435]] (see Appendix B for more details). To
perform photon subtraction operation, Alice uses a variable
beamsplitter composed of a half-wave plate (HWP) and a po-
larization beam splitter (PBS) to tap around 4% of her mode
towards the superconducting nanowire single-photon detector
(SNSPD). An interference filter with 0.6 nm bandwidth to-
gether with a filter cavity with 400 MHz bandwidth are placed
in front of the SNSPD to select the degenerate mode of the
NOPA. To avoid the reflection from the front mirror of the fil-
ter cavity to the NOPA, an optical isolator is placed in front
of the interference filter. An SNSPD with around 70% de-
tection efficiency, which only influences the generation rate of
the prepared state, is used to detect the subtracted photons and
the clicks of it are used to trigger the storage oscilloscope for
the data recording of Alice’s and Bob’s homodyne detectors
(HDs). Our experiment is conducted in the Locking-and-hold
mode, where the seed beam is injected into the NOPA for the
cavity locking during the locking period (around 50 ms), and
it is chopped off to obtain the TMSS during the hold period
(around 30 ms) (see Appendix B for more details).

To realize the homodyne projective measurement, the am-
plitude quadrature x4 or phase quadrature p4 of the photon-
subtracted state is measured by Alice’s homodyne detector
and then post selected with a selection width of §x < 0.05 on
X4 (Pa). Alice and Bob record the output signals of their HDs
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FIG. 2: Reconstructed Wigner functions and corresponding contour plots of prepared states at different transmission efficiency 7. a), b), ¢),
d) Cat states and e), f), g), h) rotated cat states for 90 degrees at different transmission efficiencies of Bob’s mode. All results in the above plot

are corrected with 90% detection efficiency.

simultaneously, and then Bob only keeps the corresponding
data when Alice’s quadrature values meet the selection con-
dition. Bob performs quantum tomography to reconstruct the
Wigner function W(x, p) of his state.

IV. RESULTS

As shown in Figure [Zh and 2k, optical cat states with two
directions in phase space are prepared by projecting Alice’s
quadrature values at py = 0 and x4 = 0, respectively. In prin-
ciple, cat states at Bob’s station could be rotated in arbitrary
directions with the form of (le?a)—|e ?a))/ V2(1 — e2l*) by
changing the homodyne projection angle 8 at Alice’s station
(see Appendix A for more details), which shows remote ma-
nipulation of directions of prepared cat states in phase space.
Compared with the preparation of cat states in arbitrary di-
rections based on photon subtraction from squeezed vacuum
states, which requires squeezed vacuum states squeezed in ar-
bitrary directions, the presented scheme relaxes this require-
ment on the quantum resource.

An optical cat state and a rotated cat state with amplitude
|a| ~ 0.65 and the value of W(0, 0) ~ —0.10 are obtained when
transmission efficiency is 74 = ng = 0.9. The fidelity of the
prepared optical cat state F' = {cat_| pyu |cat-) is quantified
by calculating the overlap between an ideal cat state |car_)
and the experimentally reconstructed density matrix p,,,. An
optical cat state and a rotated cat state with the fidelity of F ~
67% are obtained, which is limited by the purity of the initial
TMSS and loss, at the transmission efficiency of 0.9.

To present the tolerance of our scheme on channel loss, we

simulate the transmission of Alice’s and Bob’s modes of the
TMSS in lossy channels by changing the transmission effi-
ciency in Alice’s and Bob’s quantum channels respectively.
In the case of loss on Bob’s mode, as shown in Figure |Z|, the
negative values of W(0, 0) of the prepared cat state and the ro-
tated cat state are reduced when the transmission efficiency is
varied from 0.9 to 0.3, which represents the decrease of the
nonclassical feature. The negative part of the Wigner function
vanishes at the transmission efficiency of 0.5 and 0.3.

In the case of loss on Alice’s mode, as shown in FigureEL
cat and rotated cat states are also obtained at Bob’s station.
The negative value of W(0,0) of prepared states is reduced
when the transmission efficiency is varied from 0.7 to 0.3, but
it never disappears. Compared with the case of loss in Bob’s
mode (Figure 2), the loss tolerance of our scheme in Alice’s
mode is better than that in Bob’s mode.

To quantify the characteristics of remotely prepared cat
states in a lossy quantum channel, we present the value of
W(0,0), fidelities, and amplitudes of prepared states at differ-
ent transmission efficiencies in Bob’s and Alice’s channels in
Figure ] In the case of loss on Bob’s channel [Figure @,
[Ap, and [], it is obvious that the fidelity and amplitude of
remotely prepared cat states are reduced with the decrease in
transmission efficiency. When the transmission efficiency of
Bob’s mode surpasses 0.64, the fidelity is larger than 50%,
and negativity of the Wigner function appears, which indi-
cates that cat states are successfully prepared remotely within
the transmission distance of around 9 km (considering a loss
rate of 0.2 dB/km in the fiber channel).

In the case of loss on Alice’s channel [Figure Ekl E}e and
[F1, it is obvious that the negativity of the Wigner function,
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FIG. 3: Reconstructed Wigner functions and corresponding contour plots of prepared states at different transmission efficiency 74. a), b), ¢)
Cat states and d), e), f) rotated cat states for 90 degrees at different transmission efficiencies of Alice’s mode. All results in the above plot are
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FIG. 4: Evolution of remotely prepared cat states in a lossy quantum channel. a) The Wigner negativity, b) fidelity, and c) amplitude of the
remotely prepared cat states as a function of the transmission efficiency of Bob’s mode. d) The Wigner negativity, e) fidelity, and f) amplitude
of the remotely prepared cat states as a function of the transmission efficiency of Alice’s mode. The red and blue data points represent cat
states and rotated cat states for 90 degrees, respectively. The error bars are obtained by the standard deviation of measurements repeated three

times.

fidelity, and amplitude of remotely prepared cat states is re-
duced with the decrease of transmission efficiency. However,
the fidelity of the remotely prepared cat state is always above
0.5 as long as the transmission efficiency in Alice’s mode is
larger than zero, which is different from that in the case of loss

on Bob’s channel. This demonstrates that the remotely pre-
pared cat state can tolerate much more loss in Alice’s channel
than that in Bob’s channel.

In our experiment, only the loss in Alice’s mode affects the
single-photon detection rate. In the case of loss in Bob’s chan-
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FIG. 5: Results for increasing the amplitude of the prepared cat states. a) Dependence of amplitude and fidelity of Bob’s cat state on the
squeezing level of the TMSS for different subtracted photon numbers on Alice’s mode. b) Dependence of fidelity on the amplitude of Bob’s
cat state with optimum squeezing levels for different subtracted photon numbers. The fidelity represents the overlap between Bob’s state pp
and the odd cat state |cat_) for odd n, and the overlap between pg and the even cat state |cat,) = (la) + | — a@))/ V2(1 + &2 for even n. The
unit transmission efficiency is chosen in the calculation. c), d), e) Wigner functions of prepared cat states at Bob’s station when two, three, and
four photons are subtracted from Alice’s mode with optimum squeezing levels of —8.4 dB, —8.4 dB and —8.2 dB, respectively.

nel, the generation rate of optical cat states is around 1 kHz,
which is obtained by considering the single-photon detection
rate 14 kHz and the success probability 7.5% of the post-
selection procedure, and remains unchanged with the trans-
mission efficiency np. In the case of loss on Alice’s channel,
the generation rate of optical cat states decreases with trans-
mission efficiency n4. The success probability of the post-
selection procedure depends on the selection width, which is
chosen as 6x = 0.05 in our experiment. To choose a proper
selection width in post-selection, the trade-off between the fi-
delity and the success probability should be considered (see
Appendix C for more details).

V. DISCUSSION AND CONCLUSION

Up to now, it remains a challenge to prepare optical cat
states with amplitude larger than 2, which is a necessary
requirement for quantum computation with cat states [L1].
Here, we show that our scheme can generate large-amplitude
optical cat states by subtracting more photons from a TMSS
with optimum squeezing. Supposing that n photons are sub-
tracted and the homodyne projective measurement ps = 0 is
performed at Alice’s station, Bob’s state is expressed by

Vs _Nl/zz
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where N, is the normalized parameter. When even and odd
numbers of photons are subtracted, even and odd cat states
are obtained, respectively. The fidelity between Bob’s state
and an ideal cat state is given by

F® = N/ Z

where N, = N, Lemlof 12(1 4 ¢7297) and the subscripts + and
— correspond to even and odd cat states, respectively.

As shown in Figure [Bh, the amplitude of the cat state is
increasing with the increase of squeezing level while the fi-
delity decreases slowly when one photon is subtracted by
Alice (solid lines). Interestingly, by subtracting more pho-
tons, the amplitudes are increased but the fidelities reach their
maximum at certain squeezing levels, which is different from
the tendency of the case of single-photon subtraction. As
shown in Figure [3p, it is obvious that with optimum squeez-
ing level, the fidelity reaches the maximum for each case, the
more photons are subtracted from Alice’s state, the larger cat
states are obtained. For example, when the squeezing level
of the TMSS is 8.4 dB, by subtracting three photons, the cat
state with amplitude of ~ 2.61 and fidelity of 96% can be
obtained. By comparing the Wigner functions of subtract-
ing two, three, and four photons, as shown in Figure 5k, B,
and [Bp respectively, the amplitude of the cat states at Bob’s
station is increased and the interference between two coher-
ent components becomes more apparent. Compared with the

2
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preparation of a large-amplitude cat state by subtracting multi-
photons from a squeezed vacuum state, cat states prepared by
our method present higher fidelity under the same condition
(see Appendix A for more details).

Compared with the method to prepare non-Gaussian entan-
gled states such as NOON state and hybrid entangled state,
Gaussian entangled states can be prepared deterministically
and are scalable. The scalability of the Gaussian entangled
state has been demonstrated with over ten thousand modes in
recent years [41,42]. In a quantum network, with the increase
of the number of users, it is convenient to extend our RSP
scheme to multi-users based on a deterministic multipartite
Gaussian entangled state [46]. It is interesting to demonstrate
the RSP of optical cat states based on multipartite Gaussian
entanglement, which has potential application in a quantum
network and is worthy of further investigation.

In summary, we remotely prepared odd optical cat states
by subtracting one photon from one mode of the TMSS and
performing homodyne projective measurement on the photon-
subtracted state at Alice’s station. The rotation operation
is also implemented on the prepared cat states remotely by
changing Alice’s measurement basis of homodyne detection.
We demonstrate that the remotely prepared cat state can tol-
erate much more loss in Alice’s channel than that in Bob’s
channel. More importantly, we show that optical cat states
with amplitudes larger than 2 can be prepared by subtracting
more photons from the TMSS with optimum squeezing.

In our scheme, the techniques of photon subtraction and
homodyne projective measurement are combined to realize
remote preparation of optical cat state, which is a typical hy-
brid quantum information processing involving both discrete-
variable technique and continuous-variable quantum resource.
Our results present a new method to remotely prepare optical
cat states and make a crucial step toward the remote hybrid
quantum information processing. Inspired by the recent ad-
vance of preparing non-Gaussian quantum states by perform-
ing photon subtraction on a multimode Gaussian entangled
state [47], it would be worth to further developing our method
for remotely creating cat states in a quantum network.
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APPENDIX A: THEORETICAL ANALYSIS OF THE
REMOTE STATE PREPARATION PROPOSAL

1. The case of single-photon subtraction

Remote state preparation (RSP) of optical cat states is based
on the remotely distributed quantum entanglement between
Alice and Bob. A two-mode squeezed vacuum state (TMSS)
is expressed as |yo)ap = ﬁhr Yimeo tanh™ rlm, myap, where r
is the squeezing parameter and |m) is the Fock state. After
Alice performs single-photon subtraction operation on mode
A, the shared state can be rewritten as

00

W )an o< aalodan = Ny'2 > Vmtanh™ rim = 1,map. (5)

m=1

where @, is the annihilation operator on Alice’s state, and
N, = sinh? rcosh? r is the normalized parameter. It has been
shown that the Bob’s state becomes non-Gaussian after Al-
ice’s photon subtraction operation [29]].

()

X

o N
°
LN )
I
N
N
ES

N oo N
°

g
-2 |
N -4
4-4 2 0 2 4. g‘oo ,-4 -2 0 2 4
. X N [ s 4 £
(e) ~ | /e (a)
) 1357 a5 ]
N ‘ r4
0 p w 0 p
180° 0
2 -2
Y [ o,
-4 -2 0 2 4 -0.1 0 0.1 -4 -2 0 2 4

FIG. A6: Rotated cat states in arbitrary directions. (a-e) Theoreti-
cally plot of remote prepared cat states rotated in five directions based
on a TMSS with unit transmission efficiency.

By performing the quadrature measurement £ = (ase™ +
a,e)/ V2 on the photon-subtracted state at Alice’s station,
the conditional state at Bob’s station becomes |<p(},) g =

xAl.%fq
A(X§|¢’1>AB, where xi is the outcome of Alice’s quadrature
measurement. The inner products of the eigenstates of op-

erator )?Z and the photon number states |m) are given by
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where H,,(x) is the Hermite polynomial. Particularly, )Aci = XA
when 8 = 0 and )Ef‘ = pa when 6 = m/2, which correspond
to the amplitude and phase quadrature operators, respectively.
Their corresponding eigenstates lead to
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FIG. A7: Influence of squeezing of TMSS on the prepared cat state
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Therefore, Bob’s conditional state becomes an odd cat state
with the outcome xﬁ = 0, which takes the form of

me 1008 tanh™ r
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where Np is the normalized parameter so that B<¢0|fc“ |¢O|)?H ) =
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1. Furthermore, considering Hy;1(0) = 0 and Hy(0) =
(=2)(2k — 1)!!, Bob’s state can be rewritten as

ety s < 11 6)p" =1 = . 0)}, (10)
where |r, 9)591) o« ¥ %tanhmre‘im("‘”/z)lmm. Hence, if
Alice measures the phase (p4) quadrature, Bob’s state is
similar with an cat state (@) — | — @)) with |r, 7r/2)g) o
Yo ﬂm’!tanh’”r|m>3. And if Alice measures the ampli-
tude (X4) quadrature, Bob’s state is similar with the ro-
tated cat state for 90 degree (lia) — | — ia)) with |r, 0)2) o

Z;;’:O(i)m%tanhmrlm)g. By measuring arbitrary quadrature

xz, the prepared optical cat state can be rotated for arbitrary
degree at Bob’s station remotely, as shown in Fig. [A6]

In the following, we examine key figures of merit for the
prepared cat state at Bob’s station by Wigner function, which
represents a typical phase-space quasiprobability distribution
and the joint probability distribution of the quadratures for the
quantum state [48]]. Given the density matrix of the quantum
state p, the corresponding Wigner function is defined as

1 .
W) = — f e P — xlpIX + x)dx,  (11)

with the quadratures expressed by the coherent amplitudes
X = (@ +a)/V2, Y = (@ — a*)/ V2i. If the density matrix
is expanded in the Fock basis, p = 3., , onmln){ml, the Wigner
function can be rewritten as [49]

m—1
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Here, N, is the large cutoff of photon number, X, =
a1 ,/r’,;—!!e‘2‘”‘2(2a)m‘”L;"‘” (4|a/|2), and Lj(x) is the associ-

ated Laguerre polynomial.

For an odd cat state, the value of the Wigner function at
original point W(0, 0) is negative. In Fig.[A7|a), the value of
W(0, 0) is shown with the change of the squeezing level. Since

W(0,0) is negative in a large range of the squeezing level, it is

verified that a nonclassical state has been prepared on Bob’s
side, which, as explained below, has a high fidelity with an
odd cat state.

An ideal odd cat state is defined as |cat_) = (o) — | —
a))/ V2(1 — e2oP), where |a) is the coherent state with am-
plitude @. Since the target state is a pure state, the fidelity
between Bob’s state pp and ideal cat state can be simplified
as F"' = (cat_|pg|cat_) [50]. The dependence of fidelity and
amplitude of Bob’s cat state on squeezing level are shown in
Fig.[A7(b) and [A7|c), respectively. It is obvious that the cat
state with high fidelity can be prepared at Bob’s station within
a large range of the squeezing level (0 - 6 dB) of the TMSS.
However, with the increase of squeezing level, the amplitude
is increased while the fidelity drops slightly.

2. The case of two-photon subtraction

The expression of Bob’s state when n photons are sub-
tracted from Alice’s mode are presented in the main text,
which illustrate that odd or even cat states can be prepared re-
motely by subtracting odd or even photon numbers at Alice’s
station. To show the feasibility of preparing an even cat state
in our scheme, the example of n = 2 is presented. The TMSS
after Alice performs two-photon subtraction on her mode be-
comes |W2)ap o« a5Wodap < Yo, Vm(m —1)tanh” rim —
2,mysp. After the homodyne projective measurement per-
formed by Alice, Bob’s state can be rewritten as

o Vm(m — 1)e =20 tanh™
[T Hy2(0)m)s
A | \ /2171—2(m _ 2)!
o« |r, )% + 11,0, (13)

where |r, G)g) oy "“m—\/%)”tanh’"re"'m(e‘”/ D|m)p. It’s obvi-

ous that Eq. (T3) takes a similar form with the even cat state
lcat,) = (la) + | — a))/ V2(1 + e72e), As explained in the
case of the odd cat state, an even cat state can be prepared
at Bob’s station if Alice take the phase (p4) quadrature mea-
surement with |r, 7T/2>532) o Y "’(L\/;T")”tanhmrlmm, and an
rotated cat state for 90 degree can be génerated at Bob’s sta-
tion if Alice take the amplitude (%4) quadrature measurement

with |r, 0)532) o Y ()" —m(':’/%)”tanh’”ﬂm}lg.

3. Comparison of two schemes based on a SMSS and a
TMSS

In the last decades, local preparation of cat state by sub-
tracting photons from a single-mode squeezed state (SMSS)
has been well developed [21H27]]. To show the advantage of
our scheme in the preparation of large-amplitude cat state, we
compare the scheme of preparing cat states based on a TMSS
with this commonly used method, i.e., subtracting photons
from a SMSS.

A SMSS in the Fock basis is expressed by,

1 = . N@2m)!
b0 = mZtanh S 2mys. (14)
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FIG. A8: Comparation of the results in two schemes based on a
SMSS and a TMSS. (a) Dependence of amplitude (blue lines) and
fidelity (red lines) of the locally prepared cat state on the squeezing
level for different subtracted photon numbers in the scheme of sub-
tracting photons from a SMSS. (b) Dependence of fidelities on the
amplitude of the cat state with optimum squeezing level for different
subtracted photon numbers of two schemes. The red curves with cir-
cles represents the cat states prepared locally by subtracting photons
from the SMSS, while the blue curves with triangles represents the
cat states by subtracting photons from the TMSS.

By subtracting n photons from the SMSS, the state becomes,

2m)!

e = N2 tanh" r ————
bnda = N2 D 2m! 2m = n)!

m=[51

12m — nyg. (15)

Here N, is the normalized parameter, and the ceiling function
[51 represents the least integer greater than or equal to n/2.
The ideal cat states in Fock basis can be expressed by:

W/*_ y e—\a\2/2 M+ (_a,)ml > a6)
cat/ = mn,
2 xe Py A !

Therefore, the corresponding fidelity with the ideal cat states
(T6) can be expressed as,

2
12
e\a/\/Z

2(1 = e-2F)
Z (2m)' tanh™ r a,2m—n + (_a,)Zm—n

2Mm! 2m —n)!

7 =N,

m=[51

As shown in Fig.[Ag] although the amplitudes of the locally
prepared cat states always increase, the fidelities 7{_@ always
decease, along with the increase of the squeezing level for
different subtracted photon numbers. This behavior is clearly
different from our scheme, i.e., subtracting photons from a
TMSS, when n > 2, where the fidelities reach the maximum
with optimal squeezing levels as shown in Fig. 4 of the main
text. We also compare the fidelities of these two schemes
when preparing large-amplitude cat states with the same am-
plitudes, as shown in Fig.[A8b. It is obvious that the fidelities
of our scheme are always higher than that of subtracting pho-
tons from a SMSS in the case of subtracting two, three and
four photons. This confirms that our scheme is more suitable
for preparing large-amplitude cat states when multi-photons
are subtracted.

APPENDIX B: DETAILS OF THE EXPERIMENT

1. Experimental setup

Figure [BY] shows the detailed experimental setup. A con-
tinuous wave intracavity frequency-doubled and frequency-
stabilized Nd: YAP/LBO (Nd-doped YAIO3 perorskite lithium
triborate) laser generates laser beams at 1080 nm and 540 nm
simultaneously, which serve as the seed and pump beams of
the NOPA respectively. The NOPA is composed of a 10 mm
long a-cut type-II potassium titanyl phosphate (KTP) crystal
and a concave mirror with a 50 mm radius. The front face of
the KTP crystal is coated to be used for the input coupler and
the concave mirror serves as the output coupler of NOPA. The
transmittances of the front face of KTP crystal at 540 nm and
1080 nm are 40% and 0.04%, respectively. The end-face of
KTP is antireflection coated for both 1080 nm and 540 nm.
The transmittances of the output coupler at 540 nm and 1080
nm are 0.5% and 12.5%, respectively.

NN DAOM ] PBS [ SNSPD (&) Subtractor

:EOMDDct | qwe

Lock-in
—— amplifier
.
NOPA

| nwe

FIG. B9: Detailed experimental setup. MC: mode cleaner, NOPA:
non-degenerate optical parametric amplifier, OI: optical isolator,
EOM: electro-optic modulator, AOM: acousto-optic modulator, Det:
detector, PBS: polarization beam splitter, HWP: half-wave plate,
SNSPD: superconducting nanowire single-photon detector, QWP:
quarter-wave plate, HD: homodyne detector, PZT: piezo transducer,
LO: local oscillator.

In our experiment, to produce the two-mode squeezed state
(TMSS), the NOPA is locked with the lock-and-hold tech-
nique, which is performed with the help of two acousto-optic
modulators (AOMs). The seed beam is chopped into a cyclic
form with 50 ms period, which corresponds to each locking
and hold period, using two AOMs. During the locking pe-
riod when AOMs are switched on, the first order of the AOM
transmissions is injected into the NOPA for the cavity locking.
When the AOMs are switched off, the seed beam is chopped
off and the NOPA is holding. The TMSS is generated and
the measurement is performed during the hold period. The
filter cavity used to filter out the non-degenerate mode is also
locked during the lock period by using the signal beam trans-



mitted through the NOPA. The reflected light of the input cou-
pler of the filter cavity is detected and the error signal is ob-
tained by using a lock-in amplifier. The relative phase of Al-
ice’s HD is locked to 0 degrees and 90 degrees to measure
amplitude and phase quadratures, respectively. The relative
phase of Bob’s HD is scanned to reconstruct the Wigner func-
tion of Bob’s mode by using the maximum-likelihood method.

The total detection efficiency of HD is around 90% which
includes the quantum efficiency of the photodiode (98%), the
mode matching efficiency (98%), and the clearance of the HD
(96%). The transmission efficiencies of two optical isolators
together with other optical elements placed in front of Alice’s
and Bob’s HDs lead to ~ 10% transmission loss. Thus the
cat state with the maximum transmission efficiency of 0.9 is
obtained in the experiment.

2. Covariance matrix of the TMSS
The initial TMSS is characterized by reconstructing its co-

variance matrix (CM). The theoretical CM without loss is ex-
pressed by

AR, 0 MGty 0
_ 0 A pa 0 A*(Paps)
TAB=| 23akp) O Ay o | U®

0 A*(paps) 0 A pp

where 428y = A?py = A5 = A pg = Y%, and A (Rakp) =
Yt A2 (papp) =~V Va = A2 (3a=2p)/2 = A (a+Ps)/2
and Vy = A>(R4 + 25)/2 = A*(pa — pp)/2 are the correlated
variances of the quadrature measurement statistics between
two modes of the TMSS. In our experiment, V; = 0.24 and
V, = 1.3, which correspond to —3.2 dB squeezing and 4.2 dB
antisqueezing when the NOPA is pumped at 70 mW, respec-
tively.

In the process of measuring the covariance matrix of the
TMSS, the variances of quadrature phase pup and ampli-
tude X4z of the TMSS state are measured by locking the
relative phase between the local beams and signal beams of
two HDs to 90 and O degrees, respectively. A digital storage
oscilloscope (OSC, TELEDNE LECROY, HDO8108A) with
sampling rate of 500 MS/s is used to recored the electrical
signals from two HDs. The corresponding variances 424 p
and 4%%,(p) are calculated from the measured data, as well as
the correlated variances A4%(%4 — £g) and 4%(p4 + pg). Cross
correlations are obtained by using the relations 4?(i4%5) =
(A2 (84— k) — 4234 — A*%p) /2 and A*(Paps) = (4*(Pa+ Pp) —
A%pp — A% pp)/2, respectively.

APPENDIX C: THE EFFECT OF THE EXPERIMENTAL
IMPERFECTIONS AND TRANSMISSION EFFICIENCY

Taking the experimental imperfections into account, the ini-
tial entangled state generated by Alice is actually a mixed two-
mode squeezed state, which can be described by the variances
of squeezing (V) and antisqueezing (V,) with V,V, > 1/4.
Thus, a mixed two-mode Gaussian entangled state is shared

by Alice and Bob in the practical situation, whose CM can be
expressed by

n 0 ¢ O

[oa yaY_| 0 n 0
O—AB_(’YZB O—B)_ c 0O m 0] (19)

0 c; 0 m

where n = 4284 = A2pa, m = A% = A pp represent the vari-
ances of amplitude and phase quadratures of the output optical
modes, ¢; = Cov(Xa, Xp) and ¢, = Cov(pa, pp) indicate their
cross correlations.

Considering the practical losses characterized by transmis-
sion efficiency 14 and 7p, the CM elements become n =
MaVa+ V)2 + (A =na)/2,m =np(Va + V) /2 + (1 —np)/2,
¢ = \Mane(Va—V,)/2. In our experiment, the loss introduced
by the isolator at Alice’s station also need to be considered,
which lead to 74 = 0.9. The squeezing level is defined as
s = —101log,,(2V;) dB.

In the following, we show that such a two-mode Gaussian
entangled state shared by Alice and Bob can be mapped to
the state with an effective model in Ref. [51]. In the effec-
tive model, one mode of an effective TMSS freely propagates
towards Bob while the other mode propagates towards Alice
through a phase-insensitive loss channel with transmissivity
n and a two-mode squeezer with a squeezing parameter r;.
Thus, the CM of the two-mode state takes the form of [51]

(th + &) 0 Vr2 = 1) 0
1 0 (th + &) 0 —\Tr = 1)

Tmixed =51 S = 1) 0 b 0
0 —T(? - 1) 0 b
(20)
with T = pcosh?(ry), & = (1 — 1) cosh?(ry) +sinh?(ry), b = (1 +
%)/ (1=¢?), where ¢ is the squeezing parameter of the effective
TMSS. The corresponding density matrix can be expressed in
the Fock basis as follows [40]

o Om 12 ( N )’"2*"2

my,ma,ny,ny=0 1+ny,my+ny coshé ry \ coshry
2(my—my) min{m,n2} ("h)(”l)( m )( m )
X tanh Ts Zkzmaxqo,mz_m,] k J\k J\mo—k)\n—k

2k
x (1 [ sinh rs) iy )Yy, @1

It is well known that Gaussian states are fully characterized
by the CM of their quadrature observables, when the mean
values are all set as zeros. Comparing the CMs in Eq. (19)
and Eq. (20), they are identical if the following conditions are
satisfied

Pmixed X

m=1b+¢ 2m=b, 2c =\t - 1). (22)

Hence, the density matrices of the states with identical
CMs and are actually the same. This means that the
two-mode Gaussian entangled state shared by Alice and Bob
can be expressed by Eq. (ZI) with the parameters determined

by Egs. 22).
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FIG. C10: The influence of the selection width in the homodyne
projective measurement. (a) The successful probability P, (b) the
value of W(0, 0), (c) the amplitude of cat state |a|, and (d) the fidelity
F changing with the selection width 6x. The error bars are obtained
by standard deviation of measurements repeated three times.

With such a mixed state shared by Alice and Bob, the

single- photon subtraction operation on Alice’s state, pr‘;‘l})’wd =

aApmixeda ,» leads to the density matrix of the following form

v

my+ny
sub o 2 o0 Z 0 5 1-¢~ {
my,ni=1 Lmy,ny=0 WM (ogn2 o\ cosh ry

Prmixed

min{my,ny}
k=max{0,my—m,}

X Iy tanh?" ) g

2k
X (,/% sinhrs) |my = 1, mp)(n; — 1, ny].

Then by performing projective measurement % ‘L on Alice’s
state and obtaining the outcome of x’, \» the Bob’s state pB

(6o x4 collapses to

mixed

my+ny
I~ Zoo Zoo S 1-7% I\
my,ny=1 &my,ny=0 “MHn2, ML cogh2 o\ cosh ry

el -mpo ~)? miny 0 0
X > Hln.—l(xA)Hnrl(xA)
V2 =2 (my — 1)\ - D

2(my—my) min{my,ny} my nz m| ny
X tanh Ts Z:k max{ Om2—m1} \/ mo—k nz k)

x ( \/g sinh rs) Ima)(na.

B
Pmixed

(24)

(E)ENnte) e

(23)
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The theoretical curves of the value of W(0,0), fidelity and
amplitude in Fig. 3 in the main text are all based on the Bob’s
state shown in Eq. (24).

In our experiment, we have assumed the outcomes in a nar-
row range x € [—6x,6x] can be regarded as xf = 0, where
a finite successful probability ~ 7.5% with dx = 0.05 is ob-
tained in the main text. Specifically, the success probability

density to obtain the outcome of xz is expressed as

)
e ) g,

21 (m—DIvr

2ny
1= (Vi )\
(XA) - M Zn] 1 an =0 cosh? rg (coshrf)

X nl_l (xA) tanh?" =)
1 2k
ny n n /S
X k=max{0,ny—n;} (kz)(nzl—k) ( \/ T sinh }"s) 4 (25)

where M is a normalized parameter to make f_ 0:0 p(xi )dxi =

1. Thus the success probability to obtain outcomes in xf\ €

[-6x,x] on mode A is P(6x) = f_ 5{; p(xX{)dxf. In the mean-
while, the corresponding density matrix takes the form of

¢\

B -7 2
osh2 cosh 7,

mlxed

f dxA Z Z 6m]+n2 my+ng

my,n =1 my,n,=0

eitm m.)HW
N2 =2my — D)y — 1)

)mz +ny

(92
e N Hy 1 (38 Hpy 1 (65)

mm nmy I’lz

2

k=max{0,m;—m,

2k
,1 _
X ( n sinh rs] [mo Y(ns|.
n

In Fig. [CI0] the analytical results of success probability,
the value of W(0, 0), amplitude and fidelity changing with the
selection width éx are displayed based on Eqs. (23)) and (26),
which are compared with the experimental data shown as the
dots with error bars. By extending the selection width dx, the
success probability increases while the both of the amplitude
and the fidelity decrease. Therefore, Alice needs to choose a
proper selection width dx in order to remotely prepare a cat
state with high fidelity and high success probability at Bob’s
side.

X tanh?(™m =) m
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