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Overcoming noise in quantum teleportation with

multipartite hybrid entanglement
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Quantum entanglement and decoherence are the two counterforces of many quantum technologies and proto-
cols. For example, while quantum teleportation is fueled by a pair of maximally entangled resource qubits, it is
vulnerable to decoherence. Here, we propose an efficient quantum teleportation protocol in the presence of
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pure decoherence and without entangled resource qubits entering the Bell-state measurement. Instead, we
use multipartite hybrid entanglement between the auxiliary qubits and their local environments within the
open—-quantum system context. With a hybrid-entangled initial state, it is the decoherence that allows us to
achieve high fidelities. We demonstrate our protocol in an all-optical experiment.

INTRODUCTION

Quantum entanglement manifests itself in correlations that span
over arbitrarily long distances (1). Besides its great significance on
the foundations of quantum mechanics, entanglement has found
numerous applications in quantum information processing and
quantum communication, e.g., quantum teleportation (2-7), super-
dense coding (8-10), and quantum key distribution (11-13). How-
ever, the unavoidable interactions between a quantum system and
its environment can severely degrade the performance of these ap-
plications by means of decoherence (14). Avoiding any kind of de-
coherence is extremely demanding in practice, although many
promising decoherence suppression protocols have been proposed.
Some recent works have exploited delayed coherent quantum feed-
back (15-17), reservoir engineering with auxiliary subsystems (18-
20), quantum error-correcting codes (21-23), dynamical decoupling
(24-26), and decoherence-free subspaces (27, 28).

Linear optics provides a particularly robust platform in which
to perform different quantum information protocols and study the
problematics with decoherence. Here, the system of interest often
consists of the polarization degrees of freedom of individual pho-
tons, their frequency represents the environment, and the system-
environment interaction is realized controllably in birefringent media
(3, 7, 9, 27-32). Although the total dynamics is unitary, the open
system undergoes nonunitary dynamics, which is obtained by aver-
aging over the environment. The resulting dephasing drives the co-
herence terms of a given system to zero while keeping its populations
intact, corresponding to quantum-to-classical transition.

Here, we study quantum teleportation under dephasing in the
afore-described linear optical framework. We attack dephasing by
using multipartite hybrid entanglement. Hybrid entanglement means
entanglement between different degrees of freedom (33, 34), and it
has been previously used in overcoming the probabilistic nature of
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discrete-variable teleportation (35) but not yet in our context. With
hybrid entanglement, we can controllably scramble the open system’s
phase information so that the subsequent dephasing later reassembles
it instead of scrambling it even more. As a consequence, with dephas-
ing appearing in the end of our teleportation protocol, we can trans-
form system-environment correlations into coherences within the
teleported state. Note that, throughout this article, we will use “deco-
herence” and “dephasing” irrespective of how the coherences evolve.

We achieve high fidelities without the resource qubits being
entangled in the Bell-state measurement (BSM). Moreover, our
protocol works without any frequency correlations. Although the
environment in our case is controllable, our proof-of-concept work
lays the groundwork for future technologies with the anticipation
that as technology advances, similar control may be exerted over
more realistic environmental factors.

RESULTS

Theoretical description

The standard quantum teleportation protocol goes as follows (2).
Alice has a qubit whose unknown state |¢) = «|0) + p|1) she wants
to teleport to Bob. In view of this task, Alice and Bob have shared a
Bell state. Alice performs a BSM on her pair of states, i.e., the one to
be teleported and her part of the auxiliary state. The two become
fully entangled, erasing the initial entanglement between Alice and
Bob due to the monogamy of entanglement. Alice classically reports
her result to Bob, who then applies a unitary on his state, matching
with the reported Bell state. As a result, Bob’s state becomes |¢).

The standard protocol assumes ideal conditions, i.e., no noise.
We now consider a more realistic scenario, where the auxiliary state
shared by Alice and Bob experiences local dephasing noise for the
respective durations of T, and T}. The steps of our protocol are il-
lustrated in Fig. 1.

Encoding the auxiliary qubits into the polarization degrees of
freedom of two photons, having their frequencies act as local envi-
ronments, and taking initial system-environment correlations into
account, the total state of the two photons preceding the noise reads

90,0y === (IHV) J dfdfyg (f fy)e 000 )
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Here, H (V) denotes horizontal (vertical) polarization, g(f,, f3) is
the probability amplitude corresponding to the joint frequency state
|fufv) satisfying the normalization condition [df,dfylg(fe i)l = 1,
and the O-functions describe the initial polarization-frequency cor-
relations. Having access to these functions, Alice and Bob can tailor
the correlations to their liking. We make no other assumptions, e.g.,
about the frequency distribution.

The decoherence that the two polarization qubits will experience
is described by the system-environment interaction Hamiltonian
H, ®1, + 1, ® H,, where the local Hamiltonians are of the pure-
dephasing form (14)

b, = —(nH) (H] +njV|V><V|)®J iyl @

Here, nj, is the refractive index of a birefringent medium corre-
sponding to Alice (j = a) or Bob’s (j = b) polarization component A =
H, V. This leads to the joint unitary evolution of the system and
environment, Uj()|\)|f;) = e’z’tﬁ”wﬂ}»)[ﬁ), with #; denoting the inter-
action time. Because the open system and its environment together
form a closed system, no information is truly lost regardless of ini-
tial correlations. This comes into play later. To take this kind of noise
into account, Alice and Bob fix

0,(f) = 0,(f) — 0,(f) = —2nf,An,T, (3)

independently of each other. Here, Anj = njy — njy denotes the
birefringence.

Physically, imposing condition 3 on the state 1 entangles its
(composite) polarization with the (composite) frequency, creating a
multipartite hybrid-entangled state (33-35), and this can be done,
e.g., with spatial light modulators [SLMs; (32)]. How this hybrid en-
tanglement is distributed between Alice and Bob depends on the
initial probability amplitudes. With our choices, for example, there
is no entanglement in the open system or its environment alone, but
rather the local system-environment states of Alice and Bob are en-
tangled with each other (see the Supplementary Materials for more
details).

Before having any noise, the bipartite polarization state, obtained
by taking partial trace of [¥(0,0))(¥(0,0)| over frequency, reads

0 0 0 0
1o 1 A,0,0) 0

Pup(0,0) == “ )
2loA%00 1 0
0 0 0 0

where Ag(te, ty) = dfudfolg(f fo)” exp {i[0a(fy) + 2fuAnat, — Op(fy)
— 2mfpAnpty]} is the bivariate decoherence function governing the
decoherence dynamics of the auxiliary state. With T;>> 0, we obtain
the approximate form p,;(0, 0) ~ (|JHV)(HV| + |VH)(VH]|)/2 that is
(seemingly) local by its nature, i.e., its nonlocality is “hidden”

Alice then removes her contribution of the polarization-frequency
correlations described by 0,(f,) = —2nf,An,T, by letting her auxil-
iary photon go through a birefringent crystal with the birefringence
An, and length cT;. It should be stressed that it need not be Alice
who operates the SLM and implements noise. It might as well be
a third party that prepares the auxiliary photons and sends one to
Alice via noisy channel.

Because T}, >> 0, we still have the decoherence function A(T}, 0) ~
0 and, therefore, the mixed state p,(T,, 0) = (|HV){HV| + |VH)
(VH|)/2. On the other hand, denoting the state being teleported by
|[d) = a|H) + B|V),the total state of the three photons is

| (T, 0)) = % D) HV) [Ey(T,, )+ IVH) [€y(T,,00)]  (5)
2

where [&,/(T,,0)) = I dfudfbg(fm fb) exXp {i[eak(fa) + znfa”axTu +
O ()1} [fofp)- Note that, in Eq. 5, we have written the state to be
teleported first, then Alice’s auxiliary qubit, and lastly Bob’s auxiliary
qubit and that we will keep this order in the following. Namely, Eq. 5
can also be written in the form

(T, 0)) = 5 1O")BIH) £y (T )+t V) &35/ (T,,0)]
310 =PIH) (T 0+l V) g T 0]
3 1) [0l HY &y(Tyr 00)+ B V) £y (T, 0))

2 1) o HY &y (T 00) = B V) &y (T, )

" Upp(T)UD

A N B e
®:6 ®:0

D @ y S ® s y s,
. b .

o o

) pab(0,0) 4 pab (T, 0)

|B) = |0)(3)]

Fig. 1. Stages of noisy quantum teleportation. |}) is the state to be teleported, initially carried by the system S;. Sq) is Alice’s (Bob's) system/polarization, together form-
ing the composite open system & that is initially in the state p4,(0,0), whose nonlocality remains always hidden, i.e., while there is multipartite hybrid entanglement in the
total system, the polarization degree of freedom alone does not display nonlocality. E4( is Alice’s (Bob's) environment/frequency, together forming the composite envi-
ronment &. &/ (%) is Alice’s (Bob's) photon consisting of both the polarization and frequency degrees of freedom, and the green ovals represent entanglement. (A) Alice
and Bob have shared the auxiliary state [¥(0,0)). & and & are entangled through the initial probability amplitudes, while & and & are entangled through the phase func-
tions 6/(f). (B) Alice subjects her photon to dephasing noise, making the open system evolve from pu(0,0) to pas(Ts,0), whose nonlocality is still hidden. (C) Alice performs
BSM, entangling S¢ and S,. At the same time, the hybrid entanglement transforms into system-environment entanglement on Bob’s side, i.e., between S, and E,. Alice
classically communicates her result |B) to Bob, who then, by operating with the matching unitary U, obtains the polarization state Upr(O)U;. (D) Bob subjects his photon
to dephasing noise, which converts the S,-E, entanglement into coherences within S, yielding |§).
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where |®*) = (|HH) + [VV))/y/2 and |¥%) = (|HV) + |VH))/1/2
are the Bell states.

Alice performs BSM on her pair of qubits. This simultaneously
entangles her polarization qubits and remotely transforms the hy-
brid entanglement into local system-environment entanglement on
Bob’s side. Alice communicates her result |B) to Bob, who then ap-
plies a matching unitary operation Up on his qubit pj(0). The match-
ing unitaries are

o, for |®™)
ic, for | @)
lfor |¥F)
o, for |¥7)

Up= (7)

Now, Bob’s polarization state reads

o

oA, (T, 0)

aB* A gy (T, 0)
ik

It is important to note that, in the above equation, Bob’s qubit’s
decoherence function is now exactly the one that previously de-
scribed the nonlocal coherences for the auxiliary qubit pair. It still
has the value A.(T,, 0) = 0 (see Eq. 4 and text below that), while
Alice’s BSM has remotely entangled Bob's polarization and frequency.
Last, Bob can retrieve the previously hidden information and pu-
rify the state 8 by subjecting it to dephasing noise determined by
the effective path difference cAn,Ty,. With Ag(T,, Tp) = 1, the final
state becomes |§). Note that Bob needs no information about Alice’s
system-environment correlations.

The biphoton polarization shared by Alice and Bob does not vio-
late the Bell-Clauser-Horne-Shimony-Holt (Bell-CHSH) inequalities

Ugp, (0) U = (8)

during BSM (for details, see the Supplementary Materials). Further-
more, our protocol works even with uncorrelated frequencies, i.e.,
with g(fa, fv) = ga(fa)g6(f5), as opposed to prior teleportation schemes
using active nonlocality and fully anticorrelated frequencies to bat-
tle decoherence [see, e.g., (7)]. Hence, our protocol is not limited
to using specific initial polarization states. We did not assume any-
thing about the paths leading to Alice and Bob either; accounting
for free evolution, the two time variables in the decoherence func-
tion A(t,, tp) would simply become ¢ = t; + Angir/ Anjt;, free, but,
because An,;; = 0, we immediately see that free evolution does not
influence our protocol.

Recently, a teleportation protocol starting from a classical two-
qubit state was demonstrated in (36), where the “hidden nonlocality”
of the two auxiliary qubits was first activated with local filters. Our
protocol too fits well with the concept of hidden nonlocality (37-39),
albeit our filters are unitaries. However, our protocol shows that
nonlocality need not be fully activated before the BSM. As a conse-
quence, the nonlocality of the polarization remains always hidden.

Experimental results

The three photons needed in the protocol were prepared in two con-
secutive spontaneous parametric down-conversion (SPDC) pro-
cesses. The phase functions were implemented with SLMs and noise
with birefringent crystals. Last, the BSM was carried out in standard
manner with linear optical elements. The experimental setup is pre-
sented in Fig. 2, and further details are given in the “Experimental
design” section.

To thoroughly test our protocol, we teleported the states |[+) =
(IH) + [V)//2, 1=) = (IH) = [V))/v/2, IR) = (|H) + i|V))/1/2, and
LY = (JH) —i|V))/\/2 using different versions of it. In each case,
noise was implemented either on Alice’s side (4002 of YVOy,), Bob’s
side (411A¢ of quartz), or both. In addition, we either used SLMs

To detect 390-nm laser
O aetector H
Bob Lone Sources Alice
To detector \.(0 @ ] 3 PCC lens BC
% PBS SMfiber ™ L ' ] "= SM fiber
MRPs &8 3-nmIF - | - BBO C-BBO
ise /8 Fe ‘ i To detect \ ‘
Noise ® I\ FC 3.nm IF o detector FC@
uo aeds/ @re
< ‘ "T Grating
AN ¢ ;
Grating SE§I= 4 Grating <
- §
,\ / BSM .
3 HWP2 = ]
A e & |
Bl Delay L/ J L X 5 %
Qwp Y Grating - = [
\ -~ HWP4
By )
\ /
\) 7 E0
G, HWP3 . _2-mIF
SLM ;’ ' PBS &\

To Detector

To Detector

Fig. 2. Experimental setup. The setup is composed of four parts. The sources include a polarization entanglement source and a single-photon source. The auxiliary pho-
tons’modulation takes place at“Alice” and “Bob.” After the modulations, the photons from the single-photon source combine in BSM. Noise is implemented in birefringent
crystals (BC). C-BBO, sandwich-like BBO + HWP + BBO combination; BBO, beta barium borate; HWP, half-wave plate; QWP, quarter-wave plate; PCC lens, plano-convex
cylindrical lens; BD, beam displacer; MRP, motor rotating plate; PBS, polarizing beam splitter; UO, unitary operation; IF, interference filter; SM fiber, single-mode fiber; FC,

fiber collimator.
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(i.e., hybrid entanglement) or not. Whenever SLMs were used,
Alice’s phase function was 0,(f;) = —2mf,/c - 446 and Bob's 0y(f;) =
—2mfy/c - 429). The factors in front of A in the phase functions were
carefully optimized to mitigate dispersion in the birefringent crys-
tals. This explains the mismatch between the amount of noise and
the said factors (400/446 and 411/429).

Figure 3 shows the fidelities of the final states p; with respect to

\/Epi\/_> The bars

labeled by “A,” “B,” and “A + B” correspond to Alice’s noise configu-
ration, Bob’s noise configuration, and the combination of these two,
respectively. The lower, red bars give fidelities of the protocols with-
out SLMs, whereas the higher, white bars give fidelities of the proto-
cols with SLMs. The orange lines correspond to situations, where we
had neither noise nor SLMs. The black dotted line is the classical
average fidelity limit, 2/3 (40).

From Fig. 3, we can clearly see the problem with decoherence
even with entangled polarization qubits (lower, red bars) and how
hybrid entanglement helps us resolve it (higher, white bars). The
white bars labeled by A 4+ B and B describe the main results of this
paper and correspond to the protocol starting from Fig. 1 (A and B),
respectively. Here, the total state of the two photons before BSM is
hybrid-entangled; from the open system’s point of view, the nonlo-
cality is hidden. Still, we achieve very high fidelities in the end, in all
cases well above the classical average fidelity limit and approximate-
ly equal to the reference fidelities.

The white bars labeled by A correspond to standard teleportation
after Alice’s dephasing. Namely, Alice’s dephasing converts the hy-
brid entanglement into typical polarization entanglement, giving
Alice and Bob just the Bell state |[¥*) before BSM. Similar results are
reported in section S2. There, we purified all the Bell states with
SLMs and subsequent dephasing. In addition to YVO, and quartz,
we used a 2-m polarization-maintaining single-mode fiber, corre-
sponding better to a real-life scenario.

the input states p;, given by F(p, p;) = ( r

DISCUSSION
In this work, we have demonstrated noisy quantum teleportation with
the help of multipartite hybrid entanglement. Against the traditional

T

e

0.8 ‘

-) LY
State

Fig. 3. Fidelities of the teleported states. A, noise only on Alice’s side; B, noise
only on Bob’s side; A + B, noise on both sides. The lower, red bars correspond to
protocols with standard polarization-entangled initial states. The higher, white bars
correspond to protocols with hybrid-entangled initial states. Each panel corre-
sponds to different target state, which are given below the panels. The orange lines
on top of each panel indicate the reference fidelities with no SLMs and no noise.
The black dotted line is the classical average fidelity limit (2/3). The error bars are
SDs calculated by a Monte Carlo method and mainly due to the counting statistics.
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viewpoint of decoherence always acting as a drawback, here dephas-
ing helps us achieve high-fidelity final states. This is due to hybrid
entanglement effectively reversing the direction of decoherence. It
allows us to start from a classical polarization state and end up with
the desired quantum state. Consequently, the resource qubits need
not violate the Bell-CHSH inequalities in BSM.

We emphasize that only the initial phase functions need to be
controlled. Because neither the frequency distribution nor the fre-
quency correlations play a role in our protocol, we can use any initial
Bell state (without coherences) as the auxiliary qubits.

Hybrid entanglement not only helps with fighting decoherence.
It can also bring another layer of security. Consider a general setting
and Eve the Eavesdropper capturing Bob’s qubit before Bob has pu-
rified it with dephasing. Even if Eve knew Alice’s BSM result, she
could not purify the captured qubit, because it is not correlated with
Eve’s environment. With dephasing, Eve could only make things
worse. It would be an interesting line of future research to investi-
gate how deep the teleported information can be hidden, i.e., how
large hybrid-entangled total state we can use.

The experimental results presented in the Supplementary Mate-
rials suggest that our technique could also be applied in state trans-
fer outside quantum teleportation. In theory, we could transfer any
N-qubit state across dephasing environments, with a pure state exit-
ing the network. Hence, we could go well beyond decoherence-free
subspaces. In practice, only the resolution of the SLMs might limit
such applications.

The main assumptions in this work were prior knowledge on the
duration of dephasing and access to initial system-environment cor-
relations. Not knowing the lengths of the dephasing channels, Alice
and Bob would face an interesting optimization problem in terms of
their phase functions. Figure S4 corresponds to such a situation.
Should the second assumption fail, it would be worth investigating
whether ancillary systems could help, e.g., like Greenberger-Horne-
Zeilinger states in (41, 42).

In general, our results highlight the importance of state prepara-
tion in the applications of quantum theory and shed new light on
entanglement recycling. While our work has a proof-of-principle
character, it also opens the possibility to see whether decoherence
can be reversed in other physical platforms, including different
sources of noise.

MATERIALS AND METHODS

Experimental design

First, a combination of beta barium borate (BBO) nonlinear crystal,
half-wave plate (HWP), and another BBO (together “C-BBO” in Fig. 2)
is pumped by a femtosecond ultraviolet laser (390 nm, 76 MHz).
The entangled photon pairs produced by SPDC are distributed to
the sides of Alice and Bob.

The photons that did not get down-converted proceed to one
more BBO crystal. Here, the state to be teleported is created togeth-
er with a photon that later triggers the coincidence counting elec-
tronics. The state being teleported is finalized by HWP2 and a
quarter-wave plate.

Next, in case any noise is to be implemented later, Alice and Bob’s
phase functions need to be imprinted on their auxiliary photons.
This is achieved by guiding the photons through SLMs that are
sandwiched between gratings (1200 liter/mm), plano-convex cylin-
drical (PCC) lenses, beam displacers (BDs), and HWPs. The gratings
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and PCC lenses convert the frequency of the photons to spatial de-
grees of freedom. Because the SLMs are only effective for one polar-
ization component (here for H), the BDs and 45° HWPs are used to
change the polarization state into a path state (with H polarization).
One hundred fifty SLM pixels cover about 3.5 nm of the photons’
spectra, i.e., their full width at half maximum (FWHM), so that the
SLMs can accurately manipulate the phase functions at pixel level.
For other pixels, we designed a phase function similar to blazed
grating. Its purpose is to diffract excess photons to other angles. The
center of the photon spectrum A is carefully aligned to the middle
of the SLMs.

If the SLMs were used, then the auxiliary photons are now in a
multipartite hybrid-entangled state. After state preparation, Alice’s
photon is subjected to polarization dephasing in a YVOy, crystal so
that Alice’s phase function and noise terms cancel each other. If the
SLM was used on Bob’s side, then the total state is still hybrid-
entangled.

Next, Alice performs BSM on her part of the auxiliary pair and
the state being teleported. The BSM entangles Alice’s polarization
qubits and remotely transforms the multipartite hybrid entangle-
ment shared by Alice and Bob to local system-environment entan-
glement on Bob’s side. The BSM is achieved by HWP1, HWP3,
HWP4, and three polarizing beam splitters (PBSs). When we mea-
sure the Bell states |®*), HWP1 is set to 0°, and HWP3 and HWP4
are set to +22.5°. For |¥*), HWPI is set to 45°, and HWP3 and
HWP4 are set to +22.5°. To make the photonic identity better, we
use 2-nm-FWHM interference filters in BSM.

Alice communicates her BSM result to Bob. Bob’s unitary opera-
tion is composed of two HWPs that change according to Alice’s clas-
sical information. Last, after the unitary operation, Bob subjects his
photon to polarization dephasing in quartz. Quartz is used in Bob’s
setup, while YVOy is used on Alice’s side. This is because YVOy has
larger birefringence than quartz, making the thickness of YVO,
thinner than that of quartz with the same decoherence and easing
the BSM.

Motor rotating plates and a PBS are used to tomograph the pho-
tons and receive the teleported information. The gratings and phase
functions both reduce the photon counts. The count of fourfold co-
incidence detections becomes approximately 1/10th, so that the fi-
nal fourfold coincidence rate is about 0.03 Hz. The data accumulation
time for each measurement is 10 s.

Supplementary Materials
This PDF file includes:

Sections S1 and S2

Figs. S1to S4
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