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Abstract: Orbital angular momentum (OAM) multiplexed entangled state is an important
quantum resource for high dimensional quantum information processing. In this paper, we
experimentally quantify quantum coherence of OAM multiplexed continuous-variable (CV)
entangled state and characterize its evolution in a noisy environment. We show that the quantum
coherence of the OAM multiplexed CV entangled state carrying topological charges l= 1 and
l= 2 are the same as that of the Gaussian mode with l= 0 in a noisy channel. Furthermore, we
show that the quantum coherence of OAM multiplexed entangled state is robust to noise, even
though the sudden death of entanglement is observed. Our results provide reference for applying
quantum coherence of OAM multiplexed CV entangled state in a noisy environment.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Quantum coherence, which characterizes the quantumness and underpins quantum correlation
in quantum systems, plays a significant role in quantum information processing [1]. Recently,
quantum coherence has been identified as important quantum resource besides quantum entangle-
ment and steering, and has attracted rapidly increasing interests [2,3]. In 2014, Baumgratz et al.
established a framework to quantify quantum coherence by referring to the method of quantifying
entanglement [1]. The quantum coherence of a quantum state is defined as the minimum distance
between the quantum state and an incoherent state in the Hilbert space, and can be quantified by
relative entropy and l1-norm [1]. Besides, it has been shown that quantum coherence can also be
quantified by Fisher information [4], skew information entropy [5], Tsallis relative α entropy [6],
robustness [7], and so on. Furthermore, quantum coherence with infinite-dimensional systems,
i.e. continuous-variable (CV) quantum states, can be quantified by relative entropy [8]. Both
theoretical investigations and experimental demonstrations of quantum coherence have achieved
significant progresses [9–18]. Recently, we have experimentally demonstrated the robustness of
Gaussian quantum coherence in quantum channels [19], as well as the conversion of local and
correlated Gaussian quantum coherence [20].

As an important quantum resource, Einstein-Podolsky-Rosen (EPR) entangled state has been
widely applied in quantum communication, quantum computation, and quantum precision
measurement [21–27]. Besides optical parametric amplifier, four-wave mixing (FWM) process in
warm alkali vapor cell is another efficient method to generate CV EPR entangled state [28,29]. The
FWM process has been widely used in quantum state engineering [30–32], quantum beam splitter
[33], and quantum precision measurement [34,35]. Especially, spatial-multi-mode advantage
of the FWM process, attributed to its cavity-free configuration, makes it an ideal method to
generate entangled images [28]. Orbital angular momentum (OAM) multiplexing of light has
been found to be an efficient way to improve data-carrying capacity in both classical and quantum
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communications due to its infinite range of possibly achievable topological charges [36,37].
Recently, OAM multiplexed bipartite and multipartite CV entangled states have been generated
based on the FWM process [38–40], and they have been applied in OAM multiplexed quantum
teleportation [41] and quantum dense coding [42]. It is essential to distribute OAM multiplexed
quantum resources in quantum channels to realize these quantum information processing protocols.
Recently, our group has experimentally demonstrated that quantum entanglement and quantum
steering of the OAM multiplexed states carrying topological charges l = 1 and l = 2 are the same
as that of the Gaussian mode with l = 0 in lossy and noisy channels [43]. However, it remains
unclear whether the quantum coherence of OAM multiplexed CV entangled state is also as robust
as that of the Gaussian mode with l = 0.

Here, we experimentally quantify quantum coherence of OAM multiplexed CV entangled
state and characterize its evolution in a noisy channel. We show that quantum coherence of CV
entangled state carrying topological charges l = 1 and l = 2 are as robust against loss and noise
as that of Gaussian mode entangled state with l = 0. More interestingly, the quantum coherence
of CV entangled state always exists unless one mode is completely lost, while sudden death
of entanglement is observed in the presence of certain amounts of loss and noise. Our results
pave the way for applying the quantum coherence of OAM multiplexed entangled state in high
data-carrying capacity quantum communication protocols.

2. Theory

The Hamiltonian of the OAM multiplexed FWM process can be expressed as [43]:

Ĥ =
∑︂

l
iℏγlâ†l,Pâ†

−l,C + h.c. (1)

where γl is defined as the interaction strength of each OAM pair. â†l,P and â†
−l,C are the creation

operators related to OAM modes of the Pr and Conj fields, respectively. Since the pump field
does not carry OAM (l = 0), the topological charges of the Pr and Conj fields are opposite. The
output state of the OAM multiplexed FWM process is:

|Ψ⟩out = |Ψ⟩−l ⊗ · · · ⊗ |Ψ⟩0 ⊗ · · · ⊗ |Ψ⟩l (2)

where |Ψ⟩l presents a series of independent OAM multiplexed CV EPR entangled states of
|ψl,P⟩ and |ψ−l,C⟩ generated in the FWM process. |ψl,P⟩ and |ψ−l,C⟩ represent Pr field carrying
topological charge l and Conj field carrying topological charge −l , respectively.

A Gaussian state ρ̂(x̄, V) can be completely represented by the displacement x̄ and the
covariance matrix V in phase space, which correspond to the first and second statistical
moments of the quadrature operators, respectively [24,25]. The displacement x̄ = ⟨x̂⟩, where
x̂ ≡ (X̂−l,C, Ŷ−l,C, X̂l,P, Ŷl,P)

T , X̂ = â+â† and Ŷ = (â−â†)/i are the amplitude and phase quadratures
of an optical mode, respectively, and T denotes transpose. The elements of covariance matrix V
are defined as Vij =

1
2 ⟨x̂ix̂j + x̂j x̂i⟩ − ⟨x̂i⟩⟨x̂j⟩. The Gaussian quantum coherence of EPR entangled

state is expressed by [9]

Crel. ent. [ρ̂(x̄, V)] = S [ρ̂(x̄th, Vth)] − S [ρ̂(x̄, V)] , (3)

where S [ρ̂(x̄, V)]= −
2∑︁

i=1

[︂(︂
νi−1

2

)︂
log2

(︂
νi−1

2

)︂
−

(︂
νi+1

2

)︂
log2

(︂
νi+1

2

)︂]︂
and

S [ρ̂(x̄th, Vth)]= −
2∑︁

i=1

[︂(︂
µi−1

2

)︂
log2

(︂
µi−1

2

)︂
−

(︂
µi+1

2

)︂
log2

(︂
µi+1

2

)︂]︂
are the von Neumann entropy of

ρ̂(x̄, V) and a thermal state ρ̂(x̄th, Vth), respectively. νi and µi are the symplectic eigenvalues of
V and Vth, respectively. The elements of the diagonal covariance matrix Vth are given by V with
Vth 2i−1,2i−1 = Vth 2i,2i =

1
2

(︂
V2i−1,2i−1 + V2i,2i + [x̄2i−1]

2 + [x̄2i]
2
)︂
.
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In our experiment, the displacements x̄ of the EPR entangled state are zero, so the state can
be completely represented by its covariance matrix V. The covariance matrix of the OAM
multiplexed entangled state after distribution in a noisy channel is

V = ⎛⎜⎝
A C

CT B
⎞⎟⎠ , (4)

where A = V+V′

2 I, B = [η V+V′

2 + (1 − η)(1 + δ)] I, C = √
η V′−V

2 Z, I =
(︂

1 0
0 1

)︂
and Z =

(︂
1 0
0 −1

)︂
.

The submatrices A and B correspond to the states of Alice’s and Bob’s subsystems, respectively.
V and V ′ represent the variances of correlation and anti-correlation quadratures of the EPR
entangled state, respectively. Note that VV ′ ≥ 1 is always satisfied according to the uncertainty
principle, and the equality holds only for pure state. η and δ (in the units of SNL) represent
transmission efficiency and excess noise of the noisy channel, respectively. Therefore, δ = 0
represents a lossy but noiseless channel, while δ>0 represents a noisy channel.

The Peres-Horodecki criterion of positivity under partial transpose (PPT) criterion is a
sufficient and necessary criterion to characterize the entanglement of CV bipartite entanglement

[44]. The PPT value is determined by
√︂
Γ−

√
Γ2−4DetV

2 for a bipartite Gaussian state, where
Γ = DetA + DetB − 2DetC. If the PPT value is smaller than 1, bipartite entanglement
exists. Otherwise, it’s a separable state. Furthermore, smaller PPT values represent stronger
entanglement.

3. Experimental setup

Figure 1(a) shows the schematic of experimental setup. The Gaussian mode pump field and
probe field carrying topological charge l of OAM mode cross each other in the center of the
cesium vapor cell at an angle of 6 mrad [29]. In this way, a conjugate field carrying topological
charge −l of OAM mode is generated on the other side of the pump field. The topological charge
of OAM mode l = 1 or l = 2 is added to the probe field by passing it through a vortex phase
plate. The pump field is filtered out by using a Glan-Thompson polarizer after the vapor cell. The
Conj field is kept by Alice, while the Pr field is distributed to a remote quantum node owned by
Bob through a noisy channel. The noisy channel is realized by overlapping the Pr field with an
auxiliary field at a polarization beam splitter (PBS) followed by a half-wave plate (HWP) and a
PBS. The auxiliary field, which is modulated by an amplitude modulator and a phase modulator
with white noise, has the same topological charge and frequency with the Pr field so that they can
interfere. The amount of excess noise is controlled by tuning the optical power of the auxiliary
field and the white noise added on it. Covariance matrix of the OAM multiplexed CV entangled
state is experimentally measured by utilizing two sets of balanced homodyne detectors. In our
experiment, the spatially mode-matched local oscillator beams used in the balanced homodyne
detectors are obtained from a second set of FWM process in the same vapor cell [43].

The top rows of Fig. 1(b) and 1(c) show the beam patterns of the Pr and Conj fields for l = 1
and l = 2, respectively, while the bottom rows show their interference patterns with plane waves
at the same frequencies, from which the topological charges of these fields are inferred. It is
obvious that the topological charges of the Pr and Conj fields are opposite, which confirms the
OAM conservation in the FWM process.
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Fig. 1. (a) Experimental setup for generating and distributing quantum coherence of OAM
multiplexed CV quantum entangled state in a noisy channel. Cs: cesium vapor cell; Pr:
probe field; Conj: conjugate field; LO−l,P and LOl,C: local oscillators of Pr and Conj
fields; AM: amplitude modulator; PM: phase modulator; GL: Glan-laser polarizer; GT:
Glan-Thompson polarizer; PBS: polarization beam splitter; HWP: half-wave plate; VPP:
vortex phase plate; M: mirror; BS: 50:50 beam splitter; BHD1, BHD2: balanced homodyne
detectors; SA: spectrum analyzer. (b) Beam patterns and interference patterns of the Pr and
Conj fields for l = 1. (c) Beam patterns and interference patterns of the Pr and Conj fields
for l = 2.

4. Experimental results and discussion

In our experiment, the correlation and anti-correlation levels of the initial CV entangled states
carrying topological charges l = 0, l = 1, and l = 2 are all around −3.3 dB and 6.1 dB, which
correspond to V = 0.47 and V ′ = 4.11, respectively. The evolution of PPT values and relative
entropy of CV bipartite entangled states carrying different topological charges in lossy channels
(δ = 0) are shown in Fig. 2(a) and 2(b), respectively. The entanglement and quantum coherence
between the Pr and Conj fields both degrade as the transmission efficiency decreases. However,
the entanglement and quantum coherence are both robust against loss, i.e., they always exist until
the transmission efficiency reaches 0. It is obvious that the entanglement and quantum coherence
of the CV bipartite entangled states carrying topological charges l = 1, l = 2 are as robust to loss
as their Gaussian counterpart l = 0.

The evolution of PPT values and relative entropy of CV bipartite entangled states carrying
different topological charges in a noisy channel with δ = 1 (in the units of SNL) are shown in
Fig. 2(c) and 2(d), respectively. Compared with the results shown in Fig. 2(a) and 2(b) for the case
of lossy channel, both entanglement and quantum coherence degrade faster as the transmission
efficiency decreases. Furthermore, entanglement disappears at a certain transmission efficiency of
the Pr field η = 0.44 in the presence of excess noise, which demonstrates the sudden death of CV
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Fig. 2. Dependence of PPT values and quantum coherence of the OAM multiplexed CV
entangled states on the transmission efficiency η for l = 0, l = 1 and l = 2. (a,b) Case for a
lossy channel with the excess noise δ = 0 ; (c,d) Case for a noisy channel with the excess
noise δ = 1. The initial PPT value is 0.46±0.01 at η = 1. Curves and data points show
theoretical predictions and experimental results, respectively. Error bars of experimental
data represent one standard deviation and are obtained based on the statistics of the measured
data. The light blue plane in (c) shows the boundary for entanglement where PPT value is
equal to 1. The three vertical dashed lines indicate corresponding transmission efficiencies
where sudden death of entanglement starts to appear.

quantum entanglement. In contrast, the quantum coherence always exists until the transmission
efficiency decreases to 0. We note that OAM multiplexed CV entangled states carrying high
order topological charges l = 1, l = 2 exhibit the same quantum entanglement and quantum
coherence evolution tendency as their Gaussian counterpart l = 0 in a noisy channel.

Figure 3(a) and 3(b) show the dependence of PPT values and relative entropy on transmission
efficiency η and excess noise δ for CV bipartite entangled state carrying l = 2 in noisy channels.
Experimental results at four different amounts of noise δ = 0, 0.15, 0.5 and 1 (in the units of
SNL) are taken. It is obvious that both entanglement and quantum coherence degrade with the
increase of loss and excess noise. The degradations of entanglement and quantum coherence can
be attributed to the incoherent operations of the lossy and noisy channels [1,9]. The red curve in
Fig. 3(a) shows the boundary where the sudden death of entanglement appears. It is clear that
the sudden death of entanglement appears at higher transmission efficiency as the excess noise
increases. In contrast, the quantum coherence of the OAM multiplexed CV entangled state still
exists even though the entanglement disappears, i.e. quantum coherence of the state is robust
against noise. The physical reason for the robustness of quantum coherences in noisy channels is
that the proportion of quantum coherence is decreased when it is mixed with thermal noise, but
the quantum coherence disappears completely only when infinite thermal noise is involved.
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Fig. 3. Dependence of PPT values (a) and quantum coherence (b) of the OAM multiplexed
CV entanglement on transmission efficiency η and excess noise δ for l = 2 in a noisy
channel. Curve planes and data points show theoretical predictions and experimental results,
respectively. The light blue plane in (a) shows the boundary for entanglement where PPT
value is equal to 1, and the red curve shows the boundary where sudden death of entanglement
starts to appear.
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5. Conclusions

Here, we experimentally quantify quantum coherence of OAM multiplexed CV entangled state
in a noisy channel. Our results demonstrate that quantum coherence of OAM multiplexed CV
entangled state is robust against loss and noise, although the sudden death of entanglement
is observed at a certain noise level. Recently, it has been shown that entanglement can be
transferred in a single-mode cavity [45], which is a promising application of robustness of
quantum coherence. Our results lay the foundation of applying quantum coherence of OAM
multiplexed entangled state in noisy environments.
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