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Measuring entanglement is an essential step in a wide range of applied and foundational quantum
experiments. When a two-particle quantum state is not pure, standard methods to measure the entanglement
require detection of both particles. We realize a conceptually new method for verifying and measuring
entanglement in a class of two-part (bipartite) mixed states. Contrary to the approaches known to date, in
our experiment we verify and measure entanglement in mixed quantum bipartite states by detecting only
one subsystem, the other remains undetected. Only one copy of the mixed or pure state is used but that state
is in a superposition of having been created in two identical sources. We show that information shared in
entangled systems can be accessed through single-particle interference patterns. Our experiment enables
entanglement characterization even when one of the subsystems cannot be detected, for example, when
suitable detectors are not available.
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Recent developments in quantum technology necessi-
tate measurement of entanglement in a wide class of
systems. Bipartite pure state entanglement can always
be verified and quantified by performing local measure-
ments on only one particle (subsystem), and ignoring the
other particle (subsystem) [1–3]. However, for mixed
states, known schemes for analyzing bipartite entangle-
ment, for example, testing Bell’s inequalities [4–8],
quantum state tomography [9], testing entanglement wit-
nesses [10–14], measuring entanglement using multiple
copies of the state [15–18], rely on the detection of both
subsystems. Whether entanglement of a bipartite mixed
state can be verified by performing a measurement on only
one subsystem is an open question.
We address this question and demonstrate that it is

possible to verify entanglement in a class of bipartite mixed
states, encoded in the polarization of two photons, by
detecting only one subsystem and ignoring the other. We
perform an experiment in which the single-photon inter-
ference patterns generated by emissions from two identical
twin photon sources contain the complete information
about entanglement in a two-photon mixed state. Only
one photon pair is produced in each detection run, therefore
the protocol does not require more than one copy of the
same state, instead it uses one copy of the state in a
superposition. For certain choices of measurement bases,
single-photon interference is possible only when the photon
pair is entangled in polarization. The interference visibility
is linearly proportional to the concurrence, a widely used

entanglement measure for qubits. In fact, even though each
photon from a completely mixed (separable) two photon
polarization state is described by the same unpolarized state
as each photon from a maximally entangled two-photon
polarization state, these two scenarios can be distinguished
in our experiment without coincidence detection or any
postselection. This experiment was performed simultane-
ously with the corresponding theoretical study [19].
We employ two identical sources, Q1 and Q2 (Fig. 1),

each of which can generate the same two-photon quantum
state. Note that instead of using two identical sets of
crystals, one could pass the laser twice through the same set
of crystals (see Supplemental Material [20]). Sources Q1

and Q2 emit in such a way that only one pair of photons is
produced at a time, i.e., we generate only one copy of the
state. We denote the two photons by α and β. Suppose that
Q1 can emit photon α into propagation mode α1. We ensure
that Q2 can emit photon α only in the same propagation
mode (α1). This is done by sending the beam of photon α
generated by Q1 through source Q2 and perfectly aligning
the beam with the spatial propagation mode α generated by
Q2. Therefore, if one only observes photon α that emerges
from Q2, one cannot identify the origin of the photon.
Stimulated emission at Q2 due to the input of mode α1 is
negligible [21,22]. Sources Q1 and Q2 can emit photon β
into distinct propagation modes β1 and β2, respectively.
These two modes are superposed by a beam splitter, BS,
and one of the outputs of BS is collected by a detector,
PD, where the single-photon counting rate (intensity) is

PHYSICAL REVIEW LETTERS 130, 090202 (2023)

0031-9007=23=130(9)=090202(6) 090202-1 © 2023 American Physical Society

https://orcid.org/0000-0003-4901-0309
https://orcid.org/0000-0002-7026-7275
https://orcid.org/0000-0002-6778-0887
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevLett.130.090202&domain=pdf&date_stamp=2023-03-01
https://doi.org/10.1103/PhysRevLett.130.090202
https://doi.org/10.1103/PhysRevLett.130.090202
https://doi.org/10.1103/PhysRevLett.130.090202
https://doi.org/10.1103/PhysRevLett.130.090202


measured. We also include an additional device, Γ, which
can transform or project the light emerging from the beam
splitter to a particular state of our choice. Note that photon
α is never detected. It is known that single-photon inter-
ference can be observed (at PD) for photon β in such a
setup [23,24].
We now introduce a device, O, in propagation mode α1

between Q1 and Q2. The effect of this interaction is
observed in the interference pattern recorded at PD
although, photon β never interacts withO. Recent imaging,
spectroscopy and optical coherence tomography experi-
ments have shown that with the knowledge of the two-
photon quantum state, one can retrieve the information
about the interaction from the interference pattern [25–32].
Our entanglement verification method is essentially the

converse of the imaging method described in Refs. [25,26].
Here, we retrieve the information about the two-photon
quantum state from the interference pattern with the
knowledge of the interaction betweenO and the undetected
photon α.
In order to demonstrate our method, we work with two-

qubit states determined by three free parameters. One
example of such state is expressed by the density operator

ρ̂ ¼ IHjHαHβihHαHβj þ IV jVαVβihVαVβj
þ ðI

ffiffiffiffiffiffiffiffiffiffi
IHIV

p
e−iϕjHαHβihVαVβj þ H:c:Þ; ð1Þ

where IH þ IV ¼ 1with 0 ≤ IH ≤ 1,ϕ is a real number, and
0 ≤ I ≤ 1. This state can be seen as a result of decoherence
of the pure state

ffiffiffiffiffi
IH

p jHαHβi þ eiϕ
ffiffiffiffiffi
IV

p jVαVβi. Note that
state ρ̂ can also be obtained generalizing the following

Bell States: jΦþi ¼ ðjHα; Hβi þ jVα; VβiÞ=
ffiffiffi
2

p
and jΦ−i ¼

ðjHα; Hβi − jVα; VβiÞ=
ffiffiffi
2

p
. Our method also applies to the

mixed statewhich has the form ρ̂¼ I1jHα;VβihHα;Vβj þ I2j
Vα;HβihVα;Hβj þ ðe−iϕI ffiffiffiffiffiffiffiffi

I1I2
p jHα;VβihVα;Hβj þH:c:Þ.

It is obtained by generalizing the Bell states jΨ�i¼
ðjHα;Vβi�jVα;Hβi=

ffiffiffi
2

p Þ.
State ρ̂ is entangled when 0 < IH ≤ 1 and I ≠ 0. It is

maximally entangled for IH ¼ IV ¼ 1=2 and I ¼ 1. When
IH ¼ 1 or IH ¼ 0, the state ρ̂ is pure and separable. The
state is maximally mixed and separable for IH ¼ IV ¼ 1=2
and I ¼ 0. A measure of entanglement, commonly used
for two-qubit systems, is the concurrence C [33], which for
the state, ρ̂ [Eq. (1)], is

Cðρ̂Þ ¼ 2I
ffiffiffiffiffiffiffiffiffiffi
IHIV

p
: ð2Þ

For maximally entangled states Cðρ̂Þ ¼ 1 and for separable
states Cðρ̂Þ ¼ 0.
In the experiment our source of entangled photons is a

pair of perpendicularly oriented nonlinear crystals, Cj
H and

Cj
V [Fig. 2(a)] [34]. However, our scheme also works for

any other source producing the state ρ̂ given by Eq. (1), for
example, a single type-II non-linear crystal [35].
Horizontally and vertically polarized two-photon states
(jHαHβi and jVαVβi) are produced by spontaneous para-

metric down-conversion in Cj
H and Cj

V , respectively.
Parameters IH and IV are proportional to the probability
of emissions at Cj

H and Cj
V , respectively. The parameter I

represents the mutual coherence between these emissions
and ϕ is the relative phase between these emissions. All
three parameters are independently tuned in our experiment.
As illustrated in Fig. 1, we use two such sources in the

experiment (see Supplemental Material [20] for the
detailed experimental setup). As for device O, we use a
half-wave plate (HWP), which allows us to introduce
distinguishability. The device, Γ, is a combination of wave
plates and a polarizer (Supplemental Material [20]) such
that we can project photon β onto horizontal (H), vertical
(V), diagonal (D), antidiagonal (A), right-circular (R), and
left-circular (L) polarization states. Therefore, we choose
the measurement basis by the use of Γ. The phase in the
interferometer is changed by moving the position of the
beam splitter (BS).
The two sources (Q1 andQ2) are illuminated by mutually

coherent laser beams. In such a situation photon-pair
emissions at C1

H and C2
H are fully coherent. If the HWP

is set at angle θ ¼ 0 and the device Γ is set such that only
H-polarized photons (jHβi) are detected at PD [Fig. 2(b)],
visibility of the recorded interference pattern becomes
maximum. (This result is fully consistent with the results
presented in Refs. [23,24].) Note that in this case, no photon
emitted by C1

V and C2
V arrives at the detector. Likewise,

photon-pair emissions at C1
V and C2

V are also fully coherent

FIG. 1. Entanglement verification scheme. Two identical
sources, Q1 and Q2, individually generate the same two-photon
state (ρ̂). SourceQ1 can emit a photon pair (α, β) into propagation
modes α1 and β1. Source Q2 is restricted to emit photon α also in
the mode α1. Photon α, which is never detected, interacts with a
device, O, between Q1 and Q2. Source Q2 can emit photon β in
propagation mode β2. Modes β1 and β2 are combined by a beam
splitter (BS) and an output of BS is collected by a photodetector
(PD). Another device (Γ), placed before PD, allows us to choose
the measurement basis. Sources Q1 and Q2 never emit simulta-
neously and stimulated emission in Q2 due to the insertion of the
α1 mode is negligible. When it is impossible to know the source of
a detected photon, single-photon interference is observed at PD.
Information about the entanglement is retrieved from the single-
photon interference patterns. In the Supplemental Material [20]
we present an alternative setup that does not require two identical
sources because the laser passes twice the same pair of crystals.
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when Q1 and Q2 are illuminated coherently. However, as
mentioned before, pair emissions at C1

H and C1
V (and also at

C2
H and C2

V) may not be fully coherent and the mutual
coherence between them is given by I. If emissions at C1

H
are fully coherent with C2

H and the mutual coherence
between emissions at C2

H and C2
V is I , then the mutual

coherence between pair emissions at C1
H and C2

V is also
given by I. The same is true for the mutual coherence
between emissions at C1

V and C2
H.

When the HWP is set at θ ¼ π=4, the polarization
components of α1 are rotated as jHαi → jVαi and
jVαi → −jHαi. The quantum state produced at Q2 is not
affected by the rotation of the HWP. If we now detect
photon β after projecting onto the fjHβi; jVβig basis, no
interference is observed for all values of I and IH, i.e., the

corresponding values of visibility are VHjθ¼ðπ=4Þ ¼ VV jθ¼
ðπ=4Þ ¼ 0. This is because if we were to jointly measure the
polarization state of photon α (after Q2) we would know
from which crystal photon β had arrived. It is important to
note that a measurement in fjHβi; jVβig basis does not
yield any information about entanglement.
We now detect photon β after projecting onto jDβi≡

ðjHβi þ jVβiÞ=
ffiffiffi
2

p
while the HWP is set at θ ¼ π=4.

Photon β can now arrive at the detector in four alternative
ways: (1) from C1

H, (2) from C2
H, (3) from C1

V , and (4) from
C2
V . We first note that alternative 1 is fully distinguishable

from alternative 2 for the reason discussed in the previous
paragraph. Likewise, alternative 3 is fully distinguishable
from alternative 4. For very similar reasons, alternatives 1
and 3 are also distinguishable from each other, as are
alternatives 2 and 4.
According to the laws of quantum mechanics, the dis-

tinguishable alternatives do not result in interference. Let us
now consider the remaining two options: alternatives 1 and
4, and alternatives 2 and 3. These two sets of alternatives are
fully equivalent to each other. For the sake of brevity, we
only present arguments for alternatives 1 and 4 [Fig. 2(c)].
We recall that the mutual coherence between emissions at
C1
H and C2

V is given by I. Therefore, if I ¼ 0, alternatives 1
and 4 become fully distinguishable and no interference
occurs [36]. If IH ¼ 0 or IV ¼ 0, no emission occurs at C1

H
or C2

V. In this case alternatives 1 and 4 are also fully
distinguishable. When I ¼ 1 and IH ¼ IV ¼ 1=

ffiffiffi
2

p
, alter-

natives 1 and 4 are fully indistinguishable and interference
occurs with maximum visibility. In any intermediate case
interference occurs with reduced visibility. Following this
argument, we find that the visibility is given by (cf. [19])

VDjθ¼π
4
∝ I

ffiffiffiffiffiffiffiffiffiffi
IHIV

p
: ð3Þ

It follows from Eqs. (2) and (3) that the single-photon
interference visibility VDjθ¼ðπ=4Þ is linearly proportional to
the concurrence, i.e., the visibility contains information
about the entanglement. Figure 3 shows experimentally
obtained interference patterns for five sates. The data clearly
show that when HWP angle θ ¼ π=4, the visibility mea-
sured for jDβi increases with the amount of entanglement.
Analogous arguments apply to measurements in the

circular polarization basis fjRβi; jLβig. Hence, for θ ¼
π=4, nonzero visibility after projecting photon β onto jDβi,
jAβi, jRβi, or jLβi confirms that the two-photon state is
entangled.
Equations (2) and (3) suggest that the concurrence can be

determined from the visibility of the interference patterns.
However, for an accurate measurement of the concurrence
one needs to consider the experimental loss of photons in
propagation mode α1 between Q1 and Q2 and source
distinguishability because these lead to reduction of vis-
ibility. In fact, visibilities measured for jDβi, jAβi and jRβi

FIG. 2. (a) Source of the polarization-entangled photon pair:
Each source (Qj) is composed of two nonlinear crystals, Cj

H and
Cj
V , which produce the horizontally polarized (jHαHβi) and

vertically polarized (jVαVβi) parts of the entangled state, re-

spectively. The relative intensity of emissions jHαHβi at Cj
H and

jVαVβi at Cj
V are IH and IV , respectively. The coherence between

these two emissions is I . (b) Q1 and Q2 are illuminated by
mutually coherent laser propagation modes (not shown) such that
the horizontal (H) components of the possible emissions at the
separate sources are coherent. Highest interference visibility is
observed at PD if H polarized photons are detected. (c) For
θ ¼ π=4, we probe the indistinguishability between emissions at
C1
H and C2

V and also between emissions at C1
V and C2

H (not
shown) by detecting diagonally (D) linearly polarized β photons.
The visibility of the resulting interference pattern depends on the
entanglement in the two-photon state.
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and jLβi (while θ ¼ π=4) will always be smaller or equal to

Cðρ̂Þ= ffiffiffi
2

p
. Since losses for H and V polarization compo-

nents are different in our experiment, we need to calibrate
the system by measuring single-photon visibility in
fjHβi; jVβig basis for θ ¼ 0. We find that the concurrence
is given by [19]

Cðρ̂Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2
ðVDjθ¼π

4
Þ2 þ ðVRjθ¼π

4
Þ2

ðVHjθ¼0Þ2 þ ðVV jθ¼0Þ2

s
: ð4Þ

It is important to note that the denominator in the
equation above is the calibration of our interferometer.
In the ideal case, one would not have to measure the
interference visibilities for θ ¼ 0, because they would
simply be equal to 1. However, in general, interferometric
visibility is not maximum even in that case, due to path or
source distinguishability introduced by degrees of freedom
other than polarization, for example, losses inside the
interferometer [23,24], imperfect path adjustment [37],
differences between the two sources, and beam propagation
between the crystals [38,39]. Including the denominator in
Eq. (4) guarantees that our entanglement measure is robust
to alignment, loss and path length imperfections, among
others. As long as the interference for θ ¼ 0 is larger than
zero, our method can be applied.
Notice also that if one does not do the calibration

with θ ¼ 0, one can nevertheless use our method as an
entanglement witness. In other words, ðVDjθ¼ðπ=4ÞÞ2 þ
ðVRjθ¼ðπ=4ÞÞ2 > 0 implies that the biphoton state is
entangled in polarization.
The experimentally measured values of concurrence for

five mixed states, ρ̂1;…; ρ̂5, are shown in Fig. 4. For
comparison, we also make tomographic reconstruction of
these states (Supplemental Material [20]) and determine the
concurrences independently. As can be clearly seen in
Fig. 4, the values of concurrence obtained by our method
(without coincidence detection) are in excellent agreement

with those values obtained from quantum state tomography
(with coincidence detection).
In addition to obtaining the concurrence, we can also

independently determine the values of IH, IV and I . By
measuring the relative horizontally polarized and vertically
polarized photon count rates produced by one single source
(Q1 or Q2), one can obtain the parameter IH. One can then
use the value of Cðρ̂Þ, obtained from the single photon
interference visibilities, to determine the parameter I. The
corresponding results are in very good agreement with
those obtained from full quantum state tomography
(Supplemental Material [20]).
In summary, we have verified and measured entangle-

ment in bipartite mixed states without detecting one sub-
system. Our method is particularly useful when, for any
reason, detectors are not available for one of the subsystems.
The method is resistant to experimental imperfections, such
as alignment imperfections, loss, temporal walk-off, spectral

FIG. 3. Signature of entanglement in single-photon interference visibility. The data show single-photon interference patterns recorded
in projective measurements onto state jDβi ¼ ðjHβi þ jVβiÞ=

ffiffiffi
2

p
for five mixed states, ρ̂, when HWP angle θ ¼ π=4. The interferometer

phase is varied using a system of wave plates in the pump. The relevant parameters of ρ̂ and the visibilities are (a) IH ¼ 0.96, I ¼ 0.25,
VDjθ¼ðπ=4Þ ¼ 0.04; (b) IH ¼ 0.51, I ¼ 0.042, VDjθ¼ðπ=4Þ ¼ 0.04; (c) IH ¼ 0.50, I ¼ 0.22, VDjθ¼ðπ=4Þ ¼ 0.15; (d) IH ¼ 0.65, I ¼ 0.38,
VDjθ¼ðπ=4Þ ¼ 0.26 (e) IH ¼ 0.47, I ¼ 0.94, VDjθ¼ðπ=4Þ ¼ 0.70. The lowest visibilities (a and b) correspond to the (almost) separable
states (ρ1 and ρ2 in Fig. 4). The intermediate values of visibilities (c and d) correspond to a state that is not maximally entangled (ρ4 in
Fig. 4). The highest visibility (e) corresponds to the (almost) maximally entangled state (ρ5 in Fig. 4). Note that the reduced polarization
density matrix for photon β in cases (b) and (e) represents the same unpolarized state, yet the single-photon interference visibilities are
radically different, allowing us to distinguish between the two cases. The error bars are smaller than the data points in the plots.

FIG. 4. Experimentally measured concurrence. The blue bars
show the results, obtained by our scheme where only subsystem β
is detected (singles counts). In order to generate the five states
ρ̂1;…; ρ̂5, the parameters IH and I [Eq. (1)] were varied
(Supplemental Material [20]). We compare our results with the
values of concurrence obtained from the full two-qubit tomog-
raphy (red bars). State ρ̂1 is approximately pure and separable;
state ρ̂2 is almost maximally mixed (separable); states ρ̂3 and ρ̂4
are mixed and entangled; state ρ̂5 is almost pure and maximally
entangled.
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differences, path length imperfections, and nonidentical
sources. These imperfections reduce visibility and are
quantified by the denominator on the right-hand side of
Eq. (4). In fact, Eq. (4) gives the appropriately calibrated
concurrence for the bipartite state considered here. Detailed
instructions on how to analyze, how to model theoretically,
and how to maximize interference visibility in such inter-
ferometers can be found in Ref. [40].
It is important to note that the method is independent of

the structure of each source, these need not be composed of
two crystals. In addition, there is no need for two identical
sources, as a double pass of the laser in the same source
would work (Supplemental Material [20]). We demon-
strated the method by working with a mixed state that is
obtained by generalizing two Bell states. Our method also
applies to the mixed state which can be obtained by
generalizing the other two Bell states [41]. Furthermore,
the method could also be extended to transverse spatial
entanglement [42,43] or orbital angular momentum entan-
glement, if devices O and Γ (Fig. 1) are appropriately
chosen. Although we demonstrated the method using
photonic states, the principle underlying the method is
applicable to other quantum systems.
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[28] A. Vallés, G. Jiménez, L. J. Salazar-Serrano, and J. P. Torres,
Phys. Rev. A 97, 023824 (2018).

[29] N. R. Miller, S. Ramelow, and W. N. Plick, Quantum 5, 458
(2021).

[30] A. Paterova, H. Yang, C. An, D. Kalashnikov, and L.
Krivitsky, Opt. Express 27, 2589 (2019).

[31] A. V. Paterova, H. Yang, C. An, D. A. Kalashnikov,
and L. A. Krivitsky, Quantum Sci. Technol. 3, 025008
(2018).

[32] M. Chekhova and Z. Ou, Adv. Opt. Photonics 8, 104 (2016).
[33] W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998).
[34] P. G. Kwiat, E. Waks, A. G. White, I. Appelbaum, and P. H.

Eberhard, Phys. Rev. A 60, R773 (1999).
[35] P. G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger, A. V.

Sergienko, and Y. Shih, Phys. Rev. Lett. 75, 4337 (1995).

[36] L. Mandel, Opt. Lett. 16, 1882 (1991).
[37] X. Zou, T. Grayson, G. A. Barbosa, and L. Mandel, Phys.

Rev. A 47, 2293 (1993).
[38] G. A. Barbosa, Phys. Rev. A 48, 4730 (1993).
[39] T. P. Grayson and G. A. Barbosa, Phys. Rev. A 49, 2948

(1994).
[40] G. B. Lemos, M. Lahiri, S. Ramelow, R. Lapkiewicz, and

W. N. Plick, J. Opt. Soc. Am. B 39, 2200 (2022).
[41] This mixed state has the form ρ̂¼ I1jHα;VβihHα;Vβjþ

I2jVα;HβihVα;Hβjþðe−iϕI ffiffiffiffiffiffiffiffi
I1I2

p jHα;VβihVα;HβjþH:c:Þ.
It is obtained by generalizing the two Bell states
jΨþi ¼ ðjHα; Vβi þ jVα; HβiÞ=

ffiffiffi
2

p
and jΨ−i ¼ ðjHα; Vβi−

jVα; HβiÞ=
ffiffiffi
2

p
.

[42] A. Hochrainer, M. Lahiri, R. Lapkiewicz, G. B. Lemos, and
A. Zeilinger, Proc. Natl. Acad. Sci. U.S.A. 114, 1508
(2017).

[43] M. Lahiri, A. Hochrainer, R. Lapkiewicz, G. B. Lemos, and
A. Zeilinger, Phys. Rev. A 96, 013822 (2017).

PHYSICAL REVIEW LETTERS 130, 090202 (2023)

090202-6

https://doi.org/10.1103/PhysRevA.92.013832
https://doi.org/10.1038/nphoton.2015.252
https://doi.org/10.1103/PhysRevA.97.023824
https://doi.org/10.22331/q-2021-05-26-458
https://doi.org/10.22331/q-2021-05-26-458
https://doi.org/10.1364/OE.27.002589
https://doi.org/10.1088/2058-9565/aab567
https://doi.org/10.1088/2058-9565/aab567
https://doi.org/10.1364/AOP.8.000104
https://doi.org/10.1103/PhysRevLett.80.2245
https://doi.org/10.1103/PhysRevA.60.R773
https://doi.org/10.1103/PhysRevLett.75.4337
https://doi.org/10.1364/OL.16.001882
https://doi.org/10.1103/PhysRevA.47.2293
https://doi.org/10.1103/PhysRevA.47.2293
https://doi.org/10.1103/PhysRevA.48.4730
https://doi.org/10.1103/PhysRevA.49.2948
https://doi.org/10.1103/PhysRevA.49.2948
https://doi.org/10.1364/JOSAB.456778
https://doi.org/10.1073/pnas.1620979114
https://doi.org/10.1073/pnas.1620979114
https://doi.org/10.1103/PhysRevA.96.013822

