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Tremendous progress has been realized in quantum optics for
engineering and detecting the quantum properties of light.
Today, photon pairs are routinely created in entangled states.
Entanglement is revealed using single-photon detectors in
which a single photon triggers an avalanche current. The re-
sulting signal is then processed and stored in a computer.
Here, we propose an approach to get rid of all the electronic
devices between the photons and the experimentalist, i.e., to
use the experimentalist’s eye to detect entanglement. We show
in particular that the micro-entanglement that is produced by
sending a single photon into a beam splitter can be detected
with the eye using the magnifying glass of a displacement in
phase space. The feasibility study convincingly demonstrates
the possibility of realizing the first experiment where entan-
glement is observed with the eye. © 2016 Optical Society of

America

OCIS codes: (270.0270) Quantum optics; (270.5585) Quantum

information and processing.
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The human eye has been widely characterized in the weak light
regime. The data presented in Fig. 1 (circles), for example, are the
result of a well-established experiment [1] where an observer was
presented with a series of coherent light pulses and asked to report
when the pulse is seen (the data have been taken from [2]). While
rod cells are sensitive to single photons [3], these results show
unambiguously that one needs to have coherent states with a
few hundred photons on average incident on the eye to system-
atically see light. As mentioned in [4], the results of this experi-
ment are very well reproduced by a threshold detector preceded
by loss. In particular, the red dashed line has been obtained with a
threshold at 7 photons combined with a beam splitter with 8%
transmission efficiency. In the low photon number regime, vision
can thus be described by a positive-operator valued measure
(POVM) with two elements Pθ;η

ns for “not seen” and Pθ;η
s for

“seen,” where θ � 7 stands for the threshold and η � 0.08 stands
for the efficiency (see Supplement 1, part I). It is interesting to ask
what it takes to detect entanglement with such a detector.

Let us note first that such detection characteristics do not pre-
vent the violation of a Bell inequality. In any Bell test, nonlocal
correlations are ultimately revealed by the eye of the experimen-
talist, be it by analyzing numbers on the screen of a computer or
laser light indicating the results of a photon detection. The subtle
point is whether the amplification of the signal prior to the eye is
reversible. Consider a thought experiment where a polarization-
entangled two-photon state 1ffiffi

2
p �jhiAjviB − jviAjhiB� is shared by

two protagonists, Alice and Bob, who easily rotate the polarization
of their photons with wave plates. Assume that they can amplify
the photon number with the help of some unitary transformation
U mapping, say, a single photon to a thousand photons, while
leaving the vacuum unchanged. It is clear that in this case, Alice
and Bob can obtain a substantial violation of the Clauser–Horne–
Shimony–Holt (CHSH) Bell inequality [5], as the human eye can
almost perfectly distinguish a thousand photons from the vac-
uum. In practice, however, there is no way to properly implement
U . Usually, the amplification is realized in an irreversible and
entanglement-breaking manner, e.g., in a measure and prepare
setting with a single-photon detector triggering a laser [6]. In this
case, however, the detection clearly happens before the eye.

One may then wonder whether there is a feasible way to reveal
entanglement with the eye in reversible scenarios, i.e., with states,
rotations, and unitary amplifications that can be accessed exper-
imentally. The task is a priori challenging. For example, the pro-
posal of [7], where many independent entangled photon pairs are
observed, does not allow one to violate a Bell inequality with the
realistic model of the eye described before. A closer example is the
proposal of [4], where the entanglement of a photon pair is am-
plified through a phase covariant cloning. Entanglement can be
revealed with the human eye in this scenario if strong assumptions
are made on the source. For example, a separable model based on
a measure and prepare scheme has shown that it is necessary to
assume that the source produces true single photons [6,8]. Here,
we go beyond such a proposal by showing that entanglement can
be seen without assumptions about the detected state. Inspired by
a recent work [9], we show that it is possible to detect path en-
tanglement, i.e., entanglement between two optical paths sharing
a single photon, with a trusted model of the human eye upgraded
by a displacement in phase space. The displacement operation,
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which serves as a photon amplifier, can be implemented with an
unbalanced beam splitter and a coherent state [10]. Our proposal
thus relies on simple ingredients. It does not need interferometric
stabilization of optical paths and is very resistant to loss. It points
toward the first experiment where entanglement is revealed with
human eye-based detectors.

Our proposal starts with an entangled state between two
optical modes A and B:

jψ�i �
1ffiffiffi
2

p �j0iAj1iB � j1iAj0iB�: (1)

Here, j0i and j1i stands for number states filled with the vacuum
and a single photon, respectively. To detect entanglement in state
(1), a method using a photon detector, which does not resolve the
photon number �θ � 1�, preceded by a displacement operation,
has been proposed in [11] and used later in various experiments

[9,12,13]. In the fj0i; j1ig subspace, this measurement is a two-
outcome {P1;η

ns for “no click,” P1;η
s for “click”} nonextremal POVM

on the Bloch sphere whose direction depends on the amplitude
and phase of the displacement [14]. In particular, pretty good
measurements can be realized in the x direction. This can be
understood by realizing that the photon number distribution
of the two states jD�α��0� 1�i and jD�α��0 − 1�i, where
D�α� � eαa†−α�a is the displacement of amplitude α, slightly over-
lap in the photon number space and their mean photon numbers
differ by 2jαj (see Fig. 1). This means that they can be distin-
guished, at least partially, with threshold detectors. It is thus in-
teresting to analyze an eye upgraded by a displacement operation.
In the fj0i; j1ig subspace, we found that the elements fP7;η

ns ; P7;η
s g

also constitute a nonextremal POVM, and as before, their direc-
tion in the Bloch sphere depends on the amplitude and phase of
the displacement. For comparison, the elements “no click” and
“not seen” are given in the inset of Fig. 1 considering real displace-
ments and focusing on the case where the efficiency of the photon
detector is equal to 8%.While the eye-based measurement cannot
perform a measurement in the z direction, it is comparable to the
single-photon detector for performing measurements along the x
direction. Identical results would be obtained in the yz plane for
purely imaginary displacements. More generally, the measure-
ment direction can be chosen in the xy plane by changing the
phase of the displacement. We present in the next paragraph
an entanglement witness suited for such measurements.

We consider a scenario where path entanglement is revealed
with displacement operations combined with a photon detector
on mode A and with the eye on mode B (cf. Fig. 2). We focus on
the following witness:

W �
Z

2π

0

dφ
2π

U †
φ ⊗ U †

φ�σ1α ⊗ σ7β�U φ ⊗ U φ; (2)

where σθα � D�α�†�2Pθ;1
ns − 1�D�α� is the observable obtained by

attributing the value �1 to events corresponding to “no click”
(“not seen”) and −1 to those associated to “click” (“seen”).

Fig. 1. Experimental results (circles) showing the probability of seeing
coherent light pulses as a function of the mean photon number (taken
from [2]). The black line is a guide for the eye. The dashed red line is the
response of a threshold detector with loss (threshold at 7 photons and 8%
efficiency). Such a detector can be used to distinguish the states j0� 1i
and j0 − 1i when they are displaced in phase space: the displacement
operation not only increases the photon number, but also makes the pho-
ton distribution distinguishable. This is shown through the two bumps,
which are the photon number distributions of jD�α��0� 1�i and
jD�α��0 − 1�i for α ∼

ffiffiffiffiffiffiffiffi
100

p
. The inset is a quarter of the xz plane

of the Bloch sphere having the vacuum and single-photon Fock states
fj0i; j1ig as the north and south poles, respectively. A perfect qubit mea-
surement corresponds to a projection along a vector with unit length
(dotted line). The POVM element “no click” of a measurement combin-
ing a single-photon detector with 8% efficiency and a displacement op-
eration defines a nonunit vector on the sphere for which the angle with
the z axis can be changed by tuning the amplitude of the displacement
(purple dashed curve). For a displacement with a zero amplitude (no dis-
placement), this vector points out in the z direction, whereas for an am-
plitude ∼

ffiffiffiffiffiffiffiffiffi
12.5

p
, the vector points out in the x direction. The POVM

element “not seen” of a measurement combining a human eye with a
displacement operation also defines a nonunit vector on the sphere (blue
full line). The angle between this vector and the z axis can also be varied
by changing the size of the displacement. In particular, for an amplitude
of the displacement of ∼

ffiffiffiffiffiffiffiffi
100

p
, this vector points out in the x direction,

and in this case, the measurement with the eye is fairly similar to the
measurement with the single-photon detector with the same efficiency.
Rotation in the xy plane can be obtained by changing the phase of the
displacement operation.

Fig. 2. Scheme of our proposal for detecting entanglement with the
human eye. A photon pair source based on spontaneous parametric
down-conversion is used as a single-photon source, the emission of a pho-
ton being heralded by the detection of its twin. The heralded photon is
then sent into a beam splitter to create path entanglement, i.e., entan-
glement between two optical modes sharing a delocalized single photon.
The entangled state is subsequently detected using a photon counting
detector preceded by a displacement operation on one mode and using
a human eye preceded by a displacement on the other mode. The dis-
placement operations are performed using a coherent state incident on an
unbalanced beam splitter. The correlations between the results (click and
no click for the photon detector, seen and not seen for the human eye)
allows one to conclude about the presence of entanglement, cf. main text.
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Since we are interested in revealing entanglement at the level of
the detection, the inefficiency of the detector can be seen as a loss
operating on the state, i.e., the beam splitter modeling the detec-
tor’s inefficiency acts before the displacement operation, whose
amplitude is changed accordingly [9]. This greatly simplifies
the derivation of the entanglement witness, as this allows us to
deal with detectors with unit efficiencies (η � 1). The phases
of both displacements α and β are randomized through the uni-
tary transformation U φ � eiφa†a for A (where a, a† are the bo-
sonic operators for the mode A) and similarly for B. The basic idea
behind the witness can be understood by noting that for ideal
measurements, W ideal �

R �cos φσx � sin φσy� ⊗ �cos φσx �
sin φσy� dφ2π equals the sum of coherence terms j01ih10j�
j10ih01j. Since two qubit separable states stay positive under par-
tial transposition [15,16], these coherence terms are bounded by
2

ffiffiffiffiffiffiffiffiffiffiffiffi
p00p11

p
for two qubit separable states where pij is the joint

probability for having i photons in A and j photons in B. Any
state ρ such that tr�ρW ideal� > 2

ffiffiffiffiffiffiffiffiffiffiffiffi
p00p11

p
is thus necessarily

entangled. Following a similar procedure, we find that for any
two qubit separable states, tr�W ρqubitsep � ≤ W ppt, where

W ppt �
X1
i;j�0

hijjW jijipij � 2jh10jW j01ij ffiffiffiffiffiffiffiffiffiffiffiffi
p00p11

p
(3)

(see Supplement 1, part II). The pijs can be bounded by noting
that for well-chosen displacement amplitudes, different photon
number states lead to different probabilities of “not seen” and
“no click.” For example, we show in the Supplement 1, part III,
that

p00 ≤
PAB��1� 1j0β0; ρexp� − PB��1jβ0; j1i�PA��1j0; ρexp�

PB��1jβ0; j0i� − PB��1jβ0; j1i�
:

PB��1jβ0; ρexp� is the probability of “not seen” when looking at
the experimental state ρexp amplified by the displacement β0. This
is a quantity that is measured, unlike PB��1jβ0; j1i�, which is
computed from 1

2 �1� h1jσ7β0 j1i�. β0�∼2.7� is the amplitude
of the displacement such that PB��1jβ0; j0i� � PB��1jβ0; j2i�.
p10, p11, and p01 can be bounded in a similar way, with the latter
two requiring another displacement amplitude β1�∼2.1� (see
Supplement 1, part III).

The recipe that we propose for testing the capability of the eye
to see entanglement thus consists of four steps: (i) measure the
probability that the photon detector in A does not click and
the probability of the event “not seen” for two different displace-
ment amplitudes f0; β0g, f0; β1g. (ii) Upper bound from (i) the
joint probabilities p00, p11, p01, and p10. (iii) Deduce the maxi-
mum value that the witness W would take in separable states
W ppt. (iv) Measure hW i. If there are values of α and β such that
hW i > W ppt, we can conclude that the state is entangled. Note
that this conclusion holds if the measurement devices are well
characterized, i.e., the models that are used for the detections well
reproduce the behavior of single-photon detectors and eyes, the
displacements are well-controlled operations, and the filtering
processes ensure that a single mode of the electromagnetic wave
is detected. We have also assumed hitherto that the measured
state is well described by two qubits. In the Supplement 1,
part IV, we show how to relax this assumption by bounding
the contribution from higher photon numbers. We end up with
an entanglement witness that is state independent, i.e., valid inde-
pendently of the dimension of the underlying Hilbert space.

The experiment that we envision is represented in Fig. 2. A
single photon is generated from a photon pair source, and its cre-
ation is heralded through the detection of its twin photon. Single
photons at 532 nm can be created in this way by means of spon-
taneous parametric down-conversion [3]. They can be created in
pure states by the appropriate filtering of the heralding photon,
see, e.g., [9]. The heralded photon is then sent into a beam splitter
(with transmission efficiency T ), which leads to entanglement be-
tween the two output modes. As described before, displacement
operations upgrade the photon detection in A and the experimen-
talist’s eye in B. In practice, the local oscillators needed for the
displacement can be made indistinguishable from single photons
by using a similar nonlinear crystal pumped by the same laser but
seeded by a coherent state, see, e.g., [17]. The relative value
ΔW � hW i −W ppt that would be obtained in such an experi-
ment is given in Fig. 3 as a function of T . We have assumed
a transmission efficiency from the source to the detectors
ηt � 90%, a detector efficiency of 80% in A, and an eye with
the properties presented before (8% efficiency and a threshold
at 7 photons). The results are optimized over the squeezing
parameter of the pair source for suitable amplitudes of the dis-
placement operations (α � 1, β � ffiffiffi

7
p

) (see Supplement 1,
part V). We clearly see that despite low overall efficiencies and
multi-photon events that are unavoidable in spontaneous para-
metric down-conversion processes, our entanglement witness
can be used to successfully detect entanglement with the eye.
Importantly, there is no stabilization issue if the local oscillator
that is necessary for the displacement operations is superposed
to each mode using a polarization beam splitter instead of a beam
splitter to create path entanglement, see, e.g., [9,18]. The main
challenge is likely the timescale of such an experiment, as the
repetition time is inherently limited by the response of the exper-
imentalist, but this might be overcome at least partially by meas-
uring directly the responses of the rod cells as in [3].

Our results help to clarify the requirements to see entangle-
ment. If entanglement breaking operations are used, as in the
experiments performed so far, it is straightforward to see entan-
glement. In this case, however, the measurement happens before
the eyes. In principle, the experimentalist can reveal nonlocality
directly with the eyes from reversible amplifications, but these

Fig. 3. Value of the witness that would be measured in the setup
shown in Fig. 2 relative to the value that would be obtained from state
with a positive partial transpose ΔW � hW i −W ppt as a function of the
beam splitter transmission efficiency T under realistic assumption about
efficiencies, cf. main text.

Letter Vol. 3, No. 5 / May 2016 / Optica 475

https://osapublishing.org/optica/viewmedia.cfm?URI=optica-3-5-473&seq=1
https://osapublishing.org/optica/viewmedia.cfm?URI=optica-3-5-473&seq=1
https://osapublishing.org/optica/viewmedia.cfm?URI=optica-3-5-473&seq=1
https://osapublishing.org/optica/viewmedia.cfm?URI=optica-3-5-473&seq=1
https://osapublishing.org/optica/viewmedia.cfm?URI=optica-3-5-473&seq=1


unitaries cannot be implemented in practice. What we have
shown is that entanglement can be realistically detected with
human eyes upgraded by displacement operations in a state-
independent way. From a conceptual point of view, it is interest-
ing to wonder whether our proposal can be extended to the
detection of entanglement with two eye-based detectors or
whether it can be used to reveal hidden images in the spirit of
what has been proposed in [19]. For more applied perspectives,
our proposal shows how threshold detectors can be upgraded with
a coherent amplification up to the point where they become useful
for quantum optics experiments. It is interesting to wonder
whether this can be applied to other imperfections, such as noise,
i.e., whether a basic CCD camera combined with a displacement
operation can detect entanglement. Anyway, it is safe to say that
probing the human vision with quantum light is a terra incognita.
This makes it an attractive challenge on its own.
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