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The weak value, the average result of a weak measurement, has proven useful for probing quantum and
classical systems. Examples include amplifying small signals, investigating quantum paradoxes, and elucidating
fundamental quantum phenomena such as geometric phase. A key characteristic of the weak value is that it
can be complex, in contrast to a standard expectation value. However, typically only either the real or imaginary
component of the weak value is determined in a given experimental setup. Weak measurements can be used to, in
a sense, simultaneously measure noncommuting observables. This principle was used in the direct measurement
of the quantum wave function. However, the wave function’s real and imaginary components, given by a
weak value, are determined in different setups or on separate ensembles of systems, putting the procedure’s
directness in question. To address these issues, we introduce and experimentally demonstrate a general method
to simultaneously read out both components of the weak value in a single experimental apparatus. In particular,
we directly measure the polarization state of an ensemble of photons using weak measurement. With our method,
each photon contributes to both the real and imaginary parts of the weak-value average. On a fundamental level,
this suggests that the full complex weak value is a characteristic of each photon measured.
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I. INTRODUCTION

Weak values and weak measurements have attracted a
considerable amount of interest in recent years [1]. Weak
values were introduced in 1988 [2,3] as the average result of a
gently probing measurement (i.e., a weak measurement) of an
quantum observable for an input quantum state and followed
by a projective measurement. They have been used to inves-
tigate quantum paradoxes, such as the three-box [4,5], the
Cheshire cat [6,7], and Hardy’s paradoxes [8,9]. Weak values
are deeply connected to other fundamental and uniquely quan-
tum phenomena, such as geometric phase [10], time-reversal
symmetry violation [11-13], Bayesian quantum estimation
[14], and noncontextuality [15—-17]. They have also found
application in the field of metrology. In a technique called
weak-value amplification, the weak value can become much
larger than the standard expectation value of an observable,
thereby amplifying the associated measurement signal [2].
This has been used to measure small shifts in quantities such
as phase, time, frequency, angle, and temperature [18-22].

Most relevant to this work, weak measurement has been
used to directly measure the quantum wave function of a
system [23-26]. This procedure weakly measures one variable
(e.g., position x) and then strongly measures the complemen-
tary variable (e.g., momentum p). The real and imaginary
parts of the wave function ¥ (x) appear directly on the mea-
surement apparatus as the real and imaginary parts of the weak
value. In this way, an unknown input quantum state can be
determined. And, in contrast to quantum state tomography,
this can be accomplished without the need for a complicated
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mathematical reconstruction such as an inversion or fitting.
Nevertheless, there has been a degree of indirectness in almost
all experiments that measure both the real and imaginary parts
of the weak value. In particular, each part is measured by
averaging over a separate subensemble. This happens in two
possible ways: (1) A different apparatus is used to measure
each of the two parts. (2) A single apparatus randomly chooses
whether it is the real or imaginary part that is measured in a
given trial. In either case, the real and imaginary parts of the
wave function are determined separately, which diminishes
the purported directness of the technique.

Another motivation for this work is to establish whether
the weak value is fundamental to a physical system. The
experiments described above suggest that measurements of
the real and the imaginary parts of the weak value are mutually
exclusive. It may be fundamentally impossible to measure
them simultaneously, much like the Heisenberg Uncertainty
Principle forbids the simultaneous precise measurement of
complementary observables. If true, it may be incorrect to
consider both the real and imaginary parts of the weak value
as the average result of weak measurement or as simultaneous
properties of the measured system. This would contradict
particular interpretations of quantum physics that take weak
values as deterministic (i.e., “real” or ontological) properties
of a system [4,27,28].

Recently, an experiment demonstrated the simultaneous
readout of the real and imaginary parts of the weak value using
orbital angular momentum states of light [29]. However, it was
unclear whether orbital angular momentum was inherently
necessary or whether the technique was more general. In this
work, we show that the technique in Ref. [29] can be general-
ized to a broad class of weak-measurement implementations
by performing a sequence of two separate weak measurements
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of the same observable. We experimentally demonstrate the
method by directly measuring the polarization state of an
ensemble of photons while simultaneously reading out both
the real and imaginary parts of the weak value for each photon.

We begin by reviewing the theory behind weak values. We
then theoretically introduce the two above-mentioned general
methods to concurrently measure the real and imaginary parts
of the weak value. Next, we describe an experiment in which
we directly measure the photon polarization. The main benefit
of our method is to conceptually and experimentally simplify
weak measurement. In the the last section, we discuss this in
more detail along with the method’s precision.

II. THEORETICAL DESCRIPTION
OF WEAK MEASUREMENT

The concept of weak measurement is best introduced
within von Neumann’s model of quantum measurement. Ar-
guably, any type of measurement can be described with this
model [30]. The key feature of this model that distinguishes it
from the standard treatment of measurement in quantum me-
chanics is that both the measured system S and the “pointer” P
of the measurement apparatus are treated quantum mechani-
cally. That is, both have quantum states. The measured system
begins in an arbitrary superposition state |1/)s = D, calan)s,
where |a,)s is an eigenstate of the observable A that is to be
measured, with eigenvalue a,. The measurement apparatus
incorporates a pointer that will indicate the result of the
measurement. The pointer is in state |§)p. Initially, |§)p =
|g = 0)p, a state with standard deviation o and center g in
some variable g (e.g., position). Together, the pointer and
measured system compose the total system 7', which has state
©)7 = [¥)s ® |§ = 0) initially.

To perform the measurement, the system observable is
coupled to the conjugate pointer variable k (e.g., momentum)
by the von Neumann measurement interaction

U = exp(—isA ® k), (1)

where § is the coupling strength. The action of unitary U is
as follows. The pointer will be shifted by Ag = §a, for state
|ay)s in |Yr)s. Thus, the final state of the total system is given
by |©)r =), culan)slg = 8a,)p, which is now entangled
between S and P. Lastly, in the “readout” step of the model,
one measures § on the pointer to read out the measurement
of A. If the shift is large compared to the initial spread of the
pointer, § > o, then the outcome of the measurement can be
read out unambiguously in a single trial with minimal error.
However, given outcome a,, the system will then be left in
a single state |a,)s, destroying the initial superposition (i.e.,
“collapse”). This is a standard (i.e. “strong”) measurement.
The opposite limit, § < o, defines the regime of weak
measurement. In this limit, the shifted pointer states in |®)7
overlap in g, making the result of the measurement ambiguous
in any given trial. However, since the the measured system is
now only minimally entangled with the pointer, reading out
A by measuring § now only minimally disturbs the initial
measured-system state |y)s. Subsequent measurement will
now reveal additional information about that state. Consider
a subsequent projective measurement onto state |¢)s. In the
subensemble of trials that have been successfully projected

onto |¢)g (i.e., “postselection”), the pointer will on average be
shifted by an amount proportional to the weak value [2]:

X A
iy = (21 .

(ol¥r)

~

For this to be valid, the pointer shift, §(A)w (i.e., the “signal”),
must be much smaller than the pointer spread o (i.e., the
“noise”) [31]. In other words, for a single trial the signal to
noise ratio in a weak measurement is small. Nonetheless, by
repeating the weak measurement in a large number of trials
one can reduce the effect of noise by averaging. The average
result is the weak value.

Unlike standard expectation values, the weak value can be
complex valued. The real and imaginary parts of the weak
value manifest as shifts in the two conjugate pointer variables
q and k:

~

1 A
(Aw = 5(@ + ido? (k). 3)

where the expectation values on the right-hand side are taken
for the final pointer state.

The heart of the problem of determining Re(A)y and
Im(A)y simultaneously is that § and k do not commute,
and, thus, cannot be measured at the same time. Instead, past
experiments have measured Re(A)y and Im(A)y on separate
subensembles of the measured system. This was achieved
with one of two methods, which we call method A and method
B (see Fig. 1). In method A, the ensemble is divided in two.
Each subensemble is then sent through the von Neumann in-
teraction [i.e., Eq. (1)] and to the subsequent strong projective
measurement, i.e., the postselection of system state |¢)s. In
the reading out of the weak measurement, only one of the
pointer variables, g or k, is measured for each subensemble.
An example of this strategy is the original direct measurement
of the wave-function experiment [23]. There, the photon’s
polarization was used as a pointer. The two conjugate pointer
observables were 6, and 6,, the polarization Pauli matrices.
To measure a given Pauli matrix, the angle of the wave
plate is set at a specific angle. Thus, Re(A)y and Im(A)y
were determined separately for two subensembles of photons
delineated by time.

In method B, the ensemble is divided after the von Neu-
mann interaction. An example of this is in another direct
measurement experiment [32]. In it, the photon’s polarization
was the measured system and its transverse spatial mode
was used as the pointer. Just before the weak-measurement
readout, a beamsplitter divided the ensemble of photons in
two. For one subensemble the transverse momentum was
measured. For the other subensemble the transverse photon
position was measured. In this way, in each trial either the
pointer momentum or position were determined depending on
which way the photon exited the beamsplitter. Consequently,
the real and imaginary weak values were determined with
distinct subensembles.

III. GENERAL METHOD TO MEASURE THE FULL
COMPLEX WEAK VALUE

We now introduce method C (Fig. 1), which allows one
to determine the real and imaginary parts of the weak value
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FIG. 1. Schemes for measuring the real and imaginary parts of
the weak value, Re(A)y and Im(A)w. In method A, an identical
ensemble of system states [1/)s is divided into two before the von
Neumann measurement interaction U couples system observable A
to the pointer P, initially in state |£)p. In both subensembles, the
system is postselected in state |¢)s. One subensemble is then used
to read out Re(A)y from the pointer while the other subensemble is
used to read out Im(A)y . Method B is similar except that the division
into two subensembles happens after the measurement interaction.
In method C, two pointers are coupled to the system in two mea-
surement interactions. One pointer is used to read out Re{A)w while
the other is used to read out Im(A)y . Only in method C does each
member of the identical ensemble contribute to the readout of the
full complex weak.

simultaneously. This was first achieved in Ref. [29] by using
an orbital angular momentum pointer, which had a ring-like
transverse probability distribution. Shifts of the center of the
ring along two orthogonal directions gave the two parts of the
weak value. While in Ref. [29] this is framed as an effect that
relies on orbital angular momentum, we will show that the key
to the simultaneous determination is the use of the two spatial
directions as independent pointers.

Since weak measurements minimize disturbance to the
system, multiple weak measurements can be performed in
sequence without altering their individual results, i.e., weak
values. Consider, two weak measurements but of the same
system observable A. A pointer P1 is used for the first von
Neumann interaction and, then, another pointer P2, is used for
the second von Neumann interaction [Eq. (1)] giving a total
evolution of

U = exp(—i8 Ak, )exp(—is,Ak») )

= exp[—iA(81k + 8:k2)1, 5)

where IEJ- is observable k for the jth pointer (and likewise for
4). While 4§ and k for an individual pointer do not commute,
¢, and k, do commute. Consequently, the weak value can
now be determined by measuring §; for the first pointer and
simultaneously measuring k> for the second pointer:
N 1 .4022 A
(Aw = —(q1) +i—(ka). (6)
3 5
Note that the two pointers need not be the same type of
quantum systems. They could be an electron and photon, for
example. As well, the pointer degrees of freedom, ¢g; and
q», might be distinctly different, e.g., spin and position. This
procedure, based on a sequence of two weak measurements
of A, constitutes our method to simultaneously measure both
parts of the weak value. A given trial will contribute to the
average for both Re (A)w and Im(A)y .

IV. EXPERIMENT TO SIMULTANEOUSLY MEASURE
THE FULL WEAK VALUE

We demonstrate method C by directly measuring the polar-
ization state of a photon. We describe the direct measurement
concept in the Appendix. Since photons typically do not inter-
act strongly with other quantum systems, instead of using an
external system as a pointer, we use two photonic degrees of
freedom as the system and pointer, polarization and transverse
mode. This allows us to use linear optics to implement the
von Neumann interaction, which will couple a polarization
observable to the transverse position of the photon.

For a two-dimensional pointer, such as transverse position,
method C can be significantly simplified. A photon traveling
along z has a transverse position (x,y), so that g = x and
g2 = y. Consider if the two couplings are equal, §; = 8, =
V/28. With this, the two-pointer unitary in Eq. (4) reverts to
the standard von Neumann interaction [Eq. (1)] with a single
pointer and a single-pointer degree of freedom:

U = exp(—isApp/h), (7)

where £, = (& + §)/+/2 is the photon position along the di-
agonal direction D (it is the /2 in Xp that necessitates the V2
in §). While, we now only require the standard von Neumann
single-pointer unitary interaction [Eq. (1)], the final pointer
readout must still be two dimensional. That is both x and the
transverse momentum p, (i.e., along y) must be measured in
order to simultaneously evaluate both Re(A)y and Im(A)y
according to Eq. (6).

The experimental setup is shown in Fig. 2. Our ensemble
of photons is produced by a helium-neon laser with a wave-
length of A = 633 nm. A polarizing beamsplitter (PBS) sets
the photon polarization state to horizontal |H)g. The spatial
distribution is Gaussian in both the x and y directions and is
set to have a 1/e* half-width of o = 0, = 0, = 306 £ 2 um
with a beam expander. We use a half-waveplate (HWP) with
its optical axis at an angle # from the horizontal followed
by a quarter-waveplate (QWP) with its axis —45° from the
horizontal to produce an input polarization state,

[ (8))s = cplD)s + calA)s
= §in(20 — 71 /4)|D)s — i cos(20 — 7 /4)A)s,  (8)
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FIG. 2. Experimental setup for simultaneous readout of the real and imaginary parts of the weak value. This setup implements method C in
Fig. 1. To create the input polarization state |/ (0))s (the state of the measured system) we use a polarizing beamsplitter (PBS), half-waveplate
(HWP) at angle 6, and quarter-waveplate (QWP). The pointers are the two transverse degrees of freedom of the photon, x and y. A beam
expander sets the width o of the pointer states. The walk-off crystal (xtal) displaces the two-dimensional pointer along the diagonal direction
by § if the system is diagonally polarized, |D)s. This implements the measurement interaction by coupling the pointer to the observable 7.
A 4f lens arrangement images the crystal plane onto an image sensor. The cylindrical lens is used to Fourier transform the spatial distribution
solely along the y axis. The image sensor records the average photon number at a pixel index (n,, n,/). This index is proportional to (x, py).
By evaluating the pointer shifts, () and (p,), we find Re(ftp)w and Im(7p)w via Eq. (6).

where |D) and |A) are the diagonal and antidiagonal polar-
ization states, respectively. In order to test our method with a
range of system states, we vary |y (60))s by rotating the angle
6 of the HWP.

We implement the von Neumann interaction by using a
birefringent crystal (beta barium borate) to couple the po-
larization of the photon to its spatial distribution. A photon
with a polarization along the crystal optical axis will be
transversely displaced along the direction of the axis, whereas
a photon with the orthogonal polarization will not. We use
a single crystal (xtal) to displace the position xp of photons
with polarization |D)g by § = 163 &2 pum. Since § < o, this
interaction is in the weak measurement regime. The weakly
measured observable is 7p = |D)(D|s. While, in our case, the
displacement and polarization are collinear, by sandwiching
such a “walk-off crystal” between waveplates, any polariza-
tion projector can be measured.

Following the walk-off crystal, we project the measured
system |¢)s onto the horizontal polarization state |H)s with
a polarizing beamsplitter. The transmitted photons are then
sent through a 4f lens system (spherical lenses, focal lengths
fi =1 mand f, = 1.2 m) that images the crystal plane onto
an image sensor (a CMOS sensor with resolution 2560 x 1920
and a pixel pitch of 2.2 umx 2.2 um). The final photon
position x” on the sensor is given by X’ = Mx, where magnifi-
cation M = f,/f1 = 1.2. The use of a 4f system creates room
between the image sensor and the xtal for a long focal length
cylindrical lens (fpr = 1 m, curved along the y direction) to
be placed one focal length before the sensor. The cylindrical
lens performs a Fourier transform such that the final position
is proportional to the initial transverse momentum, y’ = bpy,
where b = A fpr/2mh. The large value of frr ensures the
distribution will cover many pixels in the y’ direction.

To read out the result of the weak measurement we must
determine the average shift of the pointer along x” and y'.
Thus, we record the average number of photons (i.e., the
intensity) detected at a given position, I(x’, y’). From this,
Re(fip)w and Im(7p)y can be calculated by taking x = x'/M

and p, = y'/bin Eq. (6). However, we do not do this. Because
it is more direct, a more accurate method is to calculate the
expectation values in terms of pixel index (n,, ny ) rather than
position:

Ay = 8i<<ﬁx/> T i“—*<ﬁy/>). ©)
X/ Oy

To arrive at this expression, M has been expressed in terms
of §¢ =62.84+0.9 and o, = 167 £ 1, which are § and o in
units of pixels. In addition, b has been expressed in terms of
oy = 62.9 & 0.4 in units of pixels, the pointer width along the
Y pixel direction. See Ref. [26] for the details of this method.
We vary input system state | (6))s over range 6 = 0 to 90°
in 3° steps. For each step three images were collected and
averaged and then used to determine pointer shifts (7,/) and
(fiy). The full range was stepped through seven times. These
seven trials were used to determine the mean pointer shifts
and their standard error. Based on these, in the next section,
we present the measured weak values.

V. RESULTS

In Figs. 3(a) and 3(b), we respectively plot the Re(p)w
and Im (77p)w points experimentally determined using method
C. The solid line plotted in each panel of Fig. 3 is the
corresponding theoretical prediction:

(9)
cp +cyp

) .
= 5[1 + cos <49 + %>:| - ésin (49 + %) (10)

which is found from Egs. (8) and (6). This weak measurement
directly measures the amplitudes of |i{)s. Note that the cx
amplitude can be eliminated or determined through normal-
ization |ca|> = 1 — |cp|?. The phases of the amplitudes are
determined up to a global phase that changes with the input
state | V).

(ip)w
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FIG. 3. Real and imaginary parts of the measured weak value.
In (a) and (b), we plot the results of a weak measurement of 7p
using method C in Fig. 1. The weak value (#p)w is found from the
measured shifts along x” and y’ according to Eq. (9) (blue circles). For
system state |/ (0))s = cp|D)s + ca|A)s the predicted weak value
is given by Eq. (10) (red line). In (c) and (d), we use the fact that
(fip)w o< ¢p to directly measure the system state (see the Appendix
for details). We plot measured system state amplitudes, c¢p (blue
circles) and c4 (red squares). The nominal amplitudes are indicated
by the solid lines given by Eq. (8). The error bars indicate the
standard error found from repeated trials.

The data points closely follow the theoretical curve, indi-
cating that method C works. However, they do not agree with
theory to within error. We attribute this to systematic errors
such as offsets from the nominal birefringent retardance of the
waveplates, the axis direction of the crystals, and movement
of the beam with waveplate rotation.

VI. DISCUSSION AND CONCLUSION

~

Since their introduction, weak values (A)y have been
the focus of debate [33-37]. In addition, there has been
confusion and disagreement about what they fundamentally
represent [3,38—44]. Should they be interpreted as the value
of the weakly measured parameter [45] (even though it can
lie outside the range of the observable’s eigenvalues [2]),
as the average value of that parameter [46,47], or as a real
deterministic property of the measured system [4,27,28], or
perhaps not regarded as a measurement result at all? This
confusion has been compounded by the fact that the weak
value is generally complex, in contrast to the standard quan-
tum expectation value. Indeed, in some papers the imaginary
part of the weak value is not considered part of the result of
the weak measurement at all [48].

There are arguments for and against considering Im(A)y
as part of the result of the weak measurement. An argument
in favor of this is that both Re(A)y and Im(A)y have clear
physical manifestations: as shifts in two conjugate variables
of the measurement apparatus pointer, e.g., position and mo-
mentum, respectively. An “against” argument is that the ap-
pearance of an imaginary component of the average result of a
measurement is completely unexpected and, in the context of

probability theory, nonsensical. Another “against” argument
is that the momentum shift is usually much smaller than the
position shift and thus should be considered a side effect of
the measurement (i.e., reverse “backaction” [49]).

This confusion about the complex nature of the weak value
is compounded by the fact that Re(A)y and Im(A)y were not
measured simultaneously in experiments. That is, since the
two pointer variables are conjugate, the two shifts could not be
determined at the same time. This is particularly consequen-
tial when considering the weak-measurement-based concept
of direct measurement of the wave function. There, the di-
rectness is partly a reflection of the full weak value appearing
on the measurement apparatus in a straight-forward manner.
If the real and imaginary parts do not appear simultaneously
then it puts this directness in question.

While it is conceptually and experimentally simpler,
method C may come with a decrease (or increase) in precision.
Consider that in method C both the real and imaginary compo-
nents of the weak value are measured using the full ensemble.
This will double the sample size relative to methods A and
B and thus reduce the uncertainty in the pointer expectation
values by a factor of /2. However, one must also consider the
signal size when discussing precision. In order to compare the
three methods, we consider them with the same total coupling
strength, §. This also sets the measurement backaction of
the three methods to be equal. As with Eq. (7), the real and
imaginary pointer shifts along x and y (i.e., our signals) will
then be +/2 smaller in method C than methods A or B. In
short, the decrease in signal size exactly cancels the decrease
in uncertainty. While this is not a rigorous proof, it suggests
that the method introduced in this paper is as precise as the
existing weak-measurement techniques.

In this paper, we introduced and experimentally demon-
strated a general method to simultaneously measure both
the real and imaginary components of the weak value. The
method uses a separate pointer and von Neumann measure-
ment interaction for each weak-value component. We simpli-
fied the method in the case of an inherently two-dimensional
system, such as transverse position, so that only one measure-
ment interaction is required. In the method, each and every
trial contributes to both the Re(A)y and Im(A)w averages.
Thus, two pointer shifts can manifest themselves at the same
time, giving the real and imaginary parts of the wave function
in a direct measurement. In summary, this paper supports the
notion that the full complex weak value should be considered
the average result of a weak measurement and, in that sense,
a fundamental property of the measured system.
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APPENDIX: DIRECT MEASUREMENT
OF THE QUANTUM STATE

Our experimental demonstration performs a direct mea-
surement of a quantum state. Below we describe what is meant
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by a direct measurement. Consider if one wants to measure
the amplitudes of an arbitrary polarization state of a photon
expressed in the A/D basis,

[¥)s = cp|D)s + calA)s, (A1)

where cp = (D|Y) and ¢4 = (A|y). We define |H), |V), |D),
and |A), as the horizontal, vertical, diagonal, and antidiagonal
polarization states, where |D) = (|H) + |V))/ /2. The con-
cept for direct measurement was introduced in Ref. [23]. In
it, a weak measurement of a variable is followed by a strong
measurement of a complementary variable. The weak value
is proportional to the quantum state. For polarization, this
entails weakly measuring #; = |J){J| for J = A, D and then
strongly projecting the measured system on |H). A successful
projection defines a subensemble of trials in which the average
result of the weak measurement, the weak value, is
(H|7,|¢)

(F)w = —H = VNI,

where +/N is a constant, independent of J.

(A2)

In terms of this weak value, the quantum state is given by

1

Vs = W((ﬁmwlD)s + (Ta)wlA)s) (A3)
1
= ﬁ[(ﬁD)MD)S + 1 = (Ap)w)lA)s].  (A4)

The second line is a simplification using [ = 7, + #4. Nor-
malization fixes N = (|(7ip)w|*> + |1 — (Ap)w]|?). Typically,
one would also fix the global phase, which otherwise would
vary with |)s. We do this by setting cp = |cp|exp(i¢p)
to be real always. Summarizing, for polarization we need
only weakly measure 77p to directly measure the quantum
state. This procedure was demonstrated in Ref. [32], but
as discussed in the main body of the paper, a beamsplitter
was used to randomly measure either x or p, for a given
photon. In contrast, in our method, each member of our photon
ensemble will contribute to both the Re(A)y and Im(A)y
averages.

[1] J. Dressel, M. Malik, F. M. Miatto, A. N. Jordan, and R. W.
Boyd, Rev. Mod. Phys. 86, 307 (2014).
[2] Y. Aharonov, D. Z. Albert, and L. Vaidman, Phys. Rev. Lett. 60,
1351 (1988).
[3] Y. Aharonov and L. Vaidman, Phys. Rev. Lett. 62, 2327 (1989).
[4] Y. Aharonov and L. Vaidman, J. Phys. A 24, 2315 (1991).
[5] K. J. Resch, J. S. Lundeen, and A. M. Steinberg, Phys. Lett. A
324, 125 (2004).
[6] Y. Aharonov, S. Popescu, D. Rohrlich, and P. Skrzypczyk,
New J. Phys. 15, 113015 (2013).
[7] T. Denkmayr, H. Geppert, S. Sponar, H. Lemmel, A. Matzkin,
J. Tollaksen, and Y. Hasegawa, Nat. Commun. 5, 4492 (2014).
[8] Y. Aharonov, A. Botero, S. Popescu, B. Reznik, and J.
Tollaksen, Phys. Lett. A 301, 130 (2002).
[9] J.S. Lundeen and A. M. Steinberg, Phys. Rev. Lett. 102, 020404
(2009).
[10] E. Sjoqvist, Phys. Lett. A 359, 187 (2006).
[11] Y. Aharonov, P. G. Bergmann, and J. L. Lebowitz, Phys. Rev.
134, B1410 (1964).
[12] A.Bednorz, K. Franke, and W. Belzig, New J. Phys. 15, 023043
(2013).
[13] D. Curic, M. C. Richardson, G. S. Thekkadath, J. Flérez, L.
Giner, and J. S. Lundeen, Phys. Rev. A 97, 042128 (2018).
[14] L. M. Johansen, Phys. Lett. A 322, 298 (2004).
[15] J. Tollaksen, J. Phys. A: Math. Theor. 40, 9033 (2007).
[16] J. Dressel, S. Agarwal, and A. N. Jordan, Phys. Rev. Lett. 104,
240401 (2010).
[17] M. E. Pusey, Phys. Rev. Lett. 113, 200401 (2014).
[18] O. Hosten and P. Kwiat, Science 319, 787 (2008).
[19] D. J. Starling, P. B. Dixon, A. N. Jordan, and J. C. Howell,
Phys. Rev. A 80, 041803(R) (2009).
[20] D. J. Starling, P. B. Dixon, N. S. Williams, A. N. Jordan, and
J. C. Howell, Phys. Rev. A 82, 011802(R) (2010).
[21] N. Brunner and C. Simon, Phys. Rev. Lett. 105, 010405 (2010).
[22] P. Egan and J. A. Stone, Opt. Lett. 37, 4991 (2012).

[23] J. S. Lundeen, B. Sutherland, A. Patel, C. Stewart, and C.
Bamber, Nature 474, 188 (2011).

[24] J. S. Lundeen and C. Bamber, Phys. Rev. Lett. 108, 070402
(2012).

[25] C. Bamber and J. S. Lundeen, Phys. Rev. Lett. 112, 070405
(2014).

[26] G.S. Thekkadath, L. Giner, Y. Chalich, M. J. Horton, J. Banker,
and J. S. Lundeen, Phys. Rev. Lett. 117, 120401 (2016).

[27] L. Vaidman, Found. Phys. 26, 895 (1996).

[28] H. F. Hofmann, New J. Phys. 14, 043031 (2012).

[29] H. Kobayashi, K. Nonaka, and Y. Shikano, Phys. Rev. A 89,
053816 (2014).

[30] H. Wiseman and G. Milburn, Quantum Measurement and Con-
trol (Cambridge University Press, Cambridge, England, 2010).

[31] I. M. Duck, P. M. Stevenson, and E. C. G. Sudarshan, Phys. Rev.
D 40, 2112 (1989).

[32] J. Z. Salvail, M. Agnew, A. S. Johnson, E. Bolduc, J. Leach,
and R. W. Boyd, Nat. Photon. 7, 316 (2013).

[33] A. N. Jordan, J. Martinez-Rincén, and J. C. Howell, Phys. Rev.
X 4,011031 (2014).

[34] S.Pang, J. Dressel, and T. A. Brun, Phys. Rev. Lett. 113, 030401
(2014).

[35] S. Pang and T. A. Brun, Phys. Rev. Lett. 115, 120401 (2015).

[36] Y. Turek, W. Maimaiti, Y. Shikano, C.-P. Sun, and M. Al-Amri,
Phys. Rev. A 92, 022109 (2015).

[37] K. Lyons, J. Dressel, A. N. Jordan, J. C. Howell, and P. G.
Kwiat, Phys. Rev. Lett. 114, 170801 (2015).

[38] A.J. Leggett, Phys. Rev. Lett. 62, 2325 (1989).

[39] A. Peres, Phys. Rev. Lett. 62, 2326 (1989).

[40] C. Ferrie and J. Combes, Phys. Rev. Lett. 113, 120404 (2014).

[41] H. F. Hofmann, M. linuma, and Y. Shikano, arXiv:1410.7126.

[42] A. Brodutch, Phys. Rev. Lett. 114, 118901 (2015).

[43] C. Ferrie and J. Combes, Phys. Rev. Lett. 114, 118902
(2015).

[44] L. Vaidman, Philos. Trans. R. Soc. A 375, 20160395 (2017).

032119-6


https://doi.org/10.1103/RevModPhys.86.307
https://doi.org/10.1103/RevModPhys.86.307
https://doi.org/10.1103/RevModPhys.86.307
https://doi.org/10.1103/RevModPhys.86.307
https://doi.org/10.1103/PhysRevLett.60.1351
https://doi.org/10.1103/PhysRevLett.60.1351
https://doi.org/10.1103/PhysRevLett.60.1351
https://doi.org/10.1103/PhysRevLett.60.1351
https://doi.org/10.1103/PhysRevLett.62.2327
https://doi.org/10.1103/PhysRevLett.62.2327
https://doi.org/10.1103/PhysRevLett.62.2327
https://doi.org/10.1103/PhysRevLett.62.2327
https://doi.org/10.1088/0305-4470/24/10/018
https://doi.org/10.1088/0305-4470/24/10/018
https://doi.org/10.1088/0305-4470/24/10/018
https://doi.org/10.1088/0305-4470/24/10/018
https://doi.org/10.1016/j.physleta.2004.02.042
https://doi.org/10.1016/j.physleta.2004.02.042
https://doi.org/10.1016/j.physleta.2004.02.042
https://doi.org/10.1016/j.physleta.2004.02.042
https://doi.org/10.1088/1367-2630/15/11/113015
https://doi.org/10.1088/1367-2630/15/11/113015
https://doi.org/10.1088/1367-2630/15/11/113015
https://doi.org/10.1088/1367-2630/15/11/113015
https://doi.org/10.1038/ncomms5492
https://doi.org/10.1038/ncomms5492
https://doi.org/10.1038/ncomms5492
https://doi.org/10.1038/ncomms5492
https://doi.org/10.1016/S0375-9601(02)00986-6
https://doi.org/10.1016/S0375-9601(02)00986-6
https://doi.org/10.1016/S0375-9601(02)00986-6
https://doi.org/10.1016/S0375-9601(02)00986-6
https://doi.org/10.1103/PhysRevLett.102.020404
https://doi.org/10.1103/PhysRevLett.102.020404
https://doi.org/10.1103/PhysRevLett.102.020404
https://doi.org/10.1103/PhysRevLett.102.020404
https://doi.org/10.1016/j.physleta.2006.06.028
https://doi.org/10.1016/j.physleta.2006.06.028
https://doi.org/10.1016/j.physleta.2006.06.028
https://doi.org/10.1016/j.physleta.2006.06.028
https://doi.org/10.1103/PhysRev.134.B1410
https://doi.org/10.1103/PhysRev.134.B1410
https://doi.org/10.1103/PhysRev.134.B1410
https://doi.org/10.1103/PhysRev.134.B1410
https://doi.org/10.1088/1367-2630/15/2/023043
https://doi.org/10.1088/1367-2630/15/2/023043
https://doi.org/10.1088/1367-2630/15/2/023043
https://doi.org/10.1088/1367-2630/15/2/023043
https://doi.org/10.1103/PhysRevA.97.042128
https://doi.org/10.1103/PhysRevA.97.042128
https://doi.org/10.1103/PhysRevA.97.042128
https://doi.org/10.1103/PhysRevA.97.042128
https://doi.org/10.1016/j.physleta.2004.01.041
https://doi.org/10.1016/j.physleta.2004.01.041
https://doi.org/10.1016/j.physleta.2004.01.041
https://doi.org/10.1016/j.physleta.2004.01.041
https://doi.org/10.1088/1751-8113/40/30/025
https://doi.org/10.1088/1751-8113/40/30/025
https://doi.org/10.1088/1751-8113/40/30/025
https://doi.org/10.1088/1751-8113/40/30/025
https://doi.org/10.1103/PhysRevLett.104.240401
https://doi.org/10.1103/PhysRevLett.104.240401
https://doi.org/10.1103/PhysRevLett.104.240401
https://doi.org/10.1103/PhysRevLett.104.240401
https://doi.org/10.1103/PhysRevLett.113.200401
https://doi.org/10.1103/PhysRevLett.113.200401
https://doi.org/10.1103/PhysRevLett.113.200401
https://doi.org/10.1103/PhysRevLett.113.200401
https://doi.org/10.1126/science.1152697
https://doi.org/10.1126/science.1152697
https://doi.org/10.1126/science.1152697
https://doi.org/10.1126/science.1152697
https://doi.org/10.1103/PhysRevA.80.041803
https://doi.org/10.1103/PhysRevA.80.041803
https://doi.org/10.1103/PhysRevA.80.041803
https://doi.org/10.1103/PhysRevA.80.041803
https://doi.org/10.1103/PhysRevA.82.011802
https://doi.org/10.1103/PhysRevA.82.011802
https://doi.org/10.1103/PhysRevA.82.011802
https://doi.org/10.1103/PhysRevA.82.011802
https://doi.org/10.1103/PhysRevLett.105.010405
https://doi.org/10.1103/PhysRevLett.105.010405
https://doi.org/10.1103/PhysRevLett.105.010405
https://doi.org/10.1103/PhysRevLett.105.010405
https://doi.org/10.1364/OL.37.004991
https://doi.org/10.1364/OL.37.004991
https://doi.org/10.1364/OL.37.004991
https://doi.org/10.1364/OL.37.004991
https://doi.org/10.1038/nature10120
https://doi.org/10.1038/nature10120
https://doi.org/10.1038/nature10120
https://doi.org/10.1038/nature10120
https://doi.org/10.1103/PhysRevLett.108.070402
https://doi.org/10.1103/PhysRevLett.108.070402
https://doi.org/10.1103/PhysRevLett.108.070402
https://doi.org/10.1103/PhysRevLett.108.070402
https://doi.org/10.1103/PhysRevLett.112.070405
https://doi.org/10.1103/PhysRevLett.112.070405
https://doi.org/10.1103/PhysRevLett.112.070405
https://doi.org/10.1103/PhysRevLett.112.070405
https://doi.org/10.1103/PhysRevLett.117.120401
https://doi.org/10.1103/PhysRevLett.117.120401
https://doi.org/10.1103/PhysRevLett.117.120401
https://doi.org/10.1103/PhysRevLett.117.120401
https://doi.org/10.1007/BF02148832
https://doi.org/10.1007/BF02148832
https://doi.org/10.1007/BF02148832
https://doi.org/10.1007/BF02148832
https://doi.org/10.1088/1367-2630/14/4/043031
https://doi.org/10.1088/1367-2630/14/4/043031
https://doi.org/10.1088/1367-2630/14/4/043031
https://doi.org/10.1088/1367-2630/14/4/043031
https://doi.org/10.1103/PhysRevA.89.053816
https://doi.org/10.1103/PhysRevA.89.053816
https://doi.org/10.1103/PhysRevA.89.053816
https://doi.org/10.1103/PhysRevA.89.053816
https://doi.org/10.1103/PhysRevD.40.2112
https://doi.org/10.1103/PhysRevD.40.2112
https://doi.org/10.1103/PhysRevD.40.2112
https://doi.org/10.1103/PhysRevD.40.2112
https://doi.org/10.1038/nphoton.2013.24
https://doi.org/10.1038/nphoton.2013.24
https://doi.org/10.1038/nphoton.2013.24
https://doi.org/10.1038/nphoton.2013.24
https://doi.org/10.1103/PhysRevX.4.011031
https://doi.org/10.1103/PhysRevX.4.011031
https://doi.org/10.1103/PhysRevX.4.011031
https://doi.org/10.1103/PhysRevX.4.011031
https://doi.org/10.1103/PhysRevLett.113.030401
https://doi.org/10.1103/PhysRevLett.113.030401
https://doi.org/10.1103/PhysRevLett.113.030401
https://doi.org/10.1103/PhysRevLett.113.030401
https://doi.org/10.1103/PhysRevLett.115.120401
https://doi.org/10.1103/PhysRevLett.115.120401
https://doi.org/10.1103/PhysRevLett.115.120401
https://doi.org/10.1103/PhysRevLett.115.120401
https://doi.org/10.1103/PhysRevA.92.022109
https://doi.org/10.1103/PhysRevA.92.022109
https://doi.org/10.1103/PhysRevA.92.022109
https://doi.org/10.1103/PhysRevA.92.022109
https://doi.org/10.1103/PhysRevLett.114.170801
https://doi.org/10.1103/PhysRevLett.114.170801
https://doi.org/10.1103/PhysRevLett.114.170801
https://doi.org/10.1103/PhysRevLett.114.170801
https://doi.org/10.1103/PhysRevLett.62.2325
https://doi.org/10.1103/PhysRevLett.62.2325
https://doi.org/10.1103/PhysRevLett.62.2325
https://doi.org/10.1103/PhysRevLett.62.2325
https://doi.org/10.1103/PhysRevLett.62.2326
https://doi.org/10.1103/PhysRevLett.62.2326
https://doi.org/10.1103/PhysRevLett.62.2326
https://doi.org/10.1103/PhysRevLett.62.2326
https://doi.org/10.1103/PhysRevLett.113.120404
https://doi.org/10.1103/PhysRevLett.113.120404
https://doi.org/10.1103/PhysRevLett.113.120404
https://doi.org/10.1103/PhysRevLett.113.120404
http://arxiv.org/abs/arXiv:1410.7126
https://doi.org/10.1103/PhysRevLett.114.118901
https://doi.org/10.1103/PhysRevLett.114.118901
https://doi.org/10.1103/PhysRevLett.114.118901
https://doi.org/10.1103/PhysRevLett.114.118901
https://doi.org/10.1103/PhysRevLett.114.118902
https://doi.org/10.1103/PhysRevLett.114.118902
https://doi.org/10.1103/PhysRevLett.114.118902
https://doi.org/10.1103/PhysRevLett.114.118902
https://doi.org/10.1098/rsta.2016.0395
https://doi.org/10.1098/rsta.2016.0395
https://doi.org/10.1098/rsta.2016.0395
https://doi.org/10.1098/rsta.2016.0395

EXPERIMENTAL SIMULTANEOUS READOUT OF THE REAL ... PHYSICAL REVIEW A 100, 032119 (2019)

[45] L. Vaidman, A. Ben-Israel, J. Dziewior, L. Knips, M. Weil}l, [47] S. Kocsis, B. Braverman, S. Ravets, M. J. Stevens, R. P.

J. Meinecke, C. Schwemmer, R. Ber, and H. Weinfurter, Mirin, L. K. Shalm, and A. M. Steinberg, Science 332, 1170
Phys. Rev. A 96, 032114 (2017). (2011).

[46] R. Mir, J. S. Lundeen, M. W. Mitchell, A. M. Steinberg, J. L. [48] H. M. Wiseman, Phys. Lett. A 311, 285 (2003).
Garretson, and H. M. Wiseman, New J. Phys. 9, 287 (2007). [49] A. M. Steinberg, Phys. Rev. A 52, 32 (1995).

032119-7


https://doi.org/10.1103/PhysRevA.96.032114
https://doi.org/10.1103/PhysRevA.96.032114
https://doi.org/10.1103/PhysRevA.96.032114
https://doi.org/10.1103/PhysRevA.96.032114
https://doi.org/10.1088/1367-2630/9/8/287
https://doi.org/10.1088/1367-2630/9/8/287
https://doi.org/10.1088/1367-2630/9/8/287
https://doi.org/10.1088/1367-2630/9/8/287
https://doi.org/10.1126/science.1202218
https://doi.org/10.1126/science.1202218
https://doi.org/10.1126/science.1202218
https://doi.org/10.1126/science.1202218
https://doi.org/10.1016/S0375-9601(03)00504-8
https://doi.org/10.1016/S0375-9601(03)00504-8
https://doi.org/10.1016/S0375-9601(03)00504-8
https://doi.org/10.1016/S0375-9601(03)00504-8
https://doi.org/10.1103/PhysRevA.52.32
https://doi.org/10.1103/PhysRevA.52.32
https://doi.org/10.1103/PhysRevA.52.32
https://doi.org/10.1103/PhysRevA.52.32

