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In their well-known paper, Einstein, Podolsky, and Rosen called the nonlocal correlation in quantum
entanglement a ‘“spooky action at a distance.” If the spooky action does exist, what is its speed? All
previous experiments along this direction have locality and freedom-of-choice loopholes. Here, we strictly
closed the loopholes by observing a 12 h continuous violation of the Bell inequality and concluded that the
lower bound speed of spooky action was 4 orders of magnitude of the speed of light if Earth’s speed in any
inertial reference frame was less than 1073 time the speed of light.
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In order to test the speed of ““spooky action at a dis-
tance” [1], Eberhard proposed [2] a 12-h continuous
spacelike Bell inequality [3,4] measurement over a long
east-west oriented distance. Benefiting from Earth’s self-
rotation, the measurement would be ergodic over all pos-
sible translation frames and, as a result, the bound of the
speed would be universal [2,5].

Salart et al. [5] recently reported to have achieved the
lower bound of ““spooky action” through an experiment
using Eberhard’s proposal. In that experiment, time-bin
entangled photon pairs were distributed over two sites,
both equipped with a Franson-type interferometer [6] to
analyze the photon pairs. At one site, the phase of the
interferometer was kept stable and the phase of the inter-
ferometer at the other site was continuously scanned. An
interference fringe visibility of 87.6% was achieved, which
was high enough for a violation of the CHSH-Bell inequal-
ity. However, any bipartite Bell test requires at least two
settings at each site because if there was only one setting,
one could always achieve the same interference fringe with
a product state without any entanglement. Moreover, as
pointed out by Kofler ez al. [7], even if the phase of the first
site had a second setting, the experiment still had locality
loophole, because the setting choice on one site could not
be spacelike separated from either the measurement events
at the other site or the entanglement source generation
event [8—10]. Because of these loopholes, the experiment
could be explained by common causes [7] instead of
“spook action.” Actually, similar loopholes existed in all
previous attempts for the speed measurement of spooky
action [11-13].

Here, we distributed entangled photon pairs over two
sites that were 16-km apart via a free-space optical link,
and implemented a spacelike Bell test [3,4] to close the
locality loophole. Meanwhile, we utilized fast electro-optic
modulators (EOMs) to address the freedom-of-choice
loophole. As almost all the photonic Bell experiments
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[10,14-16], we utilized the fair sampling assumption to
address the detection loophole [17]. This assumption is
justified by J. S. Bell’s comments [15,18], ... it is hard for
me to believe that quantum mechanics works so nicely for
inefficient practical setups and is yet going to fail badly
when sufficient refinements are made. Of more impor-
tance, in my opinion, is the complete absence of the vital
time factor in existing experiments. The analyzers are not
rotated during the flight of the particles.”

Our two sites are east-west oriented sites at the same
latitude as Eberhard proposed [2]. Suppose two events
occur in the two sites, respectively, at positions 74 and Fp
at time ¢, and ¢ under an inertial reference frame centered
on the Earth and given another inertial reference frame L,
moving with a speed — relative to Earth’s center frame,
the two events’ coordinates are (7, ;) and (¥, 13). When
Bell inequality violation is observed with the two events in
frame L, the speed of spooky action Vi, has a lower bound
shown as
V. _ | r%—rlg I

|t B tAl

Under the Earth-centered inertial coordinate frame, the
lower bound is obtained by Lorentz transformation as
follows:

(D

(L) =1+ B2 o

c) (p +18D?

where, c is the speed of light, p = cl|tg — 14|/ || Fg — F4 ||
is a factor of alignment of the two events in Earth’s center
frame, 8 = |v|/c is Earth center’s relative speed in the L
frame and B = |v)|/c with ¥} the component of ¥ par-
allel to the A-B axis. Because of Earth’s self rotation, 8 and
B3| are time dependent. Suppose the angle between the A-B
axis and Earth’s center frame X-Y axis is «, the angle
between ¥ and Earth’s center frame Z axis is 6 and w is
the angular velocity of Earth, we have,

© 2013 American Physical Society


http://dx.doi.org/10.1103/PhysRevLett.110.260407

PRL 110, 260407 (2013)

PHYSICAL REVIEW LETTERS

week ending
28 JUNE 2013

By(1) = Bcosh sina + Bsind cosa coswt. ?3)

When the A-B axis is exactly east-west oriented, « = 0
and Eq. (3) is simplified into

By(t) = Bsinf coswt. )

If we choose the measuring period T to meet w7 < 1,
there always has a time ¢ in the period to satisfy |B)| =
| Bsind - wT/2|. Therefore, we achieve the optimal lower
bound for V,, which is

Via - (1- :82)(1 - Pz)
(7) = (p + |BsinbwT/2])*

(&)

Figure 1 was the setup of the whole experiment. We, at
the sending site, prepared and distributed entangled photon
pairs to two receiving sites through two refractor tele-
scopes, respectively. As was shown in Fig. 1(a), all the
sites were located at the Qinghai Lake region, Qinghai
Province, P. R. China. The two receiving sites were
east-west oriented and separated with a 15.3 km distance.
One was a scenery view point (36°33/15.31"N,
100°28'24.66"E) and the other was a fishing farm
(36°33/15.31"N, 100°38'42.00"E). The sending site
(36°32/25.22""N, 100°33/33.30"E) was in the middle of
the two receiving sites.

At the sending site, we generated polarization entangled
photon pairs via type II spontaneous parametric down-
conversion (SPDC) [19] in a periodically poled KTiOPO,
(PPKTP) crystal. In Fig. 1(b), a single-longitudinal-mode
ultraviolet semiconductor laser (405 nm) was 45° linearly
polarized by a half-wave plate (HWP) and a quarter-wave
plate and then split into two beams by a polarization beam
splitter (PBS). After passing through the PPKTP crystal
placed in the center of the Sagnac interferometer [20], the
photon pairs generated by SPDC from opposite directions
interfered at the same PBS and formed the polarization
entanglement. The photon pairs were in the two-particle
singlet state, i.e., |¢7) = (IH)alV)p — [V)4IH)p)/ V2.
Under a 12.4 mW pump power, we achieved 550 KHz
coincidence rates with 3-ns coincidence window. The visi-
bility was better than 91.3% (accidental counts not sub-
tracted). The PPKTP crystal was set at its degenerate
temperature by a thermoelectric cooling temperature con-
troller and both converted photon pairs were at the degen-
erate wavelength 811.54 nm. The full width at half
maximum (FWHM) of the photon pairs’ spectral linewidth
was 0.6 nm, which was decided by the phase-matching
condition of the SPDC process. Finally, the entangled
photon pairs were coupled into single mode fibers
(SMFs) and led to the integrated sending system, which
consisted of an 80-mm f/7 (that is, aperture 80 mm, focal
length 560 mm) extra-low dispersion apochromatic refrac-
tor telescope, a dichroic mirror (DM) and a piezo-driven
fast steering mirror (FSM). The divergence of our compact
quantum transmitter was about 30 wrad.
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FIG. 1 (color online). Diagram of experimental setup for test-
ing the speed of spooky action. (a) Birds-eye view of the
experiment. We generated entangled photon pairs in the sending
point and utilized an integrated sending system to distribute them
into two east-west oriented receiving points A and B. Receiving
site A used an off-axis reflection telescope with 400 mm diame-
ter, and B used a refraction telescope with 127 mm diameter.
Both receiving sites A and B had polarization analyzing units
(the orange box). (b) Entanglement generation setup. A pair of
45° mirrors and a dual-wavelength PBS formed the Sagnac
interferometer. A 22.5° dual-wavelength HWP was used to
swap the horizontal and vertical polarization. The DM was
used to distinguish the pump light and the signal light. The
entangled photons were coupled to SMFs through aspherical
lens. (c) Active polarization analyzing unit in receiving site A. A
HWP, an EOM, a PBS, and two multimode fiber-coupled single
photon counting modules (SPCMs) constitute an active polar-
ization analyzing unit. A quantum random number generator
(QRNG) and an amplifier were used to drive the EOM. The
signals from the SPCMs combined with the logic module were
sent to a time digital converter (TDC). (d) Active polarization
analyzing unit in receiving site B.

The distributed entangled photons were collected by
receiving telescopes and delivered to polarization analyz-
ing units at both receiving sites. In each of the unit
[Fig. 1(c)], a random number controlled EOM combined
with a PBS was applied to actively choose the measuring
base of the Bell inequality. The outputs of the PBS were
coupled into two 105 wm core diameter, multimode fibers
through an aspherical lens, and thereafter detected by the
single-photon counting modules (SPCMs), respectively.
The detection signals from SPCMs were encoded with
the controlled signals applied in EOMs as the output ones.

As was described before, in order to be ergodic in all
possible inertial reference frames, a continuous 12-h Bell
inequality measurement was necessary. However, the shak-
ing of the whole system and the atmosphere turbulence
influenced the telescope optical link. In previous experi-
ments [21,22], the free-space optical link would lose after
at most 10-min continuous measurement, which was def-
initely not long enough for our experiment. Therefore, we
developed laser assisted free-space tracking techniques as
shown in Fig. 1(a). We sent a green laser light (532 nm,
100 mw, 1.5 mrad) from the sending site to the two
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receiving sites, respectively, as the tracking signal.
Meanwhile, in both receiving sites, we sent a red laser
light (671 nm, 100 mw, 1.5 mrad) back to the sending site.
All lasers were sent coaxially with the entangled photon
pairs. In each sending or receiving site, we utilized a
complementary metal-oxide-semiconductor (CMOS) cam-
era to detect the 532 nm laser signal and a two-dimensional
rotatable platform in both azimuth and elevation to track,
which constituted a closed-loop coarse tracking system.

The bandwidth of coarse tracking system was about
10 Hz, which was decided by the read-out time of the
camera. The slow response time of the system could not
keep the free-space optical link if some sudden change, for
example, the atmospheric turbulence, happened in the
channel. In order to increase the tracking system’s band-
width, we adopted a fine tracking system in each sending
telescope. The fine tracking system was composed of a
four-quadrant detector (QD), a piezo-driven FSM, and a
DM. The tracking light (671 nm) from the receiving site
was collected by the sending telescope and then reflected
by the FSM into the DM. The DM transmitted the
entangled photons and reflected the tracking light into
the QD. The QD’s detection information would feedback
to the FSM to make a closed loop. Then, thus, we achieved
a tracking accuracy better than 3.5 prad with more than
150 Hz bandwidth and the continuous measurement time
extended beyond 12 h.

In order to satisfy the spacelike criteria, we needed to
strictly time tag all the events during the measurement. In
the experiment, we utilized laser synchronization technol-
ogy. In the sending site, we split and sent coaxially with the
entangled photons, a near infrared pulse laser (1064 nm,
5 kHz, 10 mw, 200 urad) to two receiving sites as the
synchronization signal. The signals were detected by high-
speed avalanche photodiodes. Meanwhile, both receiving
sites had GPS (Global Position System) for the system’s
initial synchronization and rough timing adjustment. Both
sites utilized time to digital converters (TDC) to record the
detection signals, synchronization signals and GPS signals.
Therefore, we achieved a timing accuracy better than 1 ns.
After the free-space propagation, the detection rate of our
source is ranging from 0.15 to 0.6 Hz with a 2 ns coinci-
dence window depending on the weather condition. The
measured detection efficiency at the receivers was about
0.1% on average.

Figure 2 was the space-time diagram of the experiment.
We set the entangled photon pairs generation as the
original point of the space-time diagram. The points
A (— 7.8 km, 26.1 ws) and B (7.8 km, 26.1 ws) repre-
sented the measurements in receiving site A and B, respec-
tively. By adjusting the fiber length at the sending site, we
distributed the entangled photon pairs to both receiving
sites almost at the same time. The overall timing uncer-
tainty between A and B was 350 ps (corresponding to a
distance of 105 mm), which was decided by the timing

D=3us

FIG. 2 (color online). Space-time diagrams of the speed mea-
surement experiment. Points A and B indicated measurement
events at sites A and B, respectively. Points a and b indicated A
and B’s setting choice. Point E represented the entanglement
generation. X(Y) was the intersections of the E future light cone
and the A(B) past-light cone. Points A’ and B’ indicated the
closest events belonging to X and Y, respectively.

jitter of the detectors and TDCs. The time difference
between A and B events was far less than their space
distance. So the two measurement events A and B were
spacelike separate.

Points a (— 7.8 km, 23.1 us) and b (7.8 km, 23.1 ws)
represented the setting choice events in site A and B,
respectively. The dotted green line D between b and B
represented electronic delay from the quantum random
number generator (QRNG) to EOM. The switching time
of the fast EOM modulators was 100 kHz. The solid red
line d represented the total optical delay of sending and
receiving system. According to the figure, D (3 ws) was
much larger than d (100 ns), so that the selection choice
event was out of the light cone E and then thus the setting
choice event would never be influenced by the generation
of entangled source. Furthermore, event A was out of light
cone b and event B was out of cone a, which meant that the
selection choice a (b) would not influence the measure-
ments in site B (A). Therefore we closed both locality and
the freedom-of-choice loopholes in our experiment. As
space-like separation was invariant under Lorentz trans-
formation, the loopholes were closed in all inertial refer-
ence frames.

Then, we tested the Bell-CHSH inequality, which was

S =1|E(64,0p) + E(6), 05) + E(04, 0%) + E(6),, 0p)| = 2.
(6)

Here, 6,4, 6/, (63, 0%) were the polarization basis for the
measurement setting in site A (B), and E(6,, 05) was the
expectation value of the correlation between polarization
measurements A and B. According to quantum mechanics,
when 6, =0, 0, =7/4, 0, =7/8, 0}, = —7/8,8 = 2.2
and a maximum violation of CHSH inequality could be
achieved.

Figure 3 showed 12-h continuous experimental data for
the CHSH inequality violation. When the Bell inequality
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FIG. 3 (color online). Twelve-hour continuous experimental
data for the CHSH inequality violation. Each blue data point
represents the value of S in one time interval 7, 1800 sec in our
experiment. The red line represents the classical limit.
According to the picture, all 26 data points violated the Bell-
CHSH inequality by 1-10 standard deviations above the local
realistic bound of 2, depending on weather conditions. In order
to reduce the daylight noise, we implemented experiments from
7 pm to 7 am of the next morning.

violation was guaranteed, we could calculate the speed
lower bound of spooky action. According to Eq. (5), the
lower bound was related to 6, the angle between the A-B
axis and the Z axis of Earth’s center frame, and 3, Earth
center’s relative speed to any inertial reference frame.
Figure 4 showed a different speed lower bound with
different € and 8.

Vialc

FIG. 4 (color online).

0

According to the space-time diagram, X(Y) is the
intersection of the E future light cone and the A(B) past-
light cone. The bound on the spooky action should be
calculated by using the events A’ (— 7.35 km, 24.6 us)
and B’ (7.35 km, 24.6 us), which should be chosen as the
closest events belonging to X and Y, respectively.

D
gl = tl_t/ r /T -)I = 1_4
pap = cltp wl/ N Fg = Farl PAB/( 2t —d))

=728 X 107°.

When, 8 was considered as 1073, similar to the Earth’s
center speed under the 2.7 K cosmic microwave back-
ground reference frame. Given 6 = 7/2, we achieved
the lower bound for Vg, via Eq. (5):

VSB. = 1

s> =137 X 10%
c ptlBleT/2

(7

We could also conclude from Fig. 4, when Earth center’s
relative speed reaches 0.9¢, the speed of the spook action
would still be 7 times higher than the speed of light.

Therefore, we experimentally achieved the lower bound
of the spooky action speed by distributing polarization
entangled photon pairs over two exactly east-west oriented
sites and observed a 12-h continuous spacelike Bell
inequality violation. It should be noted that, with only two
parties one may always hold the opinion that a real fast
enough spooky action could explain quantum correlations
violating Bell inequality without leading to superluminal
communication. Recently, some researchers found that this
no longer holds when more parties are involved [23].

The speed of spooky action at different 8 and 6. For any S, the speed’s lower bound has a minimum when 6

was 7/2. And as long as B < 1, i.e., Earth’s center speed was less than the speed of light, the speed of spooky action was beyond the

speed of light.
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The developed fast time tagging, long-distance laser track-
ing, and synchronizing technology in the experiment can also
find immediate applications in satellite-Earth quantum com-
munication [22], multiparty quantum communication [24],
and tests of the spacelike GHZ theorem [25].

We are grateful to the staff of the Qinghai Lake National
Natural Reserve Utilization Administration Bureau, espe-
cially Y.-B. He and Z. Xing, for their support during the
experiment. We acknowledge insightful discussions with
Y.-A. Chen and B. Zhao. This work has been supported by
the National Fundamental Research Program (under Grant
No. 2011CB921300 and No. 2013CB336800), the Chinese
Academy of Sciences, and the National Natural Science
Foundation of China.

*To whom all correspondence should be addressed.
"nlliu@ustc.edu.cn
*giangzh @ustc.edu.cn
§pcz@ustc.edu.cn
[1] A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47, 777
(1935).
[2] P.H. Eberhard, Quantum Theory and Pictures of Reality
(Springer, Berlin, 1989), p. 169.
[3] J.S. Bell, Physics 1, 195 (1964).
[4] J.F. Clauser, M. A. Home, A. Shimony, and R. A. Holt,
Phys. Rev. Lett. 23, 880 (1969).
[5] D. Salart, A. Baas, C. Branciard, N. Gisin, and H.
Zbinden, Nature (London) 454, 861 (2008).
[6] J.D. Franson, Phys. Rev. Lett. 62, 2205 (1989).
[7]1 J. Kofler, R. Ursin, C. Brukner, and A. Zeilinger,
arXiv:0810.4452.
[8] J.F. Clauser and M. A. Horne, Phys. Rev. D 10, 526
(1974).

(91
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

[18]

[19]

[20]

(21]
(22]

260407-5

J. Bell, J. Clauser, M. Horne, and A. Shimony, Dialectica
39, 85 (1985).

T. Scheidl et al., Proc. Natl. Acad. Sci. U.S.A. 107, 19708
(2010).

V. Scarani, W. Tittel, H. Zbinden, and N. Gisin, Phys. Lett.
A 276, 1 (2000).

N. Gisin, V. Scarini, W. Tittel, and H. Zbinden, Ann. Phys.
(Berlin) 9, 831 (2000).

B. Cocciaro, S. Faettib, and L. Fronzonic, Phys. Lett. A
375, 379 (2011).

A. Aspect, J. Dalibard, and G. Roger, Phys. Rev. Lett. 49,
1804 (1982).

G. Weihs, T. Jennewein, C. Simon, H. Weinfurter, and A.
Zeilinger, Phys. Rev. Lett. 81, 5039 (1998).

J.F. Clauser and A. Shimony, Rep. Prog. Phys. 41, 1881
(1978).

D. Salart, A. Baas, C. Branciard, N.N. Gisin, and H.
Zbinden, arXiv:0810.4607.

J.S. Bell, Speakable and Unspeakable in Quantum
Mechanics (Cambridge University Press, Cambridge,
England, 1987), p. 139.

P.G. Kwiat, K. Mattle, H. Weinfurter, A. Zeilinger,
A. V. Sergienko, and Y. Shih, Phys. Rev. Lett. 75, 4337
(1995).

A. Fedrizzi, T. Herbst, A. Poppe, T. Jennewein, and A.
Zeilinger, Opt. Express 15, 15377 (2007).

C.-Z. Peng et al., Phys. Rev. Lett. 94, 150501 (2005).
M. Aspelmeyer, T. Jennewein, M. Pfennigbauer, W.R.
Leeb, and A. Zeilinger, IEEE J. Sel. Top. Quantum
Electron. 9, 1541 (2003).

J.-D. Bancal, S. Pironio, A. Acin, Y.-C. Liang, V. Scarani,
and N. Gisin, Nat. Phys. 8, 867 (2012).

Y.-A. Chen, A.-N. Zhang, Z. Zhao, X.-Q. Zhou, C.-Y. Lu,
C.-Z. Peng, T. Yang, and J.-W. Pan, Phys. Rev. Lett. 95,
200502 (2005).

D. Bouwmeester, J.-W. Pan, M. Daniell, H. Weinfurter,
and A. Zeilinger, Phys. Rev. Lett. 82, 1345 (1999).


http://dx.doi.org/10.1103/PhysRev.47.777
http://dx.doi.org/10.1103/PhysRev.47.777
http://dx.doi.org/10.1103/PhysRevLett.23.880
http://dx.doi.org/10.1038/nature07121
http://dx.doi.org/10.1103/PhysRevLett.62.2205
http://arXiv.org/abs/0810.4452
http://dx.doi.org/10.1103/PhysRevD.10.526
http://dx.doi.org/10.1103/PhysRevD.10.526
http://dx.doi.org/10.1111/j.1746-8361.1985.tb01249.x
http://dx.doi.org/10.1111/j.1746-8361.1985.tb01249.x
http://dx.doi.org/10.1073/pnas.1002780107
http://dx.doi.org/10.1073/pnas.1002780107
http://dx.doi.org/10.1016/S0375-9601(00)00609-5
http://dx.doi.org/10.1016/S0375-9601(00)00609-5
http://dx.doi.org/10.1002/1521-3889(200011)9:11/12%3C831::AID-ANDP831%3E3.0.CO;2-7
http://dx.doi.org/10.1002/1521-3889(200011)9:11/12%3C831::AID-ANDP831%3E3.0.CO;2-7
http://dx.doi.org/10.1016/j.physleta.2010.10.064
http://dx.doi.org/10.1016/j.physleta.2010.10.064
http://dx.doi.org/10.1103/PhysRevLett.49.1804
http://dx.doi.org/10.1103/PhysRevLett.49.1804
http://dx.doi.org/10.1103/PhysRevLett.81.5039
http://dx.doi.org/10.1088/0034-4885/41/12/002
http://dx.doi.org/10.1088/0034-4885/41/12/002
http://arXiv.org/abs/0810.4607
http://dx.doi.org/10.1103/PhysRevLett.75.4337
http://dx.doi.org/10.1103/PhysRevLett.75.4337
http://dx.doi.org/10.1364/OE.15.015377
http://dx.doi.org/10.1103/PhysRevLett.94.150501
http://dx.doi.org/10.1109/JSTQE.2003.820918
http://dx.doi.org/10.1109/JSTQE.2003.820918
http://dx.doi.org/10.1038/nphys2460
http://dx.doi.org/10.1103/PhysRevLett.95.200502
http://dx.doi.org/10.1103/PhysRevLett.95.200502
http://dx.doi.org/10.1103/PhysRevLett.82.1345

