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Materials and Methods
Parameter ∆

The parameter which controls the strength of the varying commutation relation between
event mode operators (and hence the decorrelation of entanglement) is ∆.

∆ parametrizes the difference between the globally defined detection time td and a locally
defined time τ :

∆ = td − τ(t, td). (1)

The parameter τ(t, td) records the propagation time between the detection time, td, and t, as
incrementally measured by a set of local observers along the light path of this particular mode,
i.e.

τ(t, td) =

∫ td

t

ds, (2)

where ds is the propagation time across an incremental local frame. It is required that these local
frames are all at rest with respect to the frame of reference in which the detector is stationary.
This uniquely defines a locally measured time along the propagation path.

The other component of ∆ is the globally defined detection time, td. A natural choice is
to take the global time reference to be that of an asymptotically flat region of space-time. For
example, if we are considering a situation described by the Schwarzschild metric (as for Earth)
then td would be the Schwarzschild time coordinate (far-away time).

In ref. (13) the ground to satellite situation was considered and the expression for ∆t =
∆2 −∆1 was derived, where ∆1 is for the photon trajectory which stays on the ground and ∆2

is for the photon that travels to the satellite. With a particular choice of the time origin we have
∆1 ≈ 0 and:

∆t ≈
∫ re+h

re

M

r
(1 +

2M

r
+
r2
e tan2(90− θ)

r2
)1/2dr, (3)

where re is Earth radius, h is the satellite height, m is the mass of the Earth expressed in units
of length and θ is the altitude angle. The theory comparisons in the main text are based on eq.
(3).

The global time reference, td, in the previous calculation (and the original proposal) was
taken to be that of an asymptotically flat region of space-time. The logic of this was to compare
propagation in flat-space to that in curvature. However, this approach has some ambiguities
when considering more general situations, and also arguably does not seem to fit so well with
the local nature of general relativity.

Another possibility is that the global time reference should be the proper time of the detec-
tor. This removes possible ambiguities and provides a local nature to the theory. In this case, ∆
now parameterizes the difference between the detection time, t′d, measured at the detector and
the time measured by local observers along the path τ(t, td). This difference is the effective cur-
vature effect observable from the vantage point of the detector (as opposed to that observable by
a far-away observer). The two definitions coincide if the detections are carried out far from the

1



source of curvature, but lead to more stringent requirements for the observation of decoherence
from sources and detectors within the gravitational field.

Suppose for simplicity that the metric, gαβ is diagonal and that the time co-ordinate of the
metric corresponds to a far-away clock in asymptotically flat-space. Let us also suppose that
the detector and far away clocks are synchronised at the source emission time, t = t′ = 0. We
can calculate td for a light-like (null) geodesic as

td =

∫ xd

xs

√
gii
−g00

dxi (4)

where xs and xd are the positions of the source and detectors respectively, g00 is the time com-
ponent of the metric, gii is the spacial component of the metric in the incremental direction dxi,
and the integral is along the path between source and detector. Then the proper time told by the
detector is given by

t′d =
√
−g00|xi=xdtd (5)

Applying this to the situation considered in the main text the expression for ∆t becomes:

∆t =

∫ re+h

re

(
M

r
− M

re + h
)(1 +

2M

r
+
r2
e tan2(90− θ)

r2
)1/2dr (6)

The plot in Fig. S1 demonstrates the stricter requirements predicted to be needed in order to see
decoherence with this definition for ∆t. Now the decoherence factor D ≈ exp(−0.5∆2

t/d
2
t ) is

between 0.96 to 0.98 (40◦ < θ < 60◦) for 0.07 mm pulses distributed to a height of 500 km.
The difference between decorrelation (D ∼ 0.96) due to the weaker decoherence effect and

no-decorrelation (D = 1) is about 0.04. Then the experimental result is meaningful only if the
noise is at most a fraction of the difference. We estimate it will take about 300 satellite passes,
which requires at least three years, to have enough experimental data such that the relative
1-standard deviation is 1/3 of the difference, assuming a very stable experimental condition.
Note that, for the current experimental configuration (Low Earth Orbit for Micius) the time
needed to complete such a meaningful experimental study of the weaker decoherence effect ( 3
years) is far beyond the rest of Micius lifetime. We are planning to launch a MEO (Middle
Earth Orbit)-to-GEO (Geostationary Transfer Orbit) quantum satellite around the year of 2024,
with an altitude between 10,000 km and 36,000 km. Studying the interplay between quantum
physics and gravity is listed as one of the main scientific missions. With this new satellite, the
decorrelation factor due to the weaker decoherence effect is estimated to be close to zero (at the
order of D ∼ 10−100), which can be easily verified.
Spectrum of the photons

The quantum state produced in the spontaneous parametric down-conversion (SPDC) pro-
cess in the main text, in the weak pump limit, may be described by:

|Ψ〉12 = |vac〉+

√
p

2

(
â†1Hâ

†
2H + â†1Vâ

†
2V

)
|vac〉

+
p

4

(
â†1Hâ

†
2H + â†1Vâ

†
2V

)2

|vac〉 ,
(7)
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where p is the generation probability of one photon pair per pump pulse, |vac〉 is the vacuum
state, and â† is the creation operator with subscripts 1 and 2 for paths 1 and 2 and H and
V for the horizontal and vertical polarization states, respectively. We pass photons in path 2
through a polarization beam splitter (PBS) (Fig. S2A). The simultaneous detections of single
photons at both ports of the PBS in path 2 herald the presence of two-photon state |H, V 〉1 in
path 1. We feed the two-photon state |H, V 〉1 to a Hong-Ou-Mandel (HOM) interferometer.
The first PBS in the interferometer of path 1 separates the two photons into two arms and the
second PBS recombines them. The half-wave plates (HWPs) transform the polarization states
to |D〉 = (|H〉+ |V 〉) /

√
2 in both arms. We project the two outputs of the second PBS into |D〉

state before detection. By varying the relative delay between the two arms of the interferometer,
the four-fold coincidence measurement (Fig. S2B) exhibits the Hong-Ou-Mandel dip.

Assuming the spectrum of entangled single photons is Gaussian (eq. (22) in ref. (12)),

H (Ω) =

√√
2dt√
π
e−(Ω−Ω0)2dt

2

, (8)

by applying the inverse Fourier transform G (t) = F−1
(
|H (Ω)|2

)
, the autocorrelation function

is given by g(t) = G(t)/G(0) = e
− t2

8dt . Note that the coincidence gate width is 3 ns in our
experiment, which is much longer than the correlation time of single photons, the coincidence
counting rate in the HOM measurement is given by

Nc (δt) ∝ 1−
∫∞
−∞ g (t) g (t− 2δt) dt∫∞

−∞ g
2 (t) dt

= 1− e−
δt2

4dt
2 , (9)

where δt is the path imbalance cδt in the HOM interferometer. Fitting eq. (9) to the experimen-
tal data (Fig. S2B), we obtain dt = 0.07 mm.

Figure S3 depicts the calculated two-photon (amplitude) joint spectrum of photon pairs
created in SPDC under the experimental condition and passing through Gaussian spectral filters
(32), Aλ(λ1, λ2), where λ1 (ω1) is the wavelength (frequency) of photons in path 1 (signal
photons) and λ2 (ω2) is the wavelength (frequency) of photons in path 2 (idler photons). By
performing the Schmidt decomposition to factorize the joint spectrum function (33):

A(ω1, ω2) =
∑
n

√
χnψn (ω1)φn (ω2) , (10)

where ∑
k

K1(ω1i, ω1k)ψn(ω1k) = χnψn(ω1),

∑
k

K2(ω2j, ω2k)φn(ω2k) = χnφn(ω2),

(11)
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with

K1(ω1i, ω1k) =
∑
j

A(ω1i, ω2j)A
∗(ω1k, ω2j),

K2(ω2j, ω2k) =
∑
i

A(ω1i, ω2j)A
∗(ω1i, ω2k).

(12)

We have χ1 = 0.92 (Fig. S3), indicating that the pairs of photons are produced dominantly in a
single eigen mode in our experiment. Correspondingly, from the eigen mode ψ1 (ω1), we esti-
mate dt ∼ 0.06 mm, which is consistent with the result obtained from the HOM measurement.
Spacetime analysis

As shown in Fig.1 of the main text, a pair of photons created in the BIBO via the SPDC
process crystal interfere at a PBS. We take the time for the entangled pairs of photon exiting
the PBS as the origin of the (vertical) time axis in Fig. S4B. As shown in Fig. S4A, the time
elapsed (t1) for entangled single photons in path 1 contains: 5 ns, for propagation in the lab; 90
ns, for fiber link from lab to the transmitter; 12 ns, latency inside the transmitter; 4 to 6 ns due
to the atmospheric refraction; tvac, photon propagation time from ground station to satellite in
vacuum; 7 ns, latency in the telescope at the satellite.

The time elapsed (t2) for entangled single photons in path 2 includes: 16 ns, latency due to
free space and fiber propagation; 65 ns, latency due to detection electronics including TDC; 20
ns for the spatial separation between TDC and the transmitter at the ground station; tvac, photon
propagation time from ground station to satellite in vacuum.

So we have the time difference δt = t1− t2, which is about 18 - 20 ns. Then events M1 and
M2 are separated time-like.

As shown in Fig. S5, by adding a piece of 1 km optical fiber (about 5 µs) in path 2, we
have the time difference, δt = t1− t2− 5µs, which is about -5 µs. Then events M1 and M2 are
separated space-like.
Two photon-correlation measurement

In the experiment a Ti:Sapphire laser was used to deliver laser pulses at the wavelength of
780 nm periodically at a repetition period of tp = 12.5 ns. Each optical pulse was assigned
an experimental trial, in which ∼ 2% of the laser pulse energy was picked up to produce a
faint coherent laser pulse at a later stage. The rest of the laser pulse was up-converted to the
wavelength of 390 nm to drive the spontaneous parametric down-conversion (SPDC) process
which generates polarization-entangled pairs (Fig. 1B), |Φ+〉12 = (|H〉1 |H〉2 + |V〉1 |V〉2)/

√
2

at 780 nm wavelength, where H and V stand for horizontal and vertical polarization and 1 and
2 the spatial path degree-of-freedoms, respectively (14). The photons in path 2 are detected at
the ground station while their entangled counterparts in path 1 are combined with the attenuated
coherent laser pulses using a beam splitter, which transmits 98% of entangled single photons in
path 1 and reflects 2% of coherent laser pulses. Prior to this combination, 2% of single photons
in path 1 are dropped and detected in path 1′ to monitor the system stability, and 2% of coher-
ent laser pulses are dropped and detected in path 3 for two-photon coincidence measurement,
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respectively. The output of the beam splitter now contains a train of single photons which are
entangled with their twins in path 2 and a train of faint coherent laser pulses which are classi-
cally correlated with the laser pulses in path 3. The two trains of pulses which are relatively
displaced by 0.5tp(∼ 6 ns) are sent to the satellite by a telescope with a diameter of 130 mm.
The satellite has a telescope to receive this photon stream.

We insert a 3 nm bandpass filter before single photon detectors at satellite and in path 1′ at
the ground station, and 8 nm bandpass filters in paths 2 and 3 at the ground station, all of which
are centered at 780 nm. After spectral filtering, the entangled photon pairs are nearly spectrally
uncorrelated ( with ∼ 90% of two-photon spectral component in one mode, Supplementary
Information 2.2) with each photon approximately in an eigen-pulse mode (32,34). These filters
also block noise photons at other wavelength. We note that the spectrum of the coherent laser
pulses from the Ti:Sapphire laser is ∼ 6 nm. Passing the coherent laser pulses through a 3 nm
bandpass filter is equivalent to attenuation without changing the classical correlation property.
We employ silicon-based single photon avalanche diodes (SPAD) to detect single photons and
record the detection signals by time-to-digital convertors (TDCs) at both ground station and
satellite in the synchronized fashion. Aligning the TDC data between the ground station and
the satellite yields two-photon coincidence events with a jitter (quantified by the half width at
half maximum) of 1 ns (14,35,36). While photons pass through polarization analysis in both
path 2 at ground station and satellite, we only use the information of arrival time regardless of
the polarization status. To be specific, we denote the two-photon coincidence events between
path 2 and satellite due to entangled photon pairs asCexp,EPR(θ) and between path 3 and satellite
due to faint coherent laser pulses as Cexp,COH(θ), both are functions of the altitude angle θ of
the satellite (see Fig. 1A). The two-photon coincidence time window is set to 3 ns such that
the single photon pulses are well discernible from the neighbors. We only perform the two-
photon coincidence measurements at nights that have a clear sky condition and can only do
one experimental run a night, i.e., we perform the two-photon coincidence measurements as the
altitude angle θ changes from 40◦ to 60◦ one time a night as observed from the ground station.

In the satellite Micius-based quantum experiments, the recovery time (37) of the SPAD sets
a limit to the rate of entangled photon pairs production at the ground station and the delivery of
photons from the ground station to the satellite has a high loss. As a result, the detection rate
of two-photon coincidence between satellite and ground station is low. To reduce the statistical
error in the analysis, data grouping and statistical average are applied, see main text. In each run
of the experiment, we group the two-photon coincidence events for every 5◦ of altitude angle as
one data point, Cexp,EPR(θ) and Cexp,COH(θ), with 40◦ < θ < 60◦.

We present the two-photon coincidence measurements between ground station and satellite
(with noise subtracted) for data presented in Fig. 4 of the main text. There are five sets of
data for 5 satellite passes in Table S1 and 4 sets of data for 4 satellite passes in Table S2.
Cexp,EPR(θ, i) (Cexp,COH(θ, i)) is the two-photon coincidence data with entangled (coherent)
photon source for altitude angle between 40◦ and 60◦. CSQT,EPR(θ, i) and CSQT,COH(θ, i) are
calculated based on the standard quantum theory.

As described in the main text, the decoherence factor can be obtained as DEPR(θ, i) =

5



Cexp,EPR(θ, i)/CSQT,EPR(θ, i), we take their average over different runs as DEPR(θ). We obtain
similarly the factor DCOH(θ) for the coherence source. The results are listed in Table S3.
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Fig. S1.
Decoherence factor as a function of altitude angle as predicted with ∆t given by eq. (6).
The coherence length of the photons is 0.07 mm and the satellite height is 500 km.
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Hong-Ou-Mandel measurement with entangled photons produced in spontaneous para-
metric down conversion process (SPDC). (A) The detection of two photons in path 2 heralds
the presence of a two-photon state in path 1. Both filters IF 1 and IF 2 are centered at 780
nm, with the bandwidths of 3 nm and 8 nm, respectively. (B) The simultaneous detection of
two photons in path 1 and two photons in path 2 as a function of relative delay between the
two arms of the interferometer in path 1 exhibits the Hong-Ou-Mandel dip. Scattered points:
experimental data, solid line: fitting results with eq. (9).
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before the coupler are used to compensate the photon polarization.
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Table S1.
Measured two-photon coincidence events for coherent and entangled photon sources (for Fig.
4A in the main text).

Satellite θ(◦)
pass 40 - 45 45 - 50 50 - 55 55 - 60

Coherent source

Cexp,COH(θ, i)

1 90 89 115 200
2 64 83 62 72
3 67 78 72 114
4 65 120 – –
5 48 53 50 58

CSQT,COH(θ, i)

1 93 90 118 206
2 69 87 66 76
3 68 81 74 118
4 68 123 – –
5 49 56 54 60

Entangled source

Cexp,EPR(θ, i)

1 103 88 139 240
2 92 117 90 99
3 85 130 79 136
4 99 141 – –
5 50 74 65 58

CSQT,EPR(θ, i)

1 92 84 117 204
2 76 127 91 115
3 83 122 103 152
4 126 158 – –
5 42 79 58 65
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Table S2.
Measured two-photon coincidence events for coherent and entangled photon sources (for Fig.
4B in the main text).

Satellite θ(◦)
pass 40 - 45 45 - 50 50 - 55 55 - 60

Coherent source

Cexp,COH(θ, i)

1 15 20 26 21
2 15 18 28 –
3 13 16 20 13
4 21 29 65 23

CSQT,COH(θ, i)

1 17 22 27 24
2 16 17 29 –
3 14 19 23 15
4 22 32 67 22

Entangled source

Cexp,EPR(θ, i)

1 22 34 24 31
2 27 35 62 –
3 20 30 28 18
4 38 43 83 24

CSQT,EPR(θ, i)

1 23 31 33 28
2 38 43 58 –
3 18 26 35 24
4 32 51 95 23
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Table S3.
Decorrelation factors for the experiment.

θ(◦) D
Non-space-like Space-like
DEPR DCOH DEPR DCOH

40 – 45 9 × 10−12 0.96 (7) 1.03 (13) 0.98 (13) 1.00 (12)
45 – 50 5 × 10−10 0.97 (6) 0.97 (10) 0.93 (12) 0.98 (10)
50 – 55 8 × 10−9 0.95 (6) 1.01 (11) 0.94 (9) 0.87 (7)
55 – 60 6 × 10−8 0.96 (6) 0.96 (9) 0.92 (14) 0.96 (14)
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