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Quantum-to-classical transition is a fundamental open question in physics frontier. Quantum decoher-
ence theory points out that the inevitable interaction with environment is a sink carrying away quantum
coherence, which is responsible for the suppression of quantum superposition in open quantum system.
Recently, quantum Darwinism theory further extends the role of environment, serving as communication
channel, to explain the classical objectivity emerging in quantum measurement process. Here, we used a
six-photon quantum simulator to investigate classical and quantum information proliferation in quan-
tum Darwinism process. In the simulation, many environmental photons are scattered from an observed
quantum system and they are collected and used to infer the system’s state. We observed redundancy of
system’s classical information and suppression of quantum correlation in the fragments of environmental
photons. Our results experimentally show that the classical objectivity of quantum system can be estab-
lished through quantum Darwinism mechanism.

� 2019 Science China Press. Published by Elsevier B.V. and Science China Press. All rights reserved.
1. Introduction

Quantum mechanics is a spectacularly successful predictive
theory, but there is still an unresolved problem about its interpre-
tation in quantum measurement problem [1]. The orthodox
Copenhagen interpretation separates the world into quantum
domain and classical domain, which is bridged by observation-
induced collapse [2]. How the wave function collapses and classical
objectivity emerges from a quantum substrate? A detailed mecha-
nism of this quantum-to-classical transition is of fundamentally
importance for developing a unified view of our physical world.

Quantum decoherence theory identifies that the uncontrolled
interactions with the environment can destroy the coherence of a
quantum system into a mixed state. In the theory, the environment
is traced out and thus the system’s classical behavior is explained
in the level of ensemble average [3,4]. How the quantum system’s
classical objectivity arises in a single measurement event is still
unresolved. Classical objectivity is a property that many observers
can independently observe and establish a consensus view of the
state of a quantum system without perturbing it [5]. In a general
observation process, observers do not directly touch and interact
Elsevier B.V. and Science China Pr
with the quantum system. They perceive the system by collecting
information from its surrounding environment.

Recently, quantum Darwinism explains the emergence of classi-
cal objectivity of a single quantum system through classical infor-
mation broadcasting and proliferating in its environment [5,6]. The
key idea is that the environment acts as communication channel
and only classical information about the system can reach obser-
vers. The environment selects system’s classical information to
broadcast and proliferate, and observers use the redundant classi-
cal information in local environment fragments to perceive the
state of system. In this process, many observers can independently
and simultaneously query separate fragments of the environment
and reach a consensus about the system’s classical state. Specifi-
cally, the quantum Darwinism theory singles out a branch struc-
ture of system-environment (observers) composite quantum
states [7–9] from measurement-like interaction to explain the
appearance of classical pointer states. The classical pointer states
are the eigenstates of the measurement observable.

In this work, we report a test of quantum Darwinism principle
on a photonic quantum simulator [10,11] in view of information
theory. We measured the information correlations between system
and environment, where the system is a single photon and the
environment is another five photons. Quantum mutual informa-
tion, Holevo bound, and quantum discord [12–15] are used to
ess. All rights reserved.
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account for the total correlation, classical correlation, and pure
quantum correlation, respectively. We used these correlations to
investigate information broadcasting and proliferating.
2. Theory

The basic process of quantum Darwinism is shown in Fig. 1a. A
central quantum system (single photon) is monitored by particles
(photons) in the environment [16,17]. The particles are scattered
from the system and caught by observers. These environment par-
ticles serve as individual memory cells which are imprinted of sys-
tem’s pointer-state information. When there are random
interactions among the environment’s particles, the stored infor-
mation will be inevitably scrambled out. Hence, only non-
interaction environment is good memory for redundant records
of system’s state.

We design a quantum Darwinism simulator shown in Fig. 1b to
simulate non-interaction environment, such as daily photonic
environment. In the simulator, a central qubit interacts with the
environment qubits through two-qubit controlled-rotation gates
UðhÞ ¼ 0j i 0h j � I þ 1j i 1h j � RyðhÞ with random angles to mimic the
random scattering process, where RyðhÞ rotates a qubit by angle h
along the y axis of Bloch sphere. When the system qubit is initial-
ized in superposition state a 0j iS þ b 1j iS, the simulator will produce
Darwinist states with branch structure

a 0j iS�N
i¼1 0j ii þ b 1j iS�N

i¼1 cos
hi
2

0j ii þ sin
hi
2

1j ii
� �

; ð1Þ

where aj j2 þ bj j2 ¼ 1 and N is the number of environment qubits.
The interaction with environment selects preferred pointer

states of the observed system, which are the states left unchanged
under the interactions and thus multiple records of the state can be
faithfully copied into environment. For interactions generated from
Fig. 1. (Color online) Quantum Darwinism process. (a) Multiple observers use
independent fragments of the scattered environment photons to reveal the state of
observed quantum system. They can determine the pointer states of the observed
quantum system without perturbing it and thus agree on the observed outcome. As
a result, the quantum system becomes classical and objective in this process. (b) A
quantum simulator to simulate the system-environment interaction and produce
quantum Darwinism states. In the simulator, the fist qubit is quantum system and
the environment particles (other qubits) interact with the system of arbitrary
interaction strengths fhig in parallel and have no interaction between themselves.
Measurements are performed on these particles to infer the information of
quantum system.
a Hamiltonian form of Hi ¼ giA� Bi, the eigenstates of monitored
observable A are the pointer states, where A and Bi are two observ-
ables on system and environment particle i, respectively [5]. In our
simulator setting, A ¼ ðrI � rZÞ=2;Bi ¼ rX and giDt ¼ hi=2, there-
fore, the pointer states from interaction UðhiÞ ¼ e�iHiDt are 0j i and
1j i, respectively.

The pointer states can be quantified by the disappearance of
quantum coherence

C qSð Þ ¼ Hcl qSð Þ � H qSð Þ; ð2Þ

where qS is the reduced density matrix of system,
H qSð Þ ¼ �tr qSlog2qSð Þ is quantum von-Neumann entropy and
Hcl qSð Þ ¼ �tr pSlog2pSð Þ is classical Shannon entropy, pS is the diag-
onal elements of density matrix qS in pointer-state bases [18,19].
The reality of pointer states will emerge when the quantum system
is completely decohered by the environment. In this case, the clas-
sical entropy will equal to the quantum entropy. The efficiency of
decoherence depends on the initial states of environment [17,20].
Impure or misaligned (close to the eigenstate of observable Bi) envi-
ronment will reduce the decoherence efficiency. In our simulation,
0j i states are used as initial environment states with optimal
efficiency.

In quantum Darwinism process, the information about the
quantum system is broadcast to the environment. Local observers
can only access small fragments of the whole environment. The
quantum mutual information

I S : Eið Þ ¼ H qSð Þ þ H qEi

� �
� H qSEi

� �
; ð3Þ

can be used to quantify how much information an observer Ei

(accessing the environment fragment Ei) knows about the quantum
system [5]. When I S : Eið Þ � H qSð Þ for all observers fEig, the system’s
state can be determined by all the observers and thus the quantum
system becomes objective.
3. Experiment

We use a photonic simulator [10,11] (shown in Fig. 2) to
produce quantum Darwinism states consisted of a central
system qubit (photon 1) and five environment qubits
(photons 2–6). The quantum state of system is observed at the
superposition state ð 0j i þ 1j iÞ=

ffiffiffi
2

p
. Two sets of rotation-

angle parameter, ~hA ¼ ð180�;180�;180�;180�;180�Þ and
~hB ¼ ð180�;180�;180�;72�;100�Þ, are used in the experiments from

the following considerations. Note that here the phases in ~hB are
chosen merely to represent nonorthogonal case to simulate the
small environment fragment without specific optimization.

A real environment fragment can contain many elementary
subsystems. If the fragment is large, its quantum states can be sim-
plified and expressed as orthogonal logical states 0Lj i ¼ �n

i¼1 0j ii
and 1Lj i ¼ �n

i¼1ðcos hi
2 0j ii þ sin hi

2 1j iiÞ, due to 0Lj1Lh i ¼ Qn
i¼1 cos

hi
2

! 0 for sufficiently large number n of subsystems in a fragment.
Furthermore, if the fragment is small, its quantum states can be
expressed as nonorthogonal logical states 0Lj i and
cos h

2 0Lj i þ sin h
2 1Lj i. In our simulation, the photonic qubits repre-

sent the quantum state of environment fragments logically and
an observer can access one or more fragments to infer the system’s

state. The parameter ~hA is used to simulate 5 large environment

fragments and parameter ~hB is used to simulate 3 large environ-
ment fragments and 2 small environment fragments.

The experimental setup is shown in Fig. 2. The qubits are
encoded in the horizontal (H) and vertical (V) polarization of
single photons, which are produced by spontaneous parametric



Fig. 2. (Color online) Experimental setup. A six-photon interferometer is used to produce the system-environment composite quantum Darwinism states. Photon 1 is the
central quantum system and photons 2� 6 are the environment. Infrared laser pulses (775 nm wavelength, 120 fs pulse duration, 80 MHz repetition rate) pass through three
beta-barium borate (BBO) nonlinear crystals sequentially to produce three pairs of Einstein-Podolsky-Rosen(EPR) polarization-entangled photons. The two components of
EPR state are independently produced and coherently combined by beam displacers (BDs). Three single photons, one from each pair (photons 1, 2 and 3), interfere on two
polarization beam splitters (PBSs) to generate an entangled six photons in Greenberger-Horne-Zeilinger (GHZ) state. Two single photons (5 and 6) pass through polarization-
dependent Mach-Zehnder (MZ) interferometers to realize local non-unitary operations (LOs). In the MZ interferometers, two polarization components of input photons are
separated by polarization beam splitters and recombined on balanced beam splitters (BSs). The internal half-wave plates (HWP) are set at angle h5=4 and h6=4, respectively.
All the photons are sent to polarization analysis (PA) setups, each consisting of a quarter-wave plate (QWP), a HWP, a spectrum filter, and a PBS. The photons are finally
detected by fiber-coupled single-photon detectors and six-fold coincidence counting are registered. Note that our experimental setup is not a faithful simulator of the
scattering process. Instead, we mainly want to simulate the process where scattered photons are used to infer the state of quantum system.
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down-conversion (SPDC) process [21,22]. The Darwinism states in
Eq. (1) are synthesized in three steps.

(1) Preparation of three pairs of polarization-entangled photons
in Einstein-Podolsky-Rosen (EPR) state ð HHj i þ VVj iÞ=

ffiffiffi
2

p

[23] from SPDC process. With a laser pump power of
0.9 W, the generation probability of two twin photons is
0.025 and the fidelity of EPR state is above 99%.

(2) Three EPR pairs are combined on two polarization beam
splitters, postselecting the entangled subspace of
HHj i HHh j þ VVj i VVh j, to produce a six-photon Greenberger-
Horne-Zeilinger (GHZ) state ð HHHHHHj i þ VVVVVVj iÞ=

ffiffiffi
2

p

[24]. The success probability is 0.25.
(3) Two photons from the GHZ state are further operated by

polarization-dependent Mach-Zehnder (MZ) interferometer.
In the interferometer, the H and V components are separated
by polarization beam splitters and then recombined on bal-
anced beam splitters to implement non-unitary process
Hj i Hh j þ ðcos h

2 Hj i þ sin h
2 Vj iÞ Vh j with a success probability

0.5.

The experiment runs with repetition rate 80 MHz and the single
photons are measured with collecting and detecting efficiency of
0.65. Thus, we obtain six-photon coincidence counting rates about
5 counts/second. The quantum states are measured through quan-
tum state tomography. There are 729 measurement settings and
about 700 counts in each setting. Fig. 3a and b show the measured

density matrices. For setting ~hA, the quantum state fidelity is
0:859� 0:002 and the purity is 0:777� 0:004. For setting ~hB, the
quantum state fidelity is 0:703� 0:004 and the purity is
0:692� 0:006. The standard deviation is estimated from Monte
Carlo method with 100 trials.

The quantum coherence C qSð Þ of system qubit in Eq. (2) are

0:001ð4Þ and 0:020ð6Þ in process ~hA and ~hB, respectively, which
indicates that the environment has fully decohered the system.
The quantum mutual information IðS : EiÞ, the Eq. (3), between
the system and 31 different combinations of environment frag-
ments are shown in the Fig. 3c and d, respectively. The results have
two significant features. The mutual information quickly
approaches the system’s entropy H qSð Þ (exceeding 70%, mainly
limited by the purity of prepared entangled quantum states) when
accessing small environment fragments, and the mutual informa-
tion is saturated when increasing the size of environment
fragments.

The arrows in Fig. 3d show that the environment fragments 5
and 6 are two low-fidelity records of the system’s states, which is
expected from the corresponding nonorthogonal rotating angles

in process ~hB. On the other hand, environment fragments 2346
and 2345 have mutual information exceeding the system’s
entropy. This indicates that the mutual information contains
more information than system’s information alone. We further
analyze the information compositions by dividing it into the
locally-accessible classical information and the extra information
from pure quantum correlations. We show the classical correla-
tion and quantum correlation between system and environment
fragments in Fig. 4.



Fig. 3. (Color online) Experimental results. (a), (b) The absolute value of restructured density matrix elements of Darwinism states for parameter~hA and~hB , respectively. The
states are estimated by quantum state tomography with 729 measure settings. (c), (d) The mutual information between the system and the 31 different pieces of
environment fragments for parameter~hA and~hB , respectively. The red line indicates the classical entropy of system and the dotted line marks 70% of the classical entropy to
guide the eye. The short arrows label four special environment fragments for further analysis in the main text.
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The first one, Hovelo bound vðS : EiÞ, measures the capacity of
environment acting as communication channel to deliver system’s
classical information. The Hovelo bound

v S : Eið Þ ¼ max
Msf g

H
X
s

psqEi js

 !
�
X
s

psH qEi js
� �( )

; ð4Þ

is maximum mutual information of the classical-quantum state
between system and environment fragments with optimal mea-
surement Msf g on the system [14], where qEi js is quantum state of
environment Ei conditioned on a measured result s on the system
with probability ps. The second one, quantum discord

DðS : EiÞ ¼ IðS : EiÞ � vðS : EiÞ; ð5Þ
measures the loss of information due to the observers can only
locally access the environment, which quantifies the pure quantum
correlation between environment and system [14].

In Fig. 4, the classical correlations and quantum correlations
display very different features. The classical correlations have
initial rise and saturate at classical plateau, which indicate the
environment has recorded redundant copies of system’s classical
information for independent observers. In sharp contrast, the
quantum correlations raise when the nearly whole environment
is accessed, manifesting quantum correlations cannot be shared
between the observers [25]. Fig. 4b and c also demonstrate the
effects of low-fidelity environment fragments (photons 5 and 6

in process ~hB), which will lead to early raise of quantum corre-
lation (Fig. 4b) or delay the raise of classical correlation
(Fig. 4c).

4. Discussion and conclusions

Our results exhibit that environment not only decoheres quan-
tum system but also selectively delivers the system’s information
to observers. The environment channel is high-efficient for classi-
cal information and inefficient for quantum information. Only the
classical information of quantum system’s decohered pointer
states survives the environment-selected broadcasting and prolif-
erates throughout the environment. Consequently, these results
show that Quantum Darwinism theory predictions are compatible
with the observation that classical objectivity originates from
Darwinism-like broadcast structure of quantum substrate and
quantum objectivity is prohibited by quantum mechanics due to
quantum no-broadcast phenomenon [25,26].

In the experiment, the observation of quantum state is imple-
mented by projection measurements with single photon counters,
which is traditionally explained by wavefunction collapse from
Copenhagen interpretation. The quantum Darwinism experiment
provides a further detailed mechanism to the emergent classical
objectivity during the observation of quantum state (the photon
1), in the case of multiple observers (the photons 2 to 6). This
mechanism is not only compatible with the Copenhagen interpre-
tation of quantum measurement but also demonstrates a concrete
Everetts relative state [27,28] and thus consistent with the Many
Worlds interpretation.

In summary, we have experimentally observed the classical
objectivity emerging from classical information redundancy of sin-
gle quantum system on a six-qubit quantum Darwinism simulator.
We have demonstrated that the environment acting as communi-
cation channel and selectively broadcasting quantum system’s
pointer states are the crucial mechanism of quantum Darwinism.
Our work presents an essential step to test the quantum Darwin-
ism in small-scale controllable quantum environment. We expect
further works to investigate the quantum Darwinism with more
complex (e.g., larger-scale and mixed) quantum environment
[17,20] along with the considerable progress of current experimen-
tal quantum simulation technology [11,29–31] and high-efficient
quantum state characterization technology [32,33].



Fig. 4. (Color online) Accessible information of local observers. (a) Quantum
Darwinism process ~hA . The total correlation, classical correlation (Holevo bound)
and pure quantum correlation (quantum discord) between the system and the
environment are shown. The fraction of environment increase in the order of
photons 2, 3, 4, 5 and 6. (b), (c), (d) Quantum Darwinism process ~hB . The orders of
environment photons are 23456, 56234 and 25364, respectively. One standard
deviation is smaller than the size of data marker. Redundancy plateau of classical
information correlation in environment fragments is observed meanwhile pure
quantum correlation is suppressed due to the incompleteness of environment. Local
observers use only small fraction of environment to infer the system, so only
classical information is accessible.
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Note

After completing our work, we became aware of two related
experiments, one using two-photon four-qubit cluster state [34]
and the other one using single NV center [35] to demonstrate
quantum Darwinisim.
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