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Are certain properties of the environment 
influencing the emergence of a classical 
objective reality?



Quantum Darwinism!



Quantum Darwinism
Open quantum systems

quantum 
system

environment

⇢S = TrE(| SEih SE |)



Quantum Darwinism
Pointer states and einselection quantum 

system

environment

H = HS +HE +HI

HI = S ⌦ E

Pointer states are eigenstates of S

W. H. Zurek, Rev. Mod. Phys. 75, 715 (2003)



Quantum Darwinism
Pointer states and einselection quantum 

system

environment

System Environment
quantum harmonic oscillator
!S

quantum harmonic oscillators
!k

�xS

NX
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Interaction



Quantum Darwinism
Environment as a witness

quantum 
system

environment

⇢S = TrE(| SEih SE |)



Quantum Darwinism
Environment as a witness

quantum 
system

environment

W. H. Zurek, Nature Physics 5, 181 (2009)



The essence of !
Quantum !
Darwinism

only states that produce multiple 
imprints in the environment can be 
found out from small fragments of E



the origin of the emergent classicality is 
therefore not just the survival of the 

fittest states but their ability to deposit 
multiple copies of themselves to the 

environment
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f = nf/N



Which fraction f of the 
environment does one need 

to sample if the goal is to 
find out about the system?

CENTRAL QUESTION



Quantum Darwinism
quantum mutual information

I(S : F) = HS +HF �HSF



HS = HF = HSF

I(S : F) = HS +HF �HSF = HS

an apparatus can fully reveal the state of the system
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I(S : F) = HS +HF �HSF

I(S : F) = 2HS

I(S : F) = 0

I(S : F) = HS

no correlations 

classical  
correlations

entanglement



Quantum Darwinism
quantum mutual information

I(S : F) = HS +HF �HSF

f = nf/N



mutual information of states which have decohered, indicating 
emergence of classical objective reality

redundancy plateau

W. H. Zurek, Nature Physics 5, 181 (2009)



REDUNDANCY

R� = 1/f� (1� �)HS



REDUNDANCY

R� = 1/f� (1� �)HS

high values of redundancy imply objectivity



mutual information of randomly selected states



Non-Markovianity!



Markovian

non-Markoviannon-Markovian



Open systems dynamics
Information flow

H.-P. Breuer, E.-M. Laine, J. Piilo, Phys. Rev. Lett., 210401 (2009) 

quantum 
system

Information on the system

Distinguishability 
between pairs of states



Markovian dynamics
Information flow

quantum 
system

Information is 
continuously and 
monotonically lost into 
the environment

H.-P. Breuer, E.-M. Laine, J. Piilo, Phys. Rev. Lett., 210401 (2009) 



Non-Markovian dynamics
Information flow

quantum 
system

Information flow back 
due to memory effects 
and strong system-
environment 
correlations

H.-P. Breuer, E.-M. Laine, J. Piilo, Phys. Rev. Lett., 210401 (2009) 



Quantum Brownian Motion

System Environment
quantum harmonic oscillator
!S

quantum harmonic oscillators
!k

�xS
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Interaction



Non-Markovianity measure
CV systems

R. Vasile, S. Maniscalco, M. G. A. Paris, H.-P. Breuer, and J. Piilo Phys. Rev. A 84 052118 (2011)

F (⇢1, ⇢2) = Tr
qp

⇢1⇢2
p
⇢1

FIDELITY

DF (⇢1, ⇢2) =
q

2� 2
p

F (⇢1, ⇢2)

Bures distance

N = max⇢1,⇢2

Z

dF/dt<0
�dF (⇢1, ⇢2)

dt
dt



The Connection!



Does Quantum Darwinism 
depend on the Markovian/
non-Markovian character of 
the dynamics?



REDUNDANCY

R� = 1/f� (1� �)HS

high values of redundancy imply objectivity

low values of the fraction     imply objectivityf�



emergence of a classical objective reality



Quantum !
Darwinism!

!

The movie



time



N



t=40 (a.u.)

redundancy plateau
!S = 0.5



t=40 (a.u.)

!S = 0.7



t=40 (a.u.)

!S = 1



The Future!
Conjectures and Speculation



Non-Markovianity, the lack of a 
measurement scheme interpretation, 

and the absence of objectification
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The spectral density
Rubin model
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Non-Markovianity
Rubin model

J(!) =
NX
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R. Vasile, F. Galve, R. Zambrini, Phys. Rev. A 89, 022109 (2014)



Nf =

Z

df/dt>0

df

dt
dt non-monotonicity of 

redundancy


