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Time

P(xf tf ; … ; x2 t2 ; x1 t1)

P(xk tk |xk-1 tk-1; blue)

P(xk tk |xk-1 tk-1; red)

6= P(xk tk) = f(xk-1 tk-1)
Markovian

non-Markovian

This is more than master equations

$
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Morris, Pollock, Modi. arXiv:1902.07980 (2019)
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Open quantum systems

http://gaigroup.chem.upenn.edu/images/2DIR_pulse_sequence_small.jpg
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Why are all carbon atoms the same? (fast Markovianisation)
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Px3t3;x2t2;x1t1
?! ⇢x3t3;x2t2;x1t1
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Challenge

p   r   o   c   e   s   s c  o   n   t    r    o   l

process [control]           quantum states
(probabilities)
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OPERATIONAL DESCRIPTION OF EXPERIMENTS RESTRICTED PROCESS TENSORS OUTLOOK
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T N :0( , , . . . , ) =A(0) A(1) A(N�1)

T is called the Process Tensor

A mapping from control operations to states
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Pollock, Rodríguez-Rosario, Frauenheim, Paternostro, Modi. Phys. Rev. A 97, 012127 (2018)
(on arXiv since late 2015)

How good is this framework? 
It’s universal!
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Open quantum evolution
linear and completely positive
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How good is this framework? 
It’s universal!

T
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Milz, Sakuldee, Pollock, Modi. arXiv:1712.02589 (2017)

Kolmogorov conditions for quantum causal models
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Milz, Sakuldee, Pollock, Modi. arXiv:1712.02589 (2017)

Kolmogorov conditions for quantum causal models

Sakuldee, Milz, Pollock, Modi. J. Phys. A 51, 414014 (2018)

Construct  
coherent quantum 

trajectories
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Quantum Probability 
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Quantum Probability 
literature

But we can make it better!

KITP 2019 
Open Quantum System Dynamics: 
Quantum Simulators and Simulations Far From Equilibrium



time

KITP 2019 
Open Quantum System Dynamics: 
Quantum Simulators and Simulations Far From Equilibrium



A few problems we can 
solve with this 

framework

KITP 2019 
Open Quantum System Dynamics: 
Quantum Simulators and Simulations Far From Equilibrium



⌥k:0Tk:0

Processes can be mapped to states  
with tensor network representation

KITP 2019 
Open Quantum System Dynamics: 
Quantum Simulators and Simulations Far From Equilibrium



⌥k:0Tk:0

Processes can be mapped to states  
with tensor network representation

MPO

KITP 2019 
Open Quantum System Dynamics: 
Quantum Simulators and Simulations Far From Equilibrium



⌥k:0Tk:0

Processes can be mapped to states  
with tensor network representation

P ⇢ ⌥Px3t3;x2t2;x1t1
?! ⇢x3t3;x2t2;x1t1

MPO

KITP 2019 
Open Quantum System Dynamics: 
Quantum Simulators and Simulations Far From Equilibrium



⌥k:0Tk:0

Processes can be mapped to states  
with tensor network representation

P ⇢ ⌥Px3t3;x2t2;x1t1
?! ⇢x3t3;x2t2;x1t1

Meaningful measures for non-Markovianity

MPO

KITP 2019 
Open Quantum System Dynamics: 
Quantum Simulators and Simulations Far From Equilibrium



⌥k:0Tk:0

Processes can be mapped to states  
with tensor network representation

P ⇢ ⌥Px3t3;x2t2;x1t1
?! ⇢x3t3;x2t2;x1t1

⌥Markov
7:0

Meaningful measures for non-Markovianity

MPO

S A1B1 A2B2 A3B3 A4B4 A5B5 A6B6 A7B7

KITP 2019 
Open Quantum System Dynamics: 
Quantum Simulators and Simulations Far From Equilibrium



⌥k:0Tk:0

Processes can be mapped to states  
with tensor network representation

P ⇢ ⌥Px3t3;x2t2;x1t1
?! ⇢x3t3;x2t2;x1t1

⌥Markov
7:0

⌥Markov
7:0

Meaningful measures for non-Markovianity

MPO

S A1B1 A2B2 A3B3 A4B4 A5B5 A6B6 A7B7

S A1B1 A2B2 A3B3 A4B4 A5B5 A6B6 A7B7

KITP 2019 
Open Quantum System Dynamics: 
Quantum Simulators and Simulations Far From Equilibrium



⌥k:0Tk:0

Processes can be mapped to states  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P ⇢ ⌥Px3t3;x2t2;x1t1
?! ⇢x3t3;x2t2;x1t1

⌥Markov
7:0

N = R(⌥7:0k⌥Markov
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Confusion probability = e�nN

⌥Markov
7:0

Meaningful measures for non-Markovianity

Pollock, Rodríguez-Rosario, Frauenheim, Paternostro, Modi. Phys. Rev. A 97, 012127 (2018)
(on arXiv since late 2015)
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Avoiding non-positivity in 
presence of initial correlation 

(superchannel)

SE U ⇢0S

Modi Sci. Rep. 2, 581 (2012)
Ringbauer, Wood, Modi, Gilchrist, White, Fedrizzi. Phys. Rev. Lett. 114, 090402 (2015) 

Vinjanampathy, Modi. Phys. Rev. A 92, 052310 (2015)

A

Paz Silva, Hall, Wiseman. arXiv:1810.12540 (2018)
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Ringbauer, Wood, Modi, Gilchrist, White, Fedrizzi. Phys. Rev. Lett. 114, 090402 (2015) 

Vinjanampathy, Modi. Phys. Rev. A 92, 052310 (2015)

A

Pollock, Rodríguez-Rosario, Frauenheim, Paternostro, Modi. Phys. Rev. Lett. 120, 040405 (2018)

Unambiguous notion of quantum Markov processes
Paz Silva, Hall, Wiseman. arXiv:1810.12540 (2018)

KITP 2019 
Open Quantum System Dynamics: 
Quantum Simulators and Simulations Far From Equilibrium



Taranto, Pollock, Milz, Tomamichel, Modi. arXiv:1805.11341 (To appear in PRL 2019)
Taranto, Milz, Pollock, Modi. arXiv:1810.10809 (To appear in PRA2019) 

How long is memory 
Quantum Markov order
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Reconstruct 
Nakajima-Zwanzing  
master equations 

(Chemistry)
Pollock, Modi. Quantum 2, 76 (2018)
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Reconstruct 
Nakajima-Zwanzing  
master equations 

(Chemistry)
Pollock, Modi. Quantum 2, 76 (2018)

Figueroa-Romero, Modi, Pollock. arXiv:1802.10344 (2018)

Statistical abundance of Markov processes

P[N > Bk(dE , dS) + ✏] 6 exp

(
�k

4

dE

d2k�1
S

)
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Conclusions

We have a universal descriptor for arbitrary quantum 
stochastic process and whole lot of applications…

http://monqis.physics.monash.edu
(Review paper) S. Milz, F. Pollock, K. Modi Open Sys. Info. Dyn. 24, 1740016 (2017)

L. Li, M. Hall, H. Wiseman Physics Reports, 759, 1 (2018)
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