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e Reduced dynamics
e Collision models

e Non-Markovian master equations
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Open quantum systems

environment open system
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Open quantum systems

environment open system

Bipartite setting
H=Hgs+ Hp + H;
HeBHsQMs) pse €T(Hs ®Hp)

' N\

Reduced dynamics Correlations

ps(0) = ps(t) = ©(¢)ps(0) pse(t) # ps(t) @ ps(t)
[Davies, 1976; Alicki & Lendi, 1987; Breuer & Petruccione, 2002; Rivas & Huelga, 2012]
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Open quantum systems

environment open system

Bipartite setting
H=Hgs+ Hp + H;
HeBHsQMs) pse €T(Hs ®Hp)

/ memory \

Reduced dynamics Correlations

ps(0) = ps(t) = ©(¢)ps(0) pse(t) # ps(t) @ ps(t)
[Davies, 1976; Alicki & Lendi, 1987; Breuer & Petruccione, 2002; Rivas & Huelga, 2012]
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Reduced dynamics

Reduced quantum dynamical map

unitary
ps(0) ® pE » pse(t)=U®)ps(0) ® pgUt)T

Evolution equation
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{%pSE(t) = —ulH, psp(t)]




Reduced dynamics

Reduced quantum dynamical map

unitary
ps(0) ® pE » pse(t)=Ut)ps(0) @ prU(t)!
TI’E TI’E
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Open quantum system dynamics

Quantum Markov process

O(t)D(s) = O(t + s) t,s >0
leading to
®(t) = exp(Lt)

%ps (t) = Lps(t)

break reversibility but retain CP

. 1
Lp=—i[H,p]+ > [AWA}; - §{A2Ak, P}
k

GKLS generator also known as Lindblad form
Workhorse for open quantum systems by 40 years now
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[Kossakowski, RMP 1972; Gorini, Kossakowski & Sudarshan, JMP 1976; Lindblad, CMP 1976]



Quantum divisibility and contractivity

Composition law

O(t, 7)P(1,5) = P(t, s) t>17>s52>0
divisibility property of quantum dynamical map

CP-divisibility in that ®(¢,s) iSCP V¢ > s> 0
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[Breuer, Laine & Piilo, PRL 2009; Rivas, Huelga & Plenio, PRL 2010]
[Luo & al., PRA 2012; Lorenzo & al., PRA 2013; Wolf et al. PRL 2008]




Quantum divisibility and contractivity

Composition law

O(t, 7)®(T,5) = D(t, s) t>171>s5>0
divisibility property of quantum dynamical map
CP-divisibility in that ®(¢,s) iSCP V¢ > s> 0

Contractivity under trace distance

D(p1(t+s), p2(t +5)) < D(p1(?), p2(?))

monotonic decrease of trace distance between different
initial states with elapsing time
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[Breuer, Laine & Piilo, PRL 2009; Rivas, Huelga & Plenio, PRL 2010]
[Luo & al., PRA 2012; Lorenzo & al., PRA 2013; Wolf et al. PRL 2008]
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Collision models

Model environment as collection of ancillas
&
interaction as sequence of collisions

In-dependent
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Collision models

In-dependent collisions =& Markov

System collides with ancillas
identical, initially independent and non interacting

®(n)lps] = E"|ps]
with
Elps| = Trallsalps & pal

so that
O(n+m) = P(n)d(m)

Continuous time limit = Lindblad master equation
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[Rybar & al., JPB 2012]



Collision models

Inter-dependent collisions
& additional layer of ancillas
& step dependent swap probability
— non Markov

System interacts with ancillas both directly
and via memory
memory itself interacts with ancillas

Continuous time limit =
general memory kernel master equation
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[Lorenzo, Ciccarello, Palma, PRA 2016; Lorenzo, Ciccarello, Palma, Vacchini, OSID 2017]



Collision models

Model environment as double layer of ancillas
System interacts with memory @

Memory swaps with ancillas

System interacts with @ ancillas directly
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Collision models

Model environment as double layer of ancillas

System interacts with memory

ps — Glps| = Trylsar|psm)
Memory swaps with ancillas

psy — Pnpsm + (1 — pn)pss
System interacts with @ ancillas

ps = Elps] = TraVsalpsal
Probabilistic swap to be connected to jump distribution

p—f

System interacts with memory again
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ps — Flps| = TrpUsp|psB]
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Collision models

Evolution of statistical operator
System+memory transformed stepwise

1 0
psar = Usnlpsi]

:0592]24 = p1 Usmr :,0591]24: +q1 Usp & [PgM

Pfg% = p2 Usm :Pg]@: + g2 Usi Z [Pfg?ﬂ

= p2p1UgM[PES*OJ%4] T Q2Q1USM5MSM‘€M5M['OE§OK4]

+ (pqul/l%MgUSM + Q2P1USM5U§M)[,OES%]

~

Elpsm] = ETryprpsv] @ v

partial trace + continuous limit
lead to closed evolution equation
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e Non-Markovian master equations
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Memory kernels

Reconsider Lindblad equation in view of “trajectories”
. 1
Lp=—i[H,p|+ Ek:% [Lka;L - §{L£Lk, p}}
, 1
Lp= Rp+ pR" + Z%LWL;Q ==t =7 > YL} Ly
k k

R(t)p = exp(t R)pexp(tRY)  Tp=> ~vxLrpL]
k
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Memory kernels

Reconsider Lindblad equation in view of “trajectories”
. 1
Lp=—i[H,p|+ Ek:% [Lkal - §{L£Lk, p}}
, 1
Lp= Rp+ pR" + ZVkLkPLIZ ==t =7 > YL} Ly
k k

R(t)p = exp(t R)pexp(tRY)  Tp=> ~vxLrpL]
k

Dyson expansion of exact solution



Memory kernels

d | 1
= —ilH, p| + > [LkaZ - §{L;2Lk, p}]
k

R

S(t)p=R(H)p+ Y /Ot dt, ... /j ARt —t,) ... TR(t)p
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[Budini, PRA 2004, B.V.,PRA(R) 2013, Chuscinski & Kossakowski, PRA 2016]



Memory kernels

B(t)p — (t)g(t)p+2/0 dtn.../Othl

X F(t— ) F(t —t2)E ... E0(t)G(t)p

'

(1) = / drk(t — 7)p(7)

memory kernel master equation

]
:
S
a
a
=)
E
w
=
O
53}
=)
=
7
2
%
5
3“:/-' .
X

4

<
e
2
-
a
O
&=
Z
o
=
&
=
A
TN
=)




Memory kernels

Connection to classical memory kernel

T (1) / dTZ[ T (t = ) = Wi (7)o (¢ = 7)]

Wk (w) = Tk f 1, (w) /05 ()
Natural correspondence

waiting time distribution = collection of time evolutions

stochastic matrix = CPT map

™ — & CPT map
f(t) — f(t)F(t) F(t)CPT maps
(t) — (t)G(¢) G(t)CPT maps, s.t. G(0) =
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Memory kernels

Relevance of operator ordering
( m A 7 )

up(u) — p(0) = { O | = _o[A(lu)—u]  p(u)

\ - . /

Different possible choices of operator kernel leading to
different possible dynamics
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[B.V.,PRL 2016]



Memory kernels

Equations appearing in
collision model & micromaser dynamics

O |r y — [P (u)E
] G(w)

>
N versus
g 3 — - Velocity Select
% E :]}(’U/) o 1 ¢ Maser Cavity
%g O = 7 gff(u)/\ > | -, Field lonizat
: ) G(u) Qo' |
5«-’“‘"”*: Channeltron Detectors O‘ ;mmié\h\mm

[Cresser, PRA 1992; Herzog, PRA 1995; Cresser, QS Optics 1996; B.V.,PRL 2016]



Conclusions & outlook

¢ Reduced open quantum system dynamics
¢ Collision model formulation of dynamics

& Continuous limit and memory kernel master equation
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Conclusions & outlook

¢ Reduced open quantum system dynamics
¢ Collision model formulation of dynamics

€ Continuous limit and memory kernel master equation

@What is the generality of collision models?
@What is their use in describing memory effects?

@What is their use in describing thermodynamic effects?
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