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Open quantum systems: from foundations to applications

® The systems we want to control and manipulate are subjected to
interaction with the surrounding environment, i.e., they are open systems

® Quantum properties (such as entanglement and coherences) are
particularly fragile under such an interaction

Quantum computation & Quantum metrology
communication and sensing

S

Quantum simulation
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Theoretical framework

environment open system

Bipartite setting
H=Hgs+ Hg + Hj
HeBMs®Me) pse €T(Hs @ Hi)

/ memory \

Reduced dynamics Correlations
ps(0) = ps(t) = ®(t)ps(0) pse(t) # ps(t) ® p=(t)

[Davies, 1976; Alicki & Lendi, 1987; Breuer & Petruccione, 2002; Rivas & Huelga, 2012]
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Non-Markovianity - a physical picture

environment environment

[Breuer, Laine & Piilo, PRL 2009; Breuer, Laine, Piilo & B.V. RMP 2016]

® Correlations imply bidirectional information flow: memory effects

® Quantitative foundation based on entropic quantifiers

Megier, Smirne & Vacchini, arXiv 2101.02720 (2021), to appear in Phys. Rev. Lett.

® Variety of analytical and numerical methods
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Master equations Path integrals
Numerical ab initio methods Perturbative techniques
Stochastic methods ....and many more!




Stochastic unraveling - Quantum jumps

%p(t) = —i[Hg(t), p(t)] + Z_ Ca(t) (La(t)p(t)La(t)‘L - % {Ll(t)La(t)»P(t)})

a=1

Infinitely many possible mappings

Average of the trajectories

Stochastic trajectories
L

I Ll 240 N
on the set of pure states 1
P N s {mt) - Nijxt»wi(w]
tﬁm‘r’( / i=1
NS /

¢ Deterministic evolution
interrupted by random jumps

T(Hs)
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=N ° Quantum jumps experimentally observed in several platforms
Basche et al.Nature 373 (1995); Jelezko et al APL 81 (2002); Gleyzes et al Nature 446 (2007)




Rate operator quantum jumps

Rate O t n®—1
a e(Rgcira OrW@i@) = D calt)(La(t) = Ly [ON OO (La(t) = Lye).0)!

- Cora = WO La(®(0))

Smirne, Caiaffa & Piilo, Phys. Rev. Lett. 124, 190402 (2020)

* Deterministic evolution fixed by

. n?-1

7 *
TR TR

a=1

° Interrupted by jumps

W(’f» = |90w(t),j> pj(t) = A¢(t)’jdt
—~ 7

RO eigenvectors and eigenvalues
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> Positive probabilities guaranteed by a positive RO




Divisible dynamics
to tl

Positive map
() (t2 , b1 )

. P > T
\/&) B A(tQ)/)

> Negative coefficients included — standard jumps do not apply

- . d 1o
- P =3 D () lorp(t)or — p(t)]
8 < k=1
gé 71:72:1 ’ygz—tanht
oA
= 2 . . .
=7z * Solid line: exact solution
5 = F
¥ 1« Circles: average over 104
=) (2] . .
1 trajectories
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Inset: example trajectories




Continuous measurement framework

/ The system is continuously monitored by

N ' ‘ n detectors: every dt two kinds of events
S

' ° The j-th detector clicks
| =0 i )

/ Count sequence: Instants and types of the (non-null) counts

* No detector clicks: null count ()

It fixes the system state |1 (wy ))

o Transformations and probabilities by postulates of quantum mechanics
Lo j(0)P
Tt {Z,, j@)P)

= | If we identify the count sequence with the sequence of jumps, we get the
same trajectories and associated probabilities as the unraveling!!

01 i) (t) = T {Zs, j0)0}
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Extension to fully general non-Markovian dynamics

Wiy = D Aow.it [Pu.it ) Puw g+ = D Paowi-| 19ww.i- )P

Jj=* J

Positive eigenvalues: as before D)) = lpy),i+) P+ (t) = Aps),j+dt
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Extension to fully general non-Markovian dynamics

Wiy = D Aow.it [Pu.it ) Puw g+ = D Paowi-| 19ww.i- )P

j+

Positive eigenv sbefore |V(t)) = |op)j+) P+ () = Ay j+dt

Negative eigenvalues: we define reversed jumps, to avoid P;- (t) <0

k(D) = 1Py, 0,50 = e (B) 540 = T8 o d
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Extension to fully general non-Markovian dynamics

Ww(t) — Z Ay (t),5+ 1Pty 5+ ) Pty | — Z ‘)‘@b(t ),5~ ‘ [Pupt), 5= ) Py, —

gt g
Positive eigenvalues: as before D)) = lpy),i+) P+ (t) = Aps),j+dt

Negative eigenvalues: we define reversed jumps, to avoid P;- (t) <0

o ﬂ N wﬂ

‘¢2> ‘90¢1>.7> |¢2> — |90¢1,j>
0.3 o T
* 7 coupled sites: transport,..
Y et eyt o e o Different site populations
4 * Trajectory of populations
VAN | T | with reversed jumps
time (@.u.) o \ average 3x10* trajectories
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Spare slide: definition of the quantum instrument

N

/Quantum instrument: map from the set of outcomes to CP maps on S(Hg)

T 00 = Fu, 0pF) 4 Fupp= (Id—iHdt) [ip(w,)) (1 (wy)]

\ thajp — tha]pvjt,jdt thvj — \/ )\w(wt)ﬂ|¢¢(wt)73><w(wt>| /

o When applied to the state |1(w:)){¥(w:)| fixed by the count sequence Wt

pu—

[9(we)) W (Wi)| = [Pup(en). ) {Prp(en) ]

Ty g (o)) (@) = Vi o)} () |Vt =
’ : / Pi(t) = Ayt

—

p—

|t (we)) (¥ (we)| — % (1 — iHEI T dt) [1h(wr)) (W (wr)| (1 + iHES )

Ts 0190 (w0)) (W (wr)] = Fl, plt(we)) ($(we)|F 4

P = 1= p(t)
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