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advantageo f phase-space methods i s t h a tthey

a l l o w f o r a description o f unitary a n d open
quantum systems o n t h e s a m e footing.

Ofpar t icu la r interest a r e couplings o f sma l l
systems t o Markarian rese rvo i r s

dein (Hs)a d i e u (HR)

! !

µ
System

H R r e s e r vo i r

Can w e f i nd a n effective description o f thesmall
system without t h e uninteresting degreeso f
freedom o f t h e r e s e r vo i r ?

A H Ä = Äst Ätzt Äse
/ 1

System reservoir
Tsg
tem-reservoir coupling



Liouvi l le equation o f to ta l s ta te

( H D × € H s ⑦ HR Ä =

!

[ H i t ]

I f w e only w a n t t o calculate observables Ä t h a t
a c t i n t h e K I best Space o f t h e System, t h e n

< Ä ) = Trap { X Ä}
= Trs { Tr am Ä}

i t i s sufficient t o cons ide r t h e reduced density
ma t r i x

4741 9 = Tre { z }
⇒ E



The d j a r e called Schmidt coefficients. I f only o n e
coefficient i s n o n - z e r o t h e S t a t e 1 4 3 i s factorized
i f m o r e t h a n o n e v a l u e d i t o t h e s t a t e R p ) i s

entangled b e t w e e n S a n d R - T h e n

5 - Traf I n 4 ) = In d i b ) s t i l
s ince T r

"

I n
⇒ 7%

!

1

b u t
T r { 5 3 = E r ? ± 1

E s

equality holds i fonly o n e B- = 1 i s n o n z e r o

CNET.to/reduceddcnsitymah-
lilanitargtratotointeradion
pickelt78) + H I → EH) = e

¥

"

+

HR)t z ( f ) e -I C HHa l t
a n d

A → ÄH) = e ¥

"

Halt#e -

ICHs t a t t

⇒
(179 ÄH = -E [HIRN, EH]
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Ciilbornapproximationoturahcoapling-
fo rma l solution o f (179)

11780) E H = E H u ) -

#

SÄ [HIRN, Eta]
t o

subst i tu te this i n t o v . h .s .o fe f .CH9 )

Ä H = - I Ä t o d ]
often negligible

(181)
- #HE [ÄRA), LÄRM,END

t o

abgas!!orde

#

|11821 I N = 5k) * 5,2k) ←

fac to r i ze d . '

reservoir i n stationary state

(183) 5,2kt = ER101=8,2

taking t h e t race w i t h respectt o reservier degrees

j a = FRÜH)
(184

= -¥ JE Tr , {[HIHI, [HIRN,

"

süß

t o
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typical form of HSR

4851 H s , = Ag2 T SIRI
Item Teservoir

Then trace Trp {.--SR} i n eg.ua) yields
re s e r vo i r c o r r e l a t i o n s :

486)(RIIHREKDj-
TYSRRINREKB-
CiiilMarko.uappnximaha.cnstationary reservoirs ta te t h e reservoir
correlations a r e stationary ,

i .e dependonly
o n t im e difference

11871 <RÖHRE) = Rjelt-2)
Often they decay very fast t o Z e r o

(18) R i e l t - e ) → •

f o r I t - e ) large

M a r k o v approximation: i n eg-(184/
1189) sjl-I-sjttjl-I-sln.to-7-



D u e t o d o ub l e commutator i n eg.
(1841o n e

eventually arrives a t a ndifferential equation
(drop tilda's)

j = -¥ [Hat, s ]
1/90)

+ E E. I n {25-ssi-55-s-ss.si}

whe re Ha t= H t correction a n d Int I n
i s hermitian a u f positive ma t r i x

Diagonalization o f Tja yields t h e

L i n d b l a d -Ma s t e requation

g.= - I [Hetts ]
4911+EEüKüsüüüs-sü

!

L i n d b l a d -Ma s t e requation

I n 2 0 j-AEEKFEI.gs]

i n
EEEEEIEEE.ie?ii-
iiins-sii
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CBIExampksforlindbladoperao.to
incoherent particle l o s s

(192) L (single-particle loss)

"

staiss =

!

Gäsätätäs-Santa )

probability o f h excitations:

4941 past = L n t e l n )

11951 poln) = P fast) pints) - n playlass

i nc rease o f probabitypen) d u e t o decay
from h t t t o n

decrease o f probabitypen) d u e today
from n

t o m -incoherent particle gain (pamp)

496) [ =
HH Stais> = TEI (zätsä-ääts-säät)

-
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th is gives

(198) poln)= Gain (np.cn-n) - ( nm ) pen))

i nc rease o f probabiltypen) d u e t o pump
f r om n - n t o n

d e c r e a s e o f probability pent d u e t o p ump
f rom n t u n + 1 . Note pre-factor h t t
i .e . e v e n f rom n = 0 t h e r e i s l osso fprobability
d u e t o t rans i t i on n = o → n ⇒

D- d ephasing
less) [ = ä
Kool Staiss =

Tage finish - ü}-sin?]

Pln) i s unaffected b u t coherent superposition
a r e destroyed

* two-particle l o s s

12oz) [
p h ) j ump s i n un i t s o f 2
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