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® Open quantum systems: Markovian vs non-Markovian

® (aussian non-Markovian map and master equation

® Beyond the Gaussian ansatz: a recursive approach



Open quantum systems

® |nteraction between the system and the environment
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Markovian vs non-Markovian

® Approximation: the bath timescale is much faster than the system

® Markovian dynamics: the evolution has no memory terms
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solid state (PBG materials)
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® Non-Markovian dynamics >
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ultrafast chemical
reactions (OLEDs, FMO)

quantum optics
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Model for non-Markovian dynamics
® Bath of free bosons:  Hp = ;wké;;ék
® Gaussian bath initial state: Tra |8;(r)é(s)p| = Djs(r,5)
® Bilinear interaction: L= AJ(t)g;(t)

Hermitian system operators $5(t) = / ik (w)be™* dw + h.c.



Gausslan non-Markovian map

Environmental degrees of freedom can be traced exactly

Mips = Trg [T (6_”0 dTVT_) ps & ﬁE}



Gaussian non-Markovian map

Environmental degrees of freedom can be traced exactly

Mips = Trg [T (6_”0 dTVT_) ps & ﬁE}

The general Gaussian non-Markovian map reads
My = Texp{ / dT/ dsA; Df}f T,8)A; (s )+2D£r,f(7' S)A;r(s))}

L. Diosi, L. Ferialdi, PRL |13, 20050 SRAENIENE



(Gaussian master equation

Linear Heisenberg equations

| 5 < ick’s th
of motion for A7(t) VVICk's Thea i




(Gaussian master equation

Linear Heisenberg equations

| 5 > Wick's theorem
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Linear Heisenberg equations
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= Bath correlation function
ID)ZJ (t, S) — Z(—l)n_lDw(n) (t, S)

e
n=1 l \

Wick's contiractiehs

Recursive definition
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Beyond (Gaussian

Projection operator technigue

/ Cumulant expansion
/ p

? Path integral

Perturbative techniques

Repeated application of the whole formalism

/ In order to obtain the n-th expansion order
Iwo drawbacks

No clear evidence of the mathematical
strlctUre Infterms o[ melE



Projection operator technigue

dps (t)

Ppse(t) = ps(t) ® pE -

= L(t)ps(t)



Projection o

berator technique

dps (t)
dt

= L(t)ps(t)

V. = A7 (t)¢;(2)



Projection operator technique

- dps (t)

Ppse(t) = ps(t) ® pe = L(®)ps(t)
L(t)=)» Li(t) =) oPV,E(t)F
k=0 =0
Ve = AT (t)¢;(2)

gl AV

/
L4(t) = o /Ot d7 PV, V(1 -P)V VP

~ PV, V,PVLV,P - PV VPV VP

T1 (5 T1 T2



Recursive approach: map

Mips = Trg |T (7077 ) ps @ pp| = D (=) n(t)ps
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Recursive approach: map

Mips = Trg [T (7047 ) ps ® ps| = D _ (=) (D)5

n=0

s = [ 45,303 A Ay D

S

[,]and {,} of system operators bath ordered

correlation function

1 : =
Dj-rl ]i'f; = Q_TI'E {¢ 7172¢ "'97”_1T”¢ﬁ":}

G. Gasbarri, L. Ferialdi, arXiv: 1 7/07.06540.



Recursive approach: master equation

O

=L(t)ps(t)  L(t) = MM =D (—i)"Ln(?)

7 ==1!

dps (t)
dt

G. Gasbarri, L. Ferialdi, arXiv: 1 7/07.06540.



Recursive approach: master equation

O

= L(t)ps(t) L(t) = MM =) (=i)"La(t)

7 ==1!

dps (t)
dt

La(®) = in(t) = 3 Ln_x(H)n(2)

G. Gasbarri, L. Ferialdi, arXiv: 1 7/07.06540.



Recursive approach: master equation

O

= L(t)ps(t) L(t) = MM =) (=i)"La(t)

7 ==1!

dps (t)
dt

La(®) = in(t) = 3 Ln_x(H)n(2)

Ll(t) =i At_ Dj?

i
E -4 /O dr | A} D} + A7 (D++ _Df Djl)

tTl tTl

G. Gasbarri, L. Ferialdi, arXiv: 1 7/07.06540.



Recursive approach: master equation
Ee) =i (- S Lospil

it — A, D",
t

B = A /O dry | A% DY + A7 (D - Df DY)

7091 t’7'1 tTl

i)l T2 tTlTQ T17T2 tTl T1 TR

T
= / Sy | AR Vi (D+++ — D DIt — DD e D
0 i

+ Ay AT AT (D++— B s )

t7'1’7'2 Ui )

+ A7 A% A (D - DY D)

t’7'1’7'2 t’7'1

AT AT D
i b AL Al G. Gasbarri, L. Ferialdi, arXiv: | 707.06540.
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Irace preservation:

Diagramatics
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Diagramatics

Basic elements: —O—= Al g o= A ¢T
: e
- | 0-0—. 0= | di, A ...AT- DT
Connected diagram: \ gl T

n

Trace preservation: O —0—.—0 =0

Nn-th momentum: P = S‘ S: @D -9
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Diagramatic rules

|.Write the n-th order “black” connected diagram: @—@—@
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Diagramatic rules

4. Rephrase with formulas:

L;—00-0—-—0-00—-00-0-000
+ 0—0—0O = 1 =©

N Sox BN SeY

+ @00

tT1’7'2

F
Ls(t) = / A% | A7 A7, A7, (D4 - DE DY, - DEEDY, + D Df, DY)
0

+ A7 AZ AT (D++— DF D+ )

LA T1 T2
tTlTQ tTl T2
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+ Ay AT AT Dy
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Gausslan vs hon-Gaussian

Gausslan master equation:

dﬁs(t) = i e — mIm - A
S = —a7 )| [ 4D DA (1) + DI AL ()| s
Non-Gaussian master equation:
dpst) [ ' —
= = 2 (0" L) ps(0 Ly (t) = fin(t) — ; Ly 1 (t) s (2)
t n .
un(®ps = | d7 33 A7 . Ay DEE g
0

J=ll R



Conclusions

® \/Ve have derived the Gaussian (completely positive, trace
preserving) non-Markovian master equation.

® \/\e have provided a perturbative approach for non-
Markovian master equations the Gaussian ansatz

F

Clear structure in

Recursive terms ofi [ 1] kiR



