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,otal state perspective” in open system dynamics:

1.) very good! (see also this talk ..)

2.) question: ,system + environment = Alice + Bob" ?

Continuous measurement , quantum trajectories:

measurement s on the environment exist such that the
reduced state is unaffected by the measurement:

Crucial: environment large, short bath correlation time.



TECHNISCHE Example: standard model of open system
Q) v dynamics

Environment of harmonic oscillators:

Htot = Hsys T Zgﬂ( Lbj{ + L+bﬂ )+Za)/1b;{b/1
A A

Bath correlation function (here at zero temperature):
a(t-s)=(BHB (5) =2 g fe " = [dw I (w)e™

J() . Spectral density
If spectral density flat I:> Markovian dynamics.

Reduced dynamics governed by Lindblad master equation:

p — _%[Hsys’p]+%([Lp1 L+]+[L1/OL+])



I,E.‘.’&'E"F{éﬁ'ﬁ Total state: solve Schrodinger's equation (T=0):

DRESDEN

Model: H,., =H, +Zgl(Lb++L+b )+Za)lb+

Expand total state in a flxed (Bargmann) coherent state basis for
the environmental degrees of freedom:

W0 =< e |y (2)®]2)

System state |y, (z ))=(z|'¥,) corresponds to a certain fixed
configuration z=(z, z,, Z,,...,Z,, ...) of the environmet.

Note: Z, —[(ql+|pi)

oy,

S
[L. Diosi, WTS, PLA 235, 569 (1997)]

ith 2 =-1» g,z oy
with 4 ;94 p Note: 5zt

S

Find: ¥, =—5 Hyw + L2y, L+jds o(t— S)

= LWt

s=t



recnniscue 1 Otal state: solve Schrodinger’'s equation (T=0),
() s Markov:

Model: H,., =H, +Zgl(Lb++L+b )+Za)lb+

Expand total state in a flxed (Bargmann) coherent state basis for
the environmental degrees of freedom:

W0 =< e |y (2)®]2)

System state |y, (z ))=(z|'¥,) corresponds to a certain fixed
configuration z=(z, z,, Z,,...,Z,, ...) of the environmet.

Note: Z, —[(ql+|pi)

Find: l/./t — _iﬁ HsySWt + LZtWt _% L LWt

[L. Diosi and WTS, PLA 235, 569 (1997)]

. - * i t
with 7, =—i) g,z,e"
A



I,E.‘.’&'E"F!éﬁ'ﬁ Solving the Schrodinger equation (T=0):
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Htot = Hsys + Zg/l( Lb:{ + L+b/1 )+Zw/1b:1rb}t
A A

o =[<2e™ [y (2 )®]2)

Find closed evolution equation for | l//t( Z* )>

. ,quantum trajectories*: [L.Diosiand WTS, PLA 235, 569 (1997)
2 _1712 * *
p(1)=Tr, [ PN []= [£2 e ™ |y (2 D7)
* better: let |z> evolve with natural dynamics [wTs, L. Diosi, N. Gisin, PRL 82, 1801 (1999)]

* solution exists for harmonic oscillator and L=q, for arbitrary alpha
[WTS and T. Yu, PRA 69, 052115 (2004)]
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TECHNISCI_-I_E ,classical” vs. ,quantum” decoherence
i

Decoherence caused by classical, fluctuating fields (Hamiltonians)
(,random external field® (REF)-channel, random unitary channel):

o(t) = j du(w)U, () p(OU'(t) ,classical

Decoherence caused by genuine interaction with a
,<quantum environment® (entanglement):

=H,,®L+H +1®

tot Int

’
pU) =T, [Uu®(p(0)® o, (D)5 (1) |

,2guantum®
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() universrmar Paris decoherence experiment:
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M. Brune et. al., PRL 77, 4887 (1996)

FIG. 2. Sketch of the experimental setup.

Two-Atom Correlation Signal
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QEE\ZE':R'E%%'E Femtosecond pump-probe spectroscopy

experiment: Stienkemeier group (Freiburg)

2 PRA 80 042512 (2009) with Rb,
9
o on He-nanodroplets!! (0.4 K)
E J T - T - T T
S | 14
2 @)= 12 MWMWM
2 Fl 10 240
= _
& ()’my 8
£ M= O
o ’ g
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3" Delay time (ps)

"1{5 20 25 Decay of revivals as an indicator for decoherence!

[M. Schlesinger and WTS, PRA 77, 012111 (2008)]
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TECHNISCHE Femtosecond pump—prope spectroscopy:
DRESDEN decay of revivals

—

—  A=1025nm, y=5E-04/ps
X  Sim.: Revival amplitude maxima

o

> o

exp(-(Y2)D’ (1))
= (o) (e) o

T I T I T l T l T

)

N |

Two-Atom Correlation Signal

0
= 0.8 — A=1006nm, y=5E-04/ps
Nz’ & X Sim.: Revival amplitude maxima [f
= 0.6 i i ‘
o4t . ’ b, ’
= - "
© 02 —

>

exp(—yD?t) — exp( —y_t[ D(s)*ds)

D(s)" =Ax(s)" +Ap(s)

(simulations by Martin Schlesinger) [see also M. Schlesinger and WTS, PRA 77, 012111 (2008)]
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UNIVERSITAT Boulder-experiment
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Decoherence between coherent states: exp( —7/D2t )

10" - - 1 ad
* =14

c M:Zﬂ
o =25
a jad =31

Fringe conrast

Q
o
+« 0 200 #0090 @0 6% 100

lacf’t us)

-
~
Fringe conbrast

lad =10
jag =21
jog =31
Jacg =41

\ / 167}
lad = 5.2

+
G G2 G4 43 G8 1 12

haa{ V23 (vV2)

C. J. Myatt et. Al., Nature 403, 269 (2000).

4 4 ¢ 0 ¢ o+




UNIVERSITAT ,, Caldeira-Leggett“ (without damping)

DRESDEN

Ho = P*/2M +V(q) + qu q +Z(p. /2m +3mayqy)
(,entanglement with environemt®
J L initial thermal bath state)

I[):_i[Hsys’p] _r[q1[q1p]]

(unitary, stochastic dynamics)

=(H,, +VTa&(t)y,
(E()E(S)) = S(t—s)




,Caldeira-Leggett” without Markov

H, =p°/2M +V(q) + quq. +Z(p. /[2m, +imw’a’)

Bath correlation function

a(t—s) =(F()F(s)) = [ da J (w)[ coth(£) cos(at) —isin(et)

= (H,,. +VDa&(t)w,
(E(t)E(S))y = Rea(t—s)

(neglect damping = imaginary part)

[see also T. Grotz, L. Heaney, and WTS, PRA 74, 22102 (2006)]
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ﬂﬁ?&"&?ﬁ'ﬁ Innsbruck linear ion trap quantum computer
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(Figs: (2007) Hartmut Haffner, Innsbruck)
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Bﬁ?&'e"n'éﬁ'ﬁ Decoherence of a single qubit
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(F. Schmidt-Kaler et. al. J. Phys. B 36, 623, (2003))
' , ; , . , . , '
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Use general theoretical framework for (realistic)
decoherence dynamics (channels)



TECHNISCHE Gaussian decoherence of single qubit
UNIVERSITAT

DRESDEN (,Static disorder®)
1)
@ @+ A
Eon 0)

=]
o
=]
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Z00 400 &00 200 1000 1200

Delay time t (us) H — % (a) + A) GZ

(F. Schmidt-Kaler et. al. J. Phys. B 36, 623, (2003))

p c p Ce—i(a)+A)t
— )= ..
FCE AN BTG e T

2.2 .
p Ce—ot e—la)t
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I,E,?\F'E"F{éﬁ'fé 1 Qubit: ,quantum“ = ,random unitary*
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1-Qubit decoherence:

,O(t)Z[ Loo(0) C(t)pm(())j

C*(t)plo(o) £.1,.(0)

_je)
UQ —p 2 % Q(t) a stochastic variable (process)

5(t) = ( P (0) <e_iQ>P01 (O)]

<eiQ ) P10 (0) £11(0)
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TEchscHE In general: decoherence = unitary+stochastic?

May pure decoherence (phase damping) be described by
stochastic, unitary evolution ?

(no entanglement with ,environment” required)

Note: also relevant for quantum error correction:

If guantum environment, total pure state, yet RU-channel:
guantum information lost into the environment can be
completely restored: ,Quantum lost and found”

M. Gregoratti and R. F. Werner, J. Mod. Opt. 50, 915 (2003)
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May pure decoherence (phase damping) be described by
stochastic, unitary evolution ?

(no entanglement with ,environment” required)

,for many practical purposes”: yes

for a single qubit: yes
for two qubits (and more): in general, no

See: Landau and Streater, Linear Algebra Appl. 193: 107-127 (1993)



A pure decoherence“=,phase damping® channels
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pt)=> K®pO)K/t) ana  (n]|p(t)[n)=const

j<M

= Pj (t) =<&(b), a, (t))- Pi (0)

with éi = (aii’azi’ ey adi) any set of normalized complex vectors

Note: trp(t)=1andid — id (unital)

Phase damping channels <::> Bistochastic (unital), diagonal g.0.




DRGNS e Birkhoff‘'s theorem®
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Phase damping channels (—) Bistochastic (unital), diagonal g.o.

\

o

~—T—t

£ o2 ﬁ ﬁ_-%i!.i
- 1% | 2|53
(611]8]

Physics Mathematics

Birkhoff: characterize extremal
bistochastic maps of probability
distributions

Quantum case see: Landau and Streater,
Linear Algebra Appl. 193: 107-127 (1993)
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May pure decoherence (phase damping) be described by
stochastic, unitary evolution ?

(no entanglement with ,environment” required)

,for many practical purposes”: yes

for a single qubit: yes
for two qubits (and more): in general, no:  Example??

See: Landau and Streater, Linear Algebra Appl. 193: 107-127 (1993)
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2 qubits coupled to 1 ,environmental qubit®:

- ~

——(R) ; A B
H. =KA0§A)J§R)+KBG§B)G§R)+F-G S'\‘ ‘
= > i |®HP %@‘g
J=1.4 R 1/7\/\ bath

. . (R)\ _ 1 (R)
Four environmental qubit-states | ¥ ) = exp(—1H;™’t )| ¥y™)
with corresponding Bloch-vector I'.

J

The 2-qubit dephasing channel is RU, iff the four Bloch vectors point to a plane.

see Julius’ poster!

[and J. Helm, WTS, PRA 80, 042108 (2009), PRA 81, 042314 (2010)]
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2 qubits coupled to 1 ,environmental qubit™ -

bath

, A B -
H. —K‘AG(A)G(R)-I-K‘ G(B) (R) +FE(R) S. _ §'
_ W (R) Y
= Y |iXi|®H [ 25
j=1.4
Four environmental qubit-states | F{"()) = exp(=iH{¥t) [ W™)
with corresponding Bloch-vector FJ 0.10]
0.05
determine Volume V of tetrahedron: " 000
measure for being ,non-RU"“?

Compare with numerical determination
of distance from the convex set of RU channels!
(see Julius’ poster)

[J. Helm, WTS, PRA 80, 042108 (2009), PRA 81, 042314 (2010)]
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TECHN.SCHE ,frue quantum” decoherence:

open question (for me):

Given pure docoherence dynamics:
p;(1)=D;(t)p;(0)

(from process tomography, for instance)

Is there a ,,simple* criterion that tells us
whether D is random unitary?
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(1)in practice (from a local point of view), pure decoherence is often of
random unitary (RU) type :

discussion of robust states etc. requires “total system point of view”
(2) for a single qubit: Q=RU
(3) in general Q is larger: we construct a simple non-RU decoherence
channel for two qubits

(4) Examples of quantum and classical decoherence: cavity QED,
molecular dynamics, ion traps

(5) Open question: simple criterion to decide whether channel is RU
(also relevant for “quantum lost and found”)



