Static and dynamical decoherence
Why CTP?
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Traditional use of QFT: transition amplitudes between pure states
scattering amplitude (Feynman,...)

Closed Time Path formalism: expectation values in mixed states
time dependent observables (Schwinger, Keldysh,...)
N
needed for open systems as well: - classical limit
environment =-decoherence <+
- renormalization S. Nagy
elimination =—mixed states
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Decoherence

CTP formalism

Dynamical, static and instantaneous decoherence
Effective Lagrangian of a test particle in an ideal gas
Static decoherence, time scales

Dynamical decoherence of harmonic systems

Summary



Decoherence

Necessary condition of the classical limit

System and its environment: H = H; Q@ He
Preferred system basis: {|1n)}, V) =3 cnlthn) @ [Xn)s (XnlXn') # 0

Entanglement =mixed state:
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Decoherence: - suppression of interference (Schrodinger’s cat)
- orthogonality of the environment states
- diagonal pg in the preferred basis
- additive expectation value in the preferred basis
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Decoherence

Liouville space propagator

plaf,xpsty) = Ubp(a],x75t:)
(closed sys.) = N D[ac";D[x_]e%s[wﬂ_%S[wf]p(x"’(ti),x_(tl-);ti)
= (ty)=a5
(opensys) = [ Dlt]Dlaler Syl (), 2 (); 1)
wi(tf):zf
Coupling of 1 and xz~: - dissipative forces

- system-environment entanglement

+ d

x* = + % - x: physical coordinate .
- ¢ quantum fluctuations
Decoherence: -

Suppression by e~ 3Sesl@,a]
Opposite time arrow for z and x¢
Unstable quantum fluctuations X




Decoherence

Dynamical, instantaneous, and static

Dynamical Instantaneous Static
At t
x{
.
+ +
X X
X x4

X

Decay of
Schrédinger’s cat

Time dependent

System dynamics
suppression of interference suppressed
Lads Tad lidy Tid Usdy Tsd
Cigg (ead o .

Scales: e~ 3%es[2:2°] e 727w = (L)

Tsd < Taiss (a collisional model Joos, Zeh, 1985,...)

Are dissipation and decoherence really so different processes?



CTP formalism for closed system
(Schwinger 1961, Keldysh, 1964,...)

Generating functional:
erWhl — TT]e # s [ dt(H(t)— J*(t)x(t))]p T* [eh JAt(H()+5~ ®)x()]

_ /D LSt =i S[a™ )+ L [dtj(t)a(t)

B /D[‘%]eES[w]+Efdtj(t)i(t)v T = (eraxi)

Reduplication of the degrees of freedom: 7 — [¢b), x= — (9|

[v) — (Y]
Time inversion: 7 : { z% — ¥
Szt z7] —» —S*[z~,zT]



CTP formalism for closed system

Free propagator

Harmonic system: So[¢] = %q@f)_lqg

Feynman Wightman
hN v
iD= (<T[¢)w¢y]> (byba) >: .(D”H‘D% ~D/ +iD’
oY (P20y)  (Tldydal)* Df +iD? —D" 4D
b E T —2mid(k? — m?)O(—k°)
Dy = (—27ri5(kk2—1;r12)@(k0) S S )

Physical Green functions: Dp = D™ + iD?, D@ = D" + DI

Off-shell: D", on-shell: Df, D?
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CTP formalism for open system
(Wilsonian) Effective theory

Bare action: S[z,y] = Ss[z] + Se|z, y]

/D L S[zyl+12) —/D £ Sers &+ 527

Effective action:

ek Sersld] — pESalet]1-£80[e™ 1/D ok Seelet W] £ Sacla 7]

Influence functional: (Feynman, Vernon 1963)

Serslt] = Ss[a™] = Ss[27] + Sinpl]
= Si[aT] = Si[z7 ]+ SafzT,27], S2[0,z] = Sa[z,0] =0

Sy: closed (conservative) interactions for quasi-particles
Sy: open (nonconservative) interactions: - dissipation
- entanglement
- decoherence



|deal gas environment
Model

Particle interacting with the
ideal gas by the potential U(x):

Sl 9" 0] = Sple]+ Sy[wh, v] + Sile, v, v
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|deal gas environment

Generating functional

eRWhl — /D D[pi)ehSel@l+ 59" (F7 +T@)Y+7 [ dti(D(t)

/D Splél+ £ Sinsil@]+4 [ dtj(1)@(t)

Influence functional:
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1 ! .o ~voo' o’ ~3
— —3 gi()'(ij J JrO(j)

G= """, jo(ty) =Uly—x°(t)



|deal gas environment
Effective Lagrangian in O (1), O (z2), O (92) for an ideal fermi gas

Leyy

om

R 1 o O'O" '0', ~
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oo'=%
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e [~mi — dmi — ki + idya? — idy@]
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W /delgazzw ox (7, 9) < mass ren.

/ dkkU20i,GL, (x,y)  + friction

247’(’2’0}7‘
T Q/dksz]? e (2, ) <+ decoherence
T
1 / 9
0622 deka Ok(ﬂﬂ Y) < decoherence
967207,

(x?) < identity, mp(d) = —k(x) « oz



|deal gas environment
Effective Lagrangian in O (h), O (6?z), O (ngd) for an ideal fermi gas

Lepy = @ [-m@& — k& — oma + iUq(x) — idai”]
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qualitative similarity with the collisional model of Joos & Zeh

1 d
Decoherence: e~ & S5er[z.a7]
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Limits of the static decoherence scenario

Effective theory: perturbation expansion

K _
decoherence p— h 10-11

Kinetic energy _ kgT kgl T[K]

< Tsd

Collisional model:

(i) Finite time step, At, in deriving the master equation:
7
Ap < p during the build up of decoherence: 7., = 0

< Tsd
env

- Ideal fermi gas: < Tsd

3x 10 "em

105m/s

hkz

- Air at room temperature: =10"125 < 744

<Tg :>|.’13d| < T

(i) Multiple scatterings ignored: £,,rp =
Utotng



Dynamical decoherence

Harmonic model
Saddle point expansion (exact):
plpity) = / DIa]e® s p(i(t;); t;)
&(ty)=25
~ Ne%Seff(if,iin)
Effective Lagrangian:

Leyr = x% [fma'é — kz — mw%x + idoxd — idgjid]

E.O.M.
ozt mi = —mowix — ki + i(doxd - dgcid)
or: mit = —mowdzd ki’
/

Exponentially increasing quantum fluctuations!



Dynamical decoherence

Brownian motion

mi = —ki+i(dox? — doi?)

mi? = ki

Rex(t) Sx(t) x(t)
£ —0.01 (solid line), 0.1 (dashed line) and 1 (dotted line)
x®: relaxation backward in time - static decoherence scenario applies

- Tid = Tdiss



Dynamical decoherence

Harmonic oscillator

e

Rex(t)

24(t): Overshooting backward in time

1

1

Caalt

7SSers

)

~

242 t
6_ a2 — e—c(t)e"dd
1 V2
—(do + daw) [ —
21/( 0 + dawy) <4w§

7m0w(2)$ — ki + i(do:l?d — dgi’d)

= —mowiz? + ki?

Sz (t)

< double exponential

ol

4et(v—v/v2—dwg) 4w§ < v?
tv

sinZ w, t

40.)3 > 1?2



Dynamical decoherence

Anharmonic oscillator

H.O.:

Unstable quantum fluctuations =-harmonic regime left quickly

Relaxed state: strong, non-perturbative quantum fluctuations



Summary

1. Decoherence: two set of characteristic scales
> Final state (instantaneous decoherence)
» Initial state (dynamical decoherence)
2. Ignoring the system dynamics: static decoherence
3. Time scales: no separation (no small parameter, as in QCD)
> Tid = Tdiss
> Tsd ™~ Tdiss
4. Qualitatively different cases:

> Brownian motion: static decoherence scenario applies
» Harmonic oscillator: Fast, double exponential decoherence
» Anharmonic oscillator: Non-perturbative asymptotic state



