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@ In the framework of the th. of open systems (OS) based on
completely positive g. dynamical semigs - master eq. for 1
harmonic oscillator interacting with environment (thermal
bath) - degree of quantum decoherence (QD)

- master equation for 2 uncoupled harmonic oscillators
interacting with environment (thermal bath) - degree of QD

@ Peres—Simon cond. for separability of 2-mode Gaussian
states - generation and evolution of entanglement in terms
of the covariance matrix for a Gaussian input state

@ depending on values of diffusion, dissipation coeffs and
temperature of environment, the state keeps its initial type:
separable or entangled, or entanglement sudden birth or
death (collapse or revival of entanglement)

@ depending on the environment coeffs and T, the initial state

evolves asymptotically to an entangled or separable

equilibrium bipartite state, indep. of the type of initial state

— logarithmic pnegativitv - dearee of entanalemen
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Entanglement and decoherence

@ reduced dynamics of OS is irreversible and satisfies a
forward-in-time composition law: it is described by a
so-called g. dynamical semig. that incorporates the
dissipative and noisy effects due to the environment

@ environment acts as a source of decoherence: in general,
the corresponding reduced dynamics irreversibly
transforms pure states (one-dimensional projections) into
statistical mixtures (density matrices)

@ entanglement (purely g. correlations) of a state of two ss.
embedded in a same heat bath - it is generally expected
that it would be destroyed by decoherence effects

@ however, this is not the only possibility: if suitably
engineered, the environment can entangle an initial
separable state of two dynamically independent ss: the
reason is that, although not directly interacting between
themselves, there can be an environment mediated




Quantum decoherence (QD)

- Alicki: irreversible, uncontrollable and persistent formation of a
guantum correlation (entanglement) of the system with its
environment (damping of coherences present in the quantum
state, when off-diagonal elements of the density matrix decay
below a certain level, so that this density matrix becomes
approximately diagonal)

- strongly depends on the interaction between system and its
external environment

- harmonic oscillator interacting with an environment in the
framework of theory of open quantum systems

- we determine the degree of QD for a harmonic oscillator in a
thermal bath

- it is found that the system manifests a QD which is more and
more significant in time
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Lindblad-Kossakowski theory

- Lindblad-Kossakowski axiomatic formalism is based on
guantum dynamical semigroups (complete positivity property is
fulfilled)

- irreversible time evolution of an open system is described by
the following general g. Markovian master equation for the

density operator p(t):
dg—it) - _i_h[""f’(t)] + % zj:([Vjp(t%V-T] VN OVA)

- H - Hamiltonian of the system
-V, VjT - operators on the Hilbert space of H (they model the
environment)
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Master equation for damped h.o.

- V1 and V5 - linear polynomials in g and p (equations of motion
as close as possible to the classical ones) and H - general
guadratic form

2

m
H=Ho+ 5 (ap+pa). Ho= p 2+ =¢?
d i
d_tp = —7[Ho. ]

_Zi—h(A + 1)[a, pp + pp] + i—(A — )P, pq + ap]

2 la. [, ol - [IO [P, ol + =5 O 2 ([a. [p, 1] + [P, [a, 1)
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Diffusion and dissipation coeffs

- fundamental constraints Dpp > 0,Dgq > 0,
N2 h?
4
- when the asymptotic state is a Gibbs state

2
DppDgg — Dpg =

Ho Ho
pe(00) = e~ /Tre ™+,

—u h hw
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Dpp = h P
pp =~ himw cot 2 mw O 2KkT
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2KT’
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Evolution Eg. in coordinate rep.

dp ih, 2 & ime?
a = %(aqz 7 aq/z)pi (q27q12)p
0 0
*—(AﬂLM)(q Q)aq 8—q/)p
Zow@ranZ+ 2y
A=l + )55+ 55) + 2
0
_ PPy _ g')2 Y Yy
= (-4 P+qu(3q +8q’) p

. 0 0
—2iDpgf(q — q )(% + a)
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Physical signification

- first two terms generate a purely unitary evolution (usual
Liouvillian evolution)

- third and forth terms - dissipative (damping effect: exchange
of energy with environment)

- last three terms: noise (diffusive) (fluctuation effects)

- Dpp : diffusion in p + generates decoherence in q: it reduces
the off-diagonal terms, responsible for correlations between
spatially separated pieces of the wave packet

- Dgq : diffusion in g + generates decoherence in p

- Dpq : "anomalous diffusion” term - does not generate
decoherence)
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Initial Gaussian wave function

- correlated coherent state (CCS) or squeezed CS (special
class of pure states, which realizes equality in generalized
uncertainty relation)

V@) = (55 )

e[ = 20pa(0)(d = oa(0)? + 5op(0)al

ho hmw hr
70a(0) = 55 o0 (0) = S5 —2y: 70 = =
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Parameters and variances

- § - squeezing parameter (measures the spread in the initial
Gaussian packet), r, |r| < 1 - correlation coefficient at time
t=0

-for9 =1, r = 0 CCS - Glauber coherent state - 0qq and opp
denote the dispersion (variance) of the coordinate and
momentum, respectively, and opq denotes the correlation
(covariance) of the coordinate and momentum

- in the case of a thermal bath

( )—icothﬂ ( )—hrn_wC()thE
700\>°) = 55 okt PP\ T T 2KT ’

opg(o0) =0
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Density matrix

1 q+¢q
2Jqq(t)( > — oq(t))?

N

<dlp(t)la’ >= (3 )2 exp[—

Toqq(t)

o(t) . iopq(t) OH‘q/_U o
2hzaqq()(q D+ ' 2 a()(@ —a’)

+ﬁap(t)(q —q’)] — genera Gaussian form

- thermal bath, t — oo (stationary solution)

)t exp(— (@)

< dlp(e0)la” >= ( coth e

m
mhcoth e

+(q — g')?cothe]}, €= hw/2kT
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Degree of quantum decoherence

=(a+49)/2,A = q q’,
_ 1 o
= 2w = T P = )

p(X, A1) = \/Eexp[—aiz — yAZ +iBTA]
T

(for zero initial mean values of g and p)

- representation-independent measure of the degree of QD :
ratio of the dispersion 1/,/2~ of the off-diagonal element to the
dispersion /2 /« of the diagonal element

dop(t) = (1/2)Va/y = h/2y/o(t)
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Schr ddinger generalized uncert. f.

o (t) = oqq(t)opp(t) — o5q(t)

R? . _ax 1 2
=— 1-— ————-)coth h
a(t) 4{e [ (5+5(17r2))cot € + coth® ¢]
1 w? — p? cos(2Qt)
—2)t _
+e cothe[(0 + ) 2 cothe) oz
- 1 )usin(ZQt) 2r pw(1 — cos(ZQt))]
5(1—r2?) Q 02+/1 —r2
+coth? ¢}

- underdamped case (w > u, Q% = w? — p?)
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Discussion of QD (1)

- dgp decreases, and therefore QD increases, witht and T, i.e.
the density matrix becomes more and more diagonal and the
contributions of the off-diagonal elements get smaller and
smaller

- the degree of purity decreases and the degree of mixedness
increases witht and T

- for T = 0 the asymptotic (final) state is pure and Jgp reaches
its initial maximum value 1

- limit of long times

2

o(c0) = hz coth? e,

hw
(SQD(OO) = tanh m,
“high T :
hw

dop(o0) = KT
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Discussion of QD (2)

- dop = 0 when the quantum coherence is completely lost

- a pure state undergoing unitary evolution is highly coherent: it
does not lose its coherence, i.e. off-diagonal coherences never
vanish - then éop = 1 and there is no QD

- only if 5gp < 1, there is a significant degree of QD, when the
maghnitude of the elements of the density matrix in the position
basis are peaked preferentially along the diagonal q = g’

- dgp < lis of the order of unity for long enough time, so that
we can say that the considered system interacting with the
thermal bath manifests QD - dissipation promotes quantum
coherences, whereas fluctuation (diffusion) reduces
coherences and promotes QD; the balance of dissipation and
fluctuation determines the final equilibrium value of dgp

- the quantum system starts as a pure state (Gaussian form)
and this state becomes a quantum mixed state during the
irreversible process of QD
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Decoherence time scale (1)

- diffusion in momentum occurs at the rate set by Dy,

- in the macroscopic limit, when # is small compared to other
guantities with dimensions of action, such as

v/Dpp < (4 — @’)2 >, the term in master eq. containing Dpp /72
dominates and induces the following evolution of the density
matrix:

dp  Dpp "2

5 = 2 @A)
- the diagonal (g = q’) terms remain untouched
- in the case of a thermal bath, we obtain

2h hw
€

(A + p)Mwogq(0) coth e’ 2kT

tdeco =

where we have taken (q — q’)? of the order of the initial
dispersion in coordinate oqq(0)

- tgeco IS VEry much shorter than relaxation time — in the
macroscopic domain QD occurs very much faster than
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Figures (1)

Figure: dgp on T (C = coth fw/2kT) and t
(A=02,p=0.1,6 =4,r =0).
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Figure: pin q— representation (A = 0.2, 4 =0.1,6 = 4,r =0) at
t — oo and C = 20.
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Markovian master equation

@ in axiomatic formalism based on completely positive g.
dyn. semigs, irreversible time evolution of an OS is
described by the gen. g. Markovian master eq. for the
density operator (Schrodinger rep.)

dﬁ—?) :_iﬁ["'v/)(t)]*zih (Vi Te(), Vil + 1V, (1)

J

@ for an op. A (Heisenberg rep.)

dAd—Et) - %[H,A(t)] + 2ih ,- (VI IA®). Vil + V], ADIV))

@ H - Hamiltonian of the open g. system
o VJ-,VJ.Jr - operators defined on the Hilbert space of H (model
the interaction of the open system with the environment)
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Complete positivity and entanglement

@ the physical meaning of complete positivity can mainly be
understood in relation to the existence of entangled states,
the typical example being given by a vector state with a
singlet-like structure that cannot be written as a tensor
product of vector states

@ positivity property guarantees the physical consistency of
evolving states of single systems, while complete positivity
prevents inconsistencies in entangled composite systems

@ therefore the existence of entangled states makes the
request of complete positivity necessary

@ the positivity of the states of the compound system will be
preserved only if the dyn. semig. of the subs. is completely
positive.
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@ g. dyn. semigs that preserve in time Gaussian form of the
states: H - polyn. of second degree in coordinates x,y and
momenta py, py of the two g. os and VJ-,VJ.T - polyns. of first
degree in canonical observables (j = 1,2,3,4):

Vj = axiPx + ayjPy + bX + byjy

@ we are interested in discussing correlation effect of
environment — assume that the 2 ss are indep. (do not
interact directly - uncoupled identical h. 0s.)

N mw?
2

@ dyn. semig. implies positivity of the matrix formed by the
scalar products of the vectors ay, ay, by, by (their entries
are the components a,j, ayj, by, by, respectively)

1 2 2 2 2
H:%(pijpy) (X +y)
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Environment coefficients

@ matrix of environment coeffs (Dyy, Dyp,,... and X real)

(h=1)
DXX - Dpr - I % DXy - DXpy
s\
_Dxpx + | i Dpx Px —Dypx Dpx py )
Dy —Dyp, Dyy N —Dyp, — 15
- DXpy Dpx Py - Dypy +1 2 Dpy Py

@ the principal minors of this matrix are positive or zero
@ constraints on coefficients (from Cauchy-Schwarz ineq.)

)\2
DxDyy — Dy > 0, DyxDpyp, — D, = 7
DXXDPypy - D)%py > O’ Dnypxpx - D&px > 0’
)\2
2 2
DyyDpypy — Dyp, = > DoupDoypy = Dpyp, 20
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Equations of motion

@ bimodal covariance matrix
Oxx Oxpx Oxy Oxpy
Oxpx  Opxpx  Oypx Opx Py

o(t) =
Oxy  Oypx  Oyy  Oypy
Oxpy  Opxpy Oypy Opypy
-2 1/m 0 0
d “mw? —
29 Yo+4oYT+2D, Y = rg‘“ 0’\ PA 17m

dt
0 0] —mw? -\
D - matrix of diffusion coefficients

Dxx Dxpx ny Dxpy

Dxpx  Dpypx  Dypc  Dpypy

Dxy Dypx  Dyy Dyp,

Dxpy Dpepy  Dypy  Dpypy

D=

Quantum decoherence and entanglement
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Time-dependent solution

Oxx  Oxpx Oxy  Oxpy
Oxpx  Opxpx  Oypx  Opxpy
Oxy  Oypx Oyy Oypy
Oxpy  Opxpy  Oypy  Tpypy

o(t) =

M(t) = exp(tY), lim;— - M(t) = 0 (Y must only have
eigenvalues with negative real parts)

Y o(00) + o(00)YT = —2D.

Quantum decoherence and entanglement
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Degree of quantum decoherence - two-mode case

Yy =(x+x)/2,5y = (Y +Y)/2,A =x =X, Ay =y — Y’

p(Zx, Ty, Ox, By, t) = N exp[-A 5 — B1T] — C15, 5,
—A A% — BoAG + CoAAc Ay
(for zero initial mean values of X,y and py, py)

- representation-independent measure of the degree of QD :
ratio of the dispersion —2— of the off-diagonal element to the

\/2A;
dispersion ,/A% of the diagonal element

1A 1 (B
5QD(t)_2 A, 2\ B,

(symmetry in s. 1 and 2 — single degree of QD)
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2-mode QD

- starting with an initial coherent state dop(0) = 1, dgp(t) is
decreasing with increasing time until it reaches a final
asymptotic non-zero value for non-zero T

- normalization factor N and time dependent factors A;, B;, C; -
can be expressed as functions of the elements of the inverse of

o(t)
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Environment induced entanglement

Two-mode Gaussian state is entirely specified by its covariance
matrix o, which is a real, symmetric and positive matrix

(A C
7=\c’ B

(A, B and C are 2 x 2 matrices).

@ theory of open quantum systems allows couplings via the
environment between uncoupled oscillators - diffusion
coefficients can simulate an interaction between uncoupled
oscillators: indeed, Gaussian states with detC > 0 are
separable states, but for detC < 0, it may be possible that
the states are entangled
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Evolution of entanglement

@ partial transposition criterion: a state results entangled iff
operation of partial transposition does not preserve its
positivity (PPT criterion)

@ for Gaussian states, nec. and suf. criterion for separability:
S > 0 (Simon)

S = detAdetB + (% — |detCJ)?

1
—Tr[AJCIBJICTJ] — =(detA + detB
4

J= < —01 é > is the 2 x 2 symplectic matrix

@ since the two oscillators are identical, it is natural to
consider environments for which
Dxx = D_YY? Dxp, = D_YPy? D = DDyPy? DXpy = Dyp, - then
both unimodal covariance matrices are equal, A = B, and
the entanglement matrix C is symmetric
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Time evolution of entanglement

@ for a thermal environment characterized by temperature T

D A
—PxPx — Z coth L, Dyp, = 0, m?w?Dyy = Dpxpy

MWDy = -
YT T T 2 2kT

(corresponds to the case when the asymptotic state is a
Gibbs state)

@ for Gaussian states, the measures of entanglement of
bipartite systems are based on some invariants
constructed from the elements of the covariance matrix -
logarithmic negativity

@ for a Gaussian density operator, logarithmic negativity is
completely defined by the symplectic spectrum of the
partial transpose of the covariance matrix
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Logarithmic negativity

@ L =max{0, —log, 27_}, where 7_ is the smallest of the two
symplectic eigenvalues of the partial transpose & of the
2-mode covariance matrix o :

202 = AF VA2 — 4deto (2)
@ symplectic invariant (seralian) A = detA + detB — 2 detC.
°
1
L(t) = —5 log, [4f (o (t))], 3)

f(o(t)) = %(detA + detB) — detC
" 5 1/2
- ([E(detA + detB) — detC] - deta(t)> 4)

@ it determines the strength of entanglement for L(t) > O,
and if L(t) < 0, then the state is separable
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Figure: Logarithmic negativity L versus time t and temperature T

(C = coth J£) for A = 0.1, Dyy = 0, Dyp, = 0.049 for initial uni-modal
squeezed state with oy« (0) = 3/4,0p,p,(0) = 1/3, 0y, (0) = 0.

Left: separable state with oy (0) =op,p, (0) =0xp, (0) = 0. Right:
entangled state with oy (0) = 1/2, op,p, (0) = —1/2, 04, (0) = 0.

elian Isar Quantum decoherence and entangle



Figure: Logarithmic negativity L versus time t and temperature T
(C = coth J£) for A = 0.1, Dyy = 0, Dyp, = 0.049 for initial Gaussian
mixed state with oy« (0) = 1,0p,p,(0) = 1/2, oxp, (0) = 0.

Left: separable state with oy (0) =op,p, (0) =0xp, (0) = 0. Right:
entangled state with oy (0) = 1/2, op,p, (0) = —1/2, 04, (0) = 0.
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Asymptotic entanglement

@ elements of the asymptotic matrices A(oo) = B(o0) :

Jpxpx(oo) _ ECOth w

meXX(OO) = mw 2 2kT )

Oxpx (OO) =0
and of entanglement matrix C(oo) :

M?(A% 4+ w?)Dyy + MADyp,
m2X(\2 + w?)

oxy(00) =

. )\Dxpy
A2 4 w2

Oxpy (OO) = Oypy (OO)

B M?w?(A? + w?)Dyy — Mw?ADyxp,
7opy (°0) = A2 1 u2)
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Asymptotic entanglement

@ in the limit of large times:

2
1l " m2w?D2 D2
S = [ Z(coth? —=— — 1) — y Py
(0) (4( T SRR VI
Dgpy -
_ h2
w2 O T

@ for environments characterized by such coefficients that
the expression S(o0) is strictly negative, the asymptotic
final state is entangled
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Asymptotic entanglement

(*)

particular case: Dyy = O - for a given temperature T, we
obtain that S(co) < 0, i.e. the asymptotic final state is
entangled, for the following range of values of Dyy, :

w 2D
coth—— —1<——®» _coth—— +1

2kT VA2 + w2 kT

coefficients have to fulfill also the constraint

A w

- — >

> coth KT 2 Dxp,
if the coefficients do not fulfil the double inequality, then
S(o0) > 0 and the asymptotic state is separable
asymptotic logarithmic negativity:

_ w ZDXpy
L(c0) = —log, [coth KT~ er2

it does not depend on the parameters of the initial
Gaussian state
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Summary and conclusions (1)

@ we have studied QD with the Markovian
Kossakowski-Lindblad Eq. for an 1-dim. h. o. and 2-dim.
h.o. in interaction with a thermal bath in the framework of
the theory of OQS based on g. dynamical semigs

@ the system manifests a QD which increases with time and
T, i.e. the density matrix becomes more and more diagonal
at higher T (loss of quantum coherence); at the same time
the degree of purity decreases and the degree of
mixedness increases with T

@ QD is responsible for washing out the quantum
interference effects which are desirable to be seen as
signals in some experiments

@ in QI processing and computation we are interested in
understanding the specific causes of QD because one
wants to prevent decoherence from damaging q. states

and to protect the information stored in these states from

he dearading effect of the interaction with the environmen
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Summary and conclusions (2)

@ when 2 ss are immersed in an environment, then, besides
and at the same time with QD phenomenon, the external
environment can also generate a q. E of the 2 ss

@ using Peres—Simon nec. and suff. cond. for separability of
2-mode Gaussian states, we studied generation and
evolution of E - depending on values of diffusion and
dissipation coeffs describing environment, or T, the state
keeps its initial type: separable or entangled, or E sudden
birth or birth (collapse or revival of E) or periodic E sudden
birth and death

@ depending on the environment coeffs, initial state evolves
asymptotically to an entangled or separable equilibrium
bipartite state, independent of the type of the initial state

@ we calculated the logarithmic negativity characterizing the
degree of E of the asymptotic state
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Summary and conclusions (3)

@ entanglement can be maintained for a definite time or a
certain amount of entanglement survives in asymptotic
long-time regime

@ control of entanglement in OS

@ existence of quantum correlations between the two
systems is the result of competition between E and QD

[1] A. Isar, Int. J. Q. Information 6, 689 (2008)
[2] A. Isar, Open Systems & Information Dynamics, 16, 205

- Thank You!
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