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Cats (not the ordinary ones)

Dissipation and decoherence: old results but not so old
realizations

Quantum measurement



The Stern-Gerlach Experiment
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The Stern-Gerlach Experiment

Initial state of the | (+)x> _ (|/|\> + |\|/>)

magnetic moment / )

Total 1nitial state ‘1/}(]/' t)> wo(r t)(|/|\> N/>)

Y(F,1)) = P, (7, f)|T> l/Jo(r t)u,))

Total state along the magnet
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Entangled States
Two-particle state ‘ ¢ (I_/i . I_/:z 1 )>

Separable two-particle state

(7, 15,0)) =y (7, 1) (73, 1) | 0,0,) ; 0, =tor|

Entangled (in spin) two-particle state
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wL(r,t>=w0(r+z;)(t)) Y (7, f> Y, (7 = 1,(1))




Entangled States

[ V=|¢—a>—9)
-|¢—a»—9)

| @(7,7,,0) =y, (7,0, (7, 1)

EPR-like states
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The Schrodinger's cat
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Current activates lethal
system




The Schrodinger's cat

@)y =(alt)+b ) P, (F,.... 1)
=alVy,#,...ry)+bl)y,F,...,F,)

Interaction entangles two
| alternatives

@)= alt), (sl )+ DN )Y (s Ty)

'

Superposition of macroscopically distinct
configurations



More about cats

The SQUID (superconducting quantum interference device):
a paradigm

Josephson junction

/ superconducting ring

The equation of motion for the total flux

Co+— ¢ n d_U -0 where C 1s the capacitance of the junction
i 1s the critical current

R 1s the normal state resistance
(p-0.) i¢, 279 ¢ is the flux quantum

2L 2T &, ¢ is the external flux (H_ x area )

Ulg)=



More about cats

b, =/2




More about cats

For a SQUID, 1n the case 27, >> 1,

Dy
the minima of U(¢) are at ¢ = ng,

transitions from n¢, = (nx1)¢, imply that superpositions of
macroscopically distinguishable quantum mechanical states
are taking place (N-body states)

a‘IfA(xl,xz,...,xN)+b‘PB(x1,x2,...,xN)



More about cats

Fluxoid tunnelling
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More about cats

aV, (x,x,,...,xy)+b¥,(x,x,,....,x,)

In this specific example these two states correspond to the
superconducting condensate carrying distinct macroscopic
currents

J

a) Experimental realization of the “Schrodinger’s cat”

b) Fundamental questions of the quantum theory of
measurement

c) Dissipation and macroscopic quantum phenomena seem to be
always related



Dissipation
The phenomenological approach

Dissipative systems are such that

H:HS+I{int+HR

nt

Hep = _E

Defining the spectral function for ohmic dissipation (7¢)
as
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Dissipation
A few problems of interest

1) Motion of a wavepacket in the harmonic potential

m(%(1))+n(x(r))+mawq (x(1)) =0

o
= %
<x2 (t)> = %_{X (w)COth(Z?{Z)T)COS wt dw
’ 1 2vw
w )=
/\ % (@) m(a)z—wg)l+4y2w2
X, X v _n
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Dissipation

11) Interference of wavepackets in the harmonic potential

Initial state of S



Dissipation

Diagonal element of the reduced density operator for S at 7 1s
p(x,1)=p,(x,1)+ P, (x,1)+
+ 2p,(x,1) p,(x,1) cos@(x,t) e

It

center of 0,(x,t)~e”" but for the underdamped case, for instance,
1 P

Ny if T=0
T =
VYT e e T s ha,
ha,

where N = (x,/0)°. For the strongly overdamped case,

602
Yy =7 5
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Dissipation

1)

12)

1) )

@ i

il @

Within a very short time interval the pure state
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becomes a statistical mixture : decoherence
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Dissipation

Subtle procedures of preparation of quantum mechanical states
allow us to build the following ““Schrodinger cat™ state

either in optical cavities where one has the superposition of two
coherent states of the electromagnetic field

y)=|a)+|-a)  Brune M. etal PRL 77, 4887 (1996)
. . Haroche
or 1n atomic traps where

W) =[y))+|wy) Monroe C. etal Science 272, 1131 (1996)
Wineland

represents a superposition of two spatially separated states of the
1on, exactly like we proposed in the case of the harmonic
oscillator



Dissipation
111) Coherent tunnelling
A
V(a)

V(q)=—;mwng+jq4

d, k,T << h@w = two level system + damping



Dissipation

Quartic Hamiltonian
2 :
P 1 Aoy truncation

H=L _ mold®+
om 2 o 41 'ﬁ

Spin — boson Hamiltonian

1 1 1
H = _§hAUx+§€Uz‘|‘§QOO-zZCka+
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Dissipation

Two important models

1 1

H:—§h O'f §QOUZ;C]§Q]§+
Spin — boson: 2 1
Amplitude damping +Z Qiik | Z 5 m W/% q;%
oo tnaoy ] > Coat
— T = O~ O~
> 9 qo k dk

Phase damping

my, W
k2mk Z k Wi Qi



Dissipation
Maps: an alternative

Time parametrization p = (1 — 6_%)

Map of phase damping for 1-qubit
9)B®|0)E — |9)B® [0)E

e)B®|0)E = V1 —-ple)p®|0)e +/ple)p®|1)E

Map of amplitude damping for 1-qubit
9)B®|0)g = [9)s®|0)E

e)B®|0)g — /1 —-ple)p®|0)p+/Plg)p ® |1)E




Quantum measurement theory

Apparatus
system  pointer o—
AN
r N —
1)y =(alt)+BI))Ip,)

l Appropriate coupling

9) = |'|\,pT> +p |\|,,p¢> <— System + pointer entangled

reservoir
A

f

GNPy Forvesy) = (@ 1, 2, + B I 2, W0 (F sy



Quantum measurement theory

General scheme

Entangled state |15)|Ag)|Eo) — Zcz\szﬂAZ}\Ez(t)}

@ Tracing procedure

Doy, = Zcz'c;f<Ej(t)\Ez'(t)>\Si>\Ai><Sj|<Aj!

Very fast decay:
<Ej (t) |E% (t)> —> U Decoherence time

v
Statistical mixture POgqg — Z ‘Cz|2‘32>|Az><Sz|<Az‘7
1



Quantum information theory

Classical definitions

Shannon entropy H(X) = H(p1, S ’pn) =
= — Zp ) log p(
Joint entropy H(X, Y) = — Zp(:v, y) log p(:lj, y)
L,y
Conditional entropy HX|Y)=H(X,Y)—-H(Y)

Mutual J(X:Y)EH(X)—I—H(Y)—H(X,Y):

Information

(classical) — H(X) — H(X’Y)



Quantum information theory

Quantum definitions

Von Neumann (vN) entropy S(p) = —tr(plog p)
Two possible I(psa) = S(ps) — S(ps|a)
choices for the -

mutual information _Js|{rg}(psa) — S(,Os) _ ZpiS(pg‘F?)

Classical max

correlations JS|CL (Psa) = ?Il%}}( S(ps) = Zp@'S(pyP?)

o Osta(psa) = I(psa) = T (psa)



Quantum information theory

Theorem 1: Let p,, be the state of system-apparatus at a given moment. If
the apparatus is subject to a decoherence process that leads to the projectors on
the pointer basis {II{ }, then J,|{ma} is constant throughout the entire evolution.

Theorem 2: Let pg, be the state of the system-apparatus at a given moment.
If the apparatus is subject to a decoherence process leading to the projectors
on the pointer basis {IIf'} and Jyiney > 0, then either (i) J§5* is constant and
equal to Jy|{gey, or (ii) J;T;X decays monotonically to value Jgjey in a finite

time, remaining constant and equal to Jg(yye} for the rest of the evolution.

M. F. Cornelio et al
http://arxiv.org/abs/1203.5068
and accepted PRL



Quantum information theory

c 0 O w\
Initial state of a 2-qubit system pPgq = 0 b 2z 0
0 2z b6 0
w 0 0 c/
psa = ¢(|00)(00] + |11)(11])
+w(]00) (11| 4+ |11)(00])
+5(]01)(01] + |10)(10])
+2(]01)(10] + [10)(10|)

Initial condition 1: ¢=04, b=0.1, z=0.1 and w=0.4

Initial condition2: ¢=0.4, b=0.1, z=0.1 and w=0.15



Quantum information theory

. . max __
Quantum to classical transition sla — J s|{I12}
| | 1 Z 4+ w
Emergence of the pointer basis T = — In
Y c—0b

Time parametrization p = (1 — 6_%)



PHASE DAMPING

AMPLITUDE DAMPING

INITIAL CONDITION |

INITIAL CONDITION 2
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Conclusions

Cat-like states can be built , at least meso or nanoscopic
ones, but ...

The dreadful decoherent effects of environments can
drastically shorten their lifetimes and consequently
severely limit their utility

Bad for superposition states but could explain classical
pointers, moreover ...

Classical correlations can be even more efficient for the
emergence of the pointer basis. Would this shine some
light on the quantum measurement problem?



