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® Open Quantum Systems.

m Decoherence Models.

m Photons in a cavity, an experimental study of decoherence.
m Decohere free subspaces.
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THE AMMONIA MOLECULE, AN EXAMPLE OF A CLOSED
QUANTUM SYSTEM.

Eo —e\ _ ( (HI) (1[H2)
1o (52 5 )= (ant G )
Let us solve SE for [¢(0)) = 1)

W ihdy(t)) = H|(t))
m [(t)) = U(t)[¢(0))
mU(t)=e"

i
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AMMONIA MOLECULE CONTINUED

[ (t)) = e#(cos(%ﬂﬂ + isin()[2)), superposition principle at
work.

State Matrix

t et et
p(0) = (O] ( ”)

cos*( %) —icos( ) sin(
isin(¢)cos(4) sin®(¢)

Time evolution of Tr[p(t)o,]

Ammonia Molecule
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COHERENCES

Coherences

pij(t) , i # j, are quantum coherences. Their presence is in general
a byproduct of the superposition principle.

Coherences in closed systems

For the Ammonia molecule, |pr(t)| = px(t) = cos($) sin(¢). Note
the periodic behavior. Closed systems have periodic coherences.

Quantum computation

Quantum coherence is a vital cornerstone to the theory of
quantum computation and quantum information. Quantum
information is stored within quantum states and the
superpostion principle is exploited in order to boost
computational speed.
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OPEN QUANTUM SYSTEMS

m Total system has some Hilbert space % @ ¢
B [Ybs) ® [YE) = |tsE) € HE @ HE == Hot.

m Dynamics provided by Schrodinger’s equation.
iho:|se(t)) = Hlwse(t)) where H = Hs + He + H;, @ Hermitian
operator in B(H5k).

m [¢se(t)) = e +H. Just like before.
We can attain the reduced dynamics by partial tracing over
the degrees of freedom pertaining to the environment. i.e.

ps(t) == Tre{|wse(t)) (vse(t)[}
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PARTIAL TRACE

Tre{} : (o4 © s#2) — T(HR)

Tre{|vse(t) (Yse(t)|} = > (Drlvose(t)) (se(t)|dr),

k
where {|¢¢) }r is an ONB for ;.

m Let use make sure that this map is the correct one.

|
As —>A5®IE,

(As @ Ig) = Tr{pse(As ® Ig)}.
But it can be shown that
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PRODUCT STATE

Product state as an initial state

Assume our initial state to be in a product state.
pse(0) = ps(0) ® pe(0) € Z(7%¢) := Space of trace class
operators over % with trace one.

Diagonalizing the environmental component
pe(0) = >_; Pil Ei) (Eil.

Non-Unitary Time Evolution
ps(t) = Tre{U(t)(pse(0))UT(8)} = 32 pi(E;|U(L)|E;) ps(0) (E;|UT () E)).-

We short hand this evolution as v¢ps(0) = ps(t). (Dynamical map).
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KRAUSS OPERATORS AND COMPLETELY POSITIVE MAPS.

Krauss operators

The operators (E;|U(t)|E;) € #(#5) are referred to as krauss
operators. These operators characterize the dynamical map seen
in the previous slide.

Definition

A map vt := 9(H#5) — 9()is said to be a dynamical map if it is
a completely positive map, has convex linearity and is trace
preserving.

Complete positivity

vt ® I required to be positive for all n. Without the latter we
could end up mapping from positive operators to operators
which are not (Negative probabilities).
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CONTINUED

Convex Linearity, evolving mixed states.

1{Aps,(0) + (1= A)ps,(0)} = Arps, (0) + (1 = A)veps, (0).

Trace preservation.

Tr{ths(O)} =1.
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TWO WAYS TO FIND EVOLVED REDUCED DYNAMICS.

The unitary evolution and partial trace approach.

vps(0) = Tre{U(t)pse(0)UT}

Partial trace of Von Neumann equation approach

2 pse(t) = —£[Hse, pse(t)] — Zps(t) = —£Tre{[Hse, pse(t)]}
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REDUCED VON NEUMANN EQUATION. PATH TO BORN-

MARKOV MASTER EQUATION.

m Von Neumman: 2 pse(t) = — L [Hs, pse(t)].

m Interaction picture: 7(...) := e~ #(HstHe) (| )er(Hs+He),

m Von Neumann in interaction picture (IP):
Sr(pse)(t) = —4[7(H1), 7(pse) ()]

m Reduced Von Neumann in IP, dropping 7 for readability:
D ps(t) = —+Tre{[Hi(t), pse(t)]}

m Equivalently.

9 ps(t) = — L Tre{[H. pse(O)]-+

+;£%mwmw%MMWH
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CONTINUED

m We will work with product state initial conditions.
pse(0) = ps(0) @ pe(0). i.e. There are no correlations
between the system and the environment. Good
approximation for weakly interacting systems.

Born approximation

Assuming that the system only weakly affects the bath it is
permissible to replace ps(t:) ® pe(t:) by ps(tr) ® pe(0).

The Markov approximation

In order for the reduced Von Neumann equation to be Markovian
the integrand must be smooth and sharply peaked in the vicinity
of t ~ t;. If this holds than we may trade in ps(t;) ® pg(0) for

ps(t) @ pe(0).




CONTINUED

Born-Markov master equation

%ps(t) = —;:LTrE{[H,,ps(O) ® pe(0)]}+

o t
+7;2/_ dt, Tre{[H(t), [H(t:), ps(t) @ pe(0)]]}
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TWO-LEVEL SYSTEM IN A BATH

m Let E be a large, with respect to the system, bosonic bath
and S be a two-level system. With a dipole interaction term
the dynamics is generated by the Hamiltonian.

m Hse = 220, + 1Y webfbk + 1 Y (grbk + grbl) (o4 +0-)

Assuming that the two level system is in the excited state at
t = 0 we can use the Born-Markov approximation to arrive at
the following equation.

0

9 ps(t) = 2 (wa + D)oz, ps(t)] +10lo Ips(t). (1)

W Dlo_]p:=0_po —5(040-p+poio_)



SOLVING THE MASTER EQUATION

Solution lives in the Bloch sphere

ps(t) = 22 + x(t)ox + y(t)oy + z(t)oz], Tr{pd(t)} < 1therefore

X2(t) + y2(t) + 22(t) < 1.






= 5a(t) = Tr{ozos(D)
m Gy(t) = Tr{oy5os(t)}
m 2x(t) = Tr{ox2ps(t)}




m 52(t) = Tr{oz 5ps(t)}

m Gy(t) = Tr{oy gps(t)}

[ | %x(t) = Tr{aX%ps(t)}
Using the Lindblad Master equation to substitute for %ps(t)
these equations become

m 5z(t) = —(z(t) +1)
B Zy(t) = (Awa)x(t) — Zy(t)
B Gx(t) = —(Awa)y(t) — 2x(t)




m 52(t) = Tr{oz 5ps(t)}

m Gy(t) = Tr{oy gps(t)}

[ | %x(t) = Tr{aX%ps(t)}
Using the Lindblad Master equation to substitute for %ps(t)
these equations become

m 5z(t) = —(z(t) +1)

m Gy(t) = (Awa)x(t) — 2y(t)

B 2x(t) = —(Bway(t) — 2X(2)
with solutions

mz(t) =20t -1

my(t) = —e % sin((wa + Awg)t)

t

m x(t) = e 2 sin((wg + Awg)t).



CONTINUED

Dissipation and Decoherence

N
E y
// .................. 1
0.50 — lpul
— lp22|
lpr2| = loa1|
t
et e = sin((wg + Ag)t
ps(t) = | . . - ((wa ) ta))
e 2 sin((wq + Ag)t) = 1—e 7

(

1+1
2

)




GENERAL MASTER EQUATION FOR FINITE DIMENSIONAL

Hilbert SPACE %

9 ps(t) =

—4Hs, ps(0] + LN () {Fips(t)F] — IFFips(t) — 3ps(t)FIFi}
= Zps(t)
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GENERAL MASTER EQUATION FOR FINITE DIMENSIONAL

Hilbert SPACE 7%

0 _
5eps(t) = i
o \
—5[Hs, ps(t)] + >_jj Oéij(t){FiPs(t)FjT - %F;F;ps(t) — %ps(t)FjTF,-}
= Zps(t) The operators F; are a set of N? linear operators

forming an orthonormal basis for the space #(.#)

Connecting back to dynamical maps
Sps(t) = Hrps(0) = He?'ps(0) = Lurps(0) = Lps(t)

Quantum dynamical semigroup

Z is the generator of the dynamical semigroup {v; = e“*|t > 0}.




COLLISIONAL DECOHERENCE

Collisional decoherence, recoilless case.

Lx\/ L\/z' L//L
kx /\
- k/v/‘/\L T\ —

X)|E) =+ |x)|Ex) = |X)SxE).

Sy is the so called S-matrix, a unitary operator. S-matrix simply
maps free particle in-states to free particle out-states and
excludes information about the interaction.
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COLLISIONAL DECOHERENCE

Evolution of some state ¢(x) € L*(R), |E) € .
{J dxg() )Y = [ dx(x)}x)SxlE)

Reduced Density matrix
ps(%,¥) = SX)G(Y)* = ps(x,¥) (EIS)S|E).

Scattered photons Long-Wavelength limit
(E|S}Sx|E) ~ e~ Mtix—y)*




COLLISIONAL DECOHERENCE

2
.

mps(x,x) 5 ps(x,x’)e*’\t(X*XI)

This implies — ps(x,x ,t) = e*’\t("*",yps(x,x', 0).




COLLISIONAL DECOHERENCE

B ps(x, X)) 5 ps(x, X e Nex P,
This implies — ps(x,x ,t) = e—’\t("—",)zps(x,x', 0).
m The above is a solution to the differential equation
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COLLISIONAL DECOHERENCE

B ps(x, X)) 5 ps(x, X e Nex P,
This implies — ps(x,x ,t) = e—’\t("—",)zps(x,x', 0).

m The above is a solution to the differential equation
Gos(x,X 1) = —=A(x =X ps(x, X, )

m In operator form.

in%s® — _jn[x, [x, ps(t)]]. (Master equation)

m in2s0 — (2 5(t)] — iA[X, [x, ps(t)]]- (Including intrinsic
dynamics, Master equation).
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Different values of A
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Cosmic background radiation 10° 107°
300k photons 104 1012
Sunlight on earth 102 10'7
Air molecules 10%6 1032
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SCATTERING CONSTANT A AND DECOHERENCE
TIMESCALE Tay.

Different values of A

Environment | A for dust grain, 10=%cm | A for dust particle, 10~"cm ‘
Cosmic background radiation 10° 107°
300k photons 104 1012
Sunlight on earth 10 10'7
Air molecules 10%6 1032
Laboratory vacuum 107 101
Decoherence timescales, Tay : A(AX)2
Environment | Afor Dust grain, 10 cm |
Cosmic hackground radiation 1
Photons at room temperature —'®
Best laboratory vacuum 10—
Air at normal pressure 1031




COLLISIONAL DECOHERENCE

Superposition of two localized Gaussians, just

decoherence.

¢(X,t = O) = N1e_(x_a1)2 + N2e—(x—02)2




COLLISIONAL DELOCALIZATION

Evolution of a Gaussian initial state, decoherence and

delocalization.

The

probability distribution of our particles position is
P(x,t) := ps(x, X, t).



SPIN CHAINS

N N—1
mH=—33hnof — 350 Roxox ™ + Jjoyoy ™ + ol o7 7]
m Hec #(C®N)

m Let N = 10 and|¢(0)) = |1000000000) € C=2N

Spin chain

—0.25

Expectation value of pauli z

—0.50

—0.75 1

-1.00 4

0 5 10 15 20 25 30 35 40
Time [ns]



SPIN CHAINS DECOHERENCE

N N—1
mH=—33hnof — 350 Roxox ™ + Jjoyoy ™ + Jjafor 7]
m Hc B(C%N)

m Let N =10 and|y(0)) = %(m — |0))|000000000) € C®N

Spin chain

05 — lpna(®)] = oz (8)]

lpr2(t)] = P21 (8)]

0 200 400 600 800 1000




DECOHERENCE FOR SPIN ENVIRONMENTS IN THE LARGE

N LIMIT.

Decoherence terms damping

For large N, the decoherence terms follow an approximate
Gaussian dependence e~"°*. Where I depends on environmental
properties and coupling constants J!".




QUANTUM BROWNIAN MOTION

Hamiltonian

W He = 35(GGm P} + 3Miwia?).
mH =Xx® Q.
B Hs = 5;p° + IMQ?x2.

Master equation under Born-Markov approximation

Zps(t) = —E[Hs + IMA22, ps(1)] — 21x, {p, ps(t)}] -
DIx[x, ps(t)]] — £[x. [p. ps(1)]]

Uncertainty of x
AX(t) = S22t

2m?2~?

28

i
=}



WIGNER TRANSFORM

Wigner transform

(o] jipy
W(x,p) = 55 [T € p(x +




QUANTUM BROWNIAN MOTION

Monitoring Coherences with Wigner transform
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AN EXAMPLE OF DECOHERENCE IN THE LAB

Photons states in cavity

oven O
rubidium
Vs atom __ .
G cavity C
> (atom—field interaction)

cavity Ri
(m/2 pulse)

cavity Ra
(/2 pulse)
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S




SCHEMATIC STEPS

m |Oven) = 2(|g) + |e))

2-(19) + le)) = 5(Ig)|ae ) + |e)[aeit))

V2




SCHEMATIC STEPS

m |Oven) = 2(|g) + |e))

m (1) + le)) = 5(1g)laeE) + [e)|aeit))

o
= 2:(9)ae) + [e)|aet)) &
H(ae™) + |ae)|g) + H(~lae™) + [aek)Je)




SCHEMATIC STEPS

joven) = 3(|g) + |e))

=(19) + 1€) = J5(1g)lae~€) + [e)|ae’®))

2

S

2:(19)lae) + e} ac’)) £
(lee™) + ae))|g) + 3(~|ae ) + |ael))e).
(

[ae™) + |ae®))lg) + 3(~lae™) +|ae’))le)

Nl= N[

Detection
==

B [1) = J(lae) £ |ae™™))



CONTINUED

Photon field

State of photonic field left behind in cavity.
|+ = %(]ae’ﬁ) + |ae™'¢)) If the atom is detected to be in the

state |g) the field is in the field |+), if the atom is detected in the
state |e) the field is in the state |—).
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CONTINUED

Photon field

State of photonic field left behind in cavity.
|+ = %(]ae’ﬁ) + |ae™'¢)) If the atom is detected to be in the

state |g) the field is in the field |+), if the atom is detected in the
state |e) the field is in the state |—).

Mesoscopic distinguishability.

To measure the degree to which components |«e¢) and |ae )
represent mesoscopically or macroscopically distinguishable
states- we consider |(«eé|ae )2 = e 4lol’s"*¢_ For mean
number of photons |a|?> ~ 10 and £ = 0.31

(e |ae™ )] < 3x1075.
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DECOHERENCE

m State|+) = %(\ae’f) + |oe~€)) are superpositions in the
observable basis.

m Decoherence is expected.

m To measure the time dependence of decoherence a second
rubidium atom is sent through at varying wait time.

m It can be shown that under zero decoherence Pge = 1,
probability of first and second atom being detected in the
excited state. On the other hand, under full decoherence
Peg = 1, the probability of finding the second atom in the
ground state is 1.

m A useful measuring tool of decoherence.

1(7) = Pee(7) — Peg(7)-
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TwO-ATOM CORRELATION SIGNAL.

Two-Atom Correlation Signal. 7(7) := Pee(T) — Peg(7).

0.2

0.1
T

0.0
T

Two-Atom Correlation Signal

L
0 1

Decoherence time scale T, = T, damping time of cavity.

Tr
2|af2sin? ¢°
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FROM EARLIER

m Total system has some Hilbert space 7% @ ¢
B |Ps) @ |[vE) = |vhsE) € 6 @ HE = Hot.

m Dynamics provided by Schrodinger’s equation.
ihok|se(t)) = Hlwse(t)) where H = Hs + Heg + Hy, @ Hermitian
operator in B(#5g).

m |se(t)) = e iH. Just like before.
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DECOHERENCE IN MEASUREMENT LIMIT

mletH =) ;S ®E,.
m Time evolution of product state
pse(0) = {224, m CmCin|S1)(Sm|} @ |Eo)(Eol.

" ps(t) =
Tref{em 2@k ({37 CmClS)(Sm|} ® |Eo)(Eol)en 2xkEk}

This partial trace in general reduces to some state of the form,
Zal (t)lst)(Sm|

with a(t)a;,(t) — o ast — oo forl # m.
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DECOHERENCE FREE SUBSPACES.

From what space J# C /% may we construct superpositions
Y- €ils) that are immune to decoherence? i.e.

Tr‘,;{e_T,it >k S;@&({Z (C|s) (sml] ® |Eo) <Eo|)e% >k SkSER) —

[,m
= cChlsi)(sml
[,m

Need{¢;}; ONB, with the exotic property of forming a degenerate

eigen space for all Si.

[Wse(t)) = e ZkSeCE " ijs) @ |Eo) =
l

= ce ZhhEis) @ |Eo) = > eisi @ ® [ TruEe o)
l
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Let us now partial trace the corresponding density matrix.

* =l it
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PARTIAL TRACE

Let us now partial trace the corresponding density matrix.

—ijt it
ps(t) = 3 CiCllSi) (SmlTre[e Sn k| Eq) (Eo|en X efe]

[,m

The trace term is just one since density matricese have trace one

under unitary evolution.

ps(t) =) cch
[,m

Decoherence freel!!
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EXAMPLE, SYMMETRIC DEPHASING

Consider a system of N qubits coupled to its environment in the
follwoing way.
0); — |0);
1); — €']1),.
j indexes over all qubits. Let the initial state be

N

[¥)o = (X)(aj|0); + bjl1);).

j=1

The dephasing process evolves our system into the following

state.
N

[¥)s = Q)(ajlo); + bje'|1)))

j=1

with a probability p,,
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The ensemble {|¢)4, ps} can be expressed equivalently as a
mixed state.

p= /P¢1/f>¢><w|d¢

laj>  ajbre” ]

wwééglabe@ b2




EXAMPLE CONTINUED

The ensemble {|¢)4, ps} can be expressed equivalently as a
mixed state.

p=/P¢¢>¢<wld¢
" B
la;> abre”'?
6@ | ok i |
j=1

2

For a Gaussian distribution ps = (L.Tra*%)e% we have

N ,
la;|>  a;bie™™
, j
P ® [ G}kbje_a ‘b‘z .
i=1

There is indeed decoherence present, lets look for some DFS.
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EXAMPLE CONTINUED

For starters lets consider the case N = 2. The dephasing for each
of the constituents of the corresponding Hilbert space C? @ C? is
summarized by the following.

m |00) — |00)

m |01) — e/?|01)
m |10) — e/?|10)
m [11) — e29|11).

Span{|01),[10)}7?

check...
) = a|o1) + b[10) — ae?|01) + be'®|10) = e'?|4)

It works!!
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EXAMPLE CONTINUED

For N = 3 the largest DFS is Span{|001), |010), |100) } or

Span{|o11),]101),[110)} In general max[dim(DFS)] :(F(NN)) A

textbook application of stirling’s formula yields the following.

i Y
|max[D:m$F$)] 2 |_>1‘

The dimension of the optimal DFS becomes relatively close to
the dimension of the system for large N.
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FUTURE WORK

m Study robustness of DFS under perturbations.
m Find a way to simulate large spin environments.

m Decoherence theory in infinite dimensional Hilbert spaces
and extending SBS theory to such systems.




THANKS

Thank you for your time.




REFERENCES

@ M.A. NIELSEN , |.L. CHUANG QUANTUM COMPUTATION AND QUANTUM

INFORMATION, (CAMBRIDGE UNIVERSITY PRESS, CAMBRIDGE, 10TH
EDITION, 2011).

M. SCHLOSSHAUER DECOHERENCE AND THE QUANTUM-TO-CLASSICAL
TRANSITION, (SPRINGER-VERLAG, BERLIN HEIDELBERG, 2007).

W. H. ZUREK PREFERRED OBSERVABLES, PREDICTABILITY, CLASSICALITY,
AND THE ENVIRONMENT-INDUCED DECOHERENCE., (THEORETICAL
ASTROPHYSICS, LOS ALAMOS NATIONAL LABORATORY, 1994).

D. A. LIDAR REVIEW OF DECOHERENCE FREE SUBSPACES, NOISELESS
SUBSYSTEMS, AND DYNAMICAL DECOUPLING., (OFFICIAL PUBLICATION CITE
OTHER THAN ARXIV UNKNOWN, USC, LOS ANGELES, CALIFORNIA 2013.)

K. FUJI INTRODUCTION TO THE ROTATING WAVE APPROXIMATION, (RWA)
:Two COHERENT OSCILLATIONS, (INTERNATIONAL COLLEGE OF ARTS AND
SCIENCES, YOKOHAMA CITY UNIVERSITY, YOKOHAMA, JAPAN 2014.)

TOWNSEND QUANTUM MECHANICS, (CAMBRIDGE UNIVERSITY PRESS,
CAMBRIDGE, 10TH EDITION, 2011).




REFERENCES

E
E

H. M. WISEMAN, G. ). MILBURN QUANTUM MEASUREMENT AND CONTROL,
(CAMBRIDGE UNIVERSITY PRESS, CAMBRIDGE, 2009).

R. ALIcKI, K. LENDI QUANTUM DYNAMICAL SEMIGROUPS AND
APPLICATIONS, 2ND EDITION, VOL.717 OF LECT. NOTES PHYS., (SPRINGER,
BERLIN/HEIDELBERG, 2007.)

M. SCHLOSSHAUER QUANTUM DECOHERENCE., (DEPARTMENT OF PHYSICS
UNIVERSITY OF PORTLAND,PORTLAND USA, 2019.)

E. Joos, H.D. ZEH THE EMERGENCE OF CLASSICAL PROPERTIES THROUGH
INTERACTION WITH THE ENVIRONMENT., (Z.PHISIK B- CONDENSED MATTER
59, 223-243, 1985.)

N.V. PROKOFEV, P.C.E. STAMP , THEORY OF THE SPIN BATH, (REP. PROGR.
PHYS. 63 (2000) 669-726)

F. M. CUCCHIETTI, ). P. PAZ, W. H. ZUREK, GAUSSIAN DECOHERENCE FROM
RANDOM SPIN ENVIRONMENTS, (PHYS. REV. A 72 (2005) 052113)




REFERENCES

@ M. BRUNE, E. HAGLEY, ). DREYER, X. MAITRE, A. MAALI, C. WUNDERLICH, J.
M. RAIMOND, S. HAROCHE, OBSERVING THE PROGRESSIVE DECOHERENCE
OF THE "METER" IN A QUANTUM MEASUREMENT, (PHYS. REV. LETT. 77
(1996) 4887-4890)

@ X. MAITRE, E. HAGLEY, J. DREYER, A. MAALI, C. W. M. BRUNE, J. M.
RAIMOND, S. HAROCHE, AN EXPERIMENTAL STUDY OF A SCHRODINGER CAT
DECOHERENCE WITH ATOMS AND CAVITIES, ( ). MOD. OPT. 44 (1997)
2023-2032)

@ J. M. RAIMOND, M. BRUNE, S. HAROCHE, MANIPULATING QUANTUM
ENTANGLEMENT WITH ATOMS AND PHOTONS IN A CAVITY, ( REV.MOD.
PHYs. 73 (2001) 565-582)

@ B. BREZGER, L. HACKERM “ULLER, S. UTTENTHALER, J. PETSCHINKA, M.
ARNDT, A. ZEILINGER, MATTER-WAVE INTERFEROMETER FOR LARGE
MOLECULES, ( PHYS. REV. LETT. 88 (2002) 100404)



REFERENCES

[

[
E

K. HORNBERGER, S. GERLICH, S. NIMMRICHTER, P. HASLINGER, M. ARNDT,
COLLOQUIUM: QUANTUM INTERFERENCE WITH CLUSTERS AND MOLECULES,
( REV. MOD. PHYS. 84 (2012) 157-173)

B. BREZGER, L. HACKERM "ULLER, S. UTTENTHALER, J. PETSCHINKA, M.
ARNDT, A. ZEILINGER MATTER-WAVE INTERFEROMETER FOR LARGE
MOLECULES, (PHYS. REV. LETT. 88 (2002) 100404.)

L. HACKERM"ULLER, K. HORNBERGER, B. BREZGER, A. ZEILINGER, M.
ARNDT, DECOHERENCE IN A TALBOT-LAU INTERFEROMETER: THE
INFLUENCE OF MOLECULAR SCATTERING, (APPL. PHYS. B 77 (2003)
781-787.)

K. HORNBERGER, S. UTTENTHALER, B. BREZGER, L. HACKERMULLER, M.
ARNDT, A. ZEILINGER, COLLISIONAL DECOHERENCE OBSERVED IN MATTER
WAVE INTERFEROMETRY, (PHYS. REV. LETT. 90 (2003) 160401.)

M. H. DEVORET, R. J. SCHOELKOPF, SUPERCONDUCTING CIRCUITS FOR
QUANTUM INFORMATION: AN OUTLOOK, (SCIENCE 339 (2013) 1169-1174.)

H. HAFFNER, C. F. ROOS, R. BLATT, QUANTUM COMPUTING WITH TRAPPED

49 [ 49



	Overview. 
	The Ammonia Molecule, Example of Closed Quantum Systems. 
	Open quantum systems
	Decoherence Models
	Decoherence in the lab
	Decoherence free subspaces

