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Estimation of the repeatedly projected reduced density matrix under decoherence
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Decoherence is believed to deteriorate the ability of a purification scheme that is based on the idea of driving
a system to a pure state by repeatedly measuring another system in interaction with the former and hinder for
a pure state to be extracted asymptotically. Nevertheless, we find a way out of this difficulty by deriving an
analytic expression of the reduced density matrix for a two-qubit system immersed in a bath. It is shown that
we can still extract a pure state if the environment brings about only dephasing effects. In addition, for a
dissipative environment, there is a possibility of obtaining a dominant pure state when we perform a finite

number of measurements.
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I. INTRODUCTION

The notion of measurement constitutes a key element in
the quantum theory and there is a long history of debate on
this subject [1]. It is, however, relatively recent that the fol-
lowing fact has been confirmed in a real laboratory that the
measurement, which is usually described by a projection op-
erator for simplicity but must be replaced, in a rigorous
sense, with a generalized spectrum decomposition [2], does
affect the dynamics of the quantum system drastically and in
an essential way. The quantum Zeno effect [3], the effect
caused by frequently repeated measurements and resulting in
hindrance of the dynamical evolution of the quantum system
[4] just measured, is one of such typical and well-known
examples and has been discussed quite intensively after its
first experimental observation [5]. It has also become clear
that the action of measurement can have much more pro-
found effects on the quantum systems than one naively ex-
pects or imagines from such phrases as “wave function col-
lapse.” Indeed, the effects have been shown to transfer to
other quantum systems, not directly measured, but in inter-
action with the system measured, and the action of measure-
ment can be utilized to drive even such quantum systems not
directly touched to a pure state irrespective of their initial
mixed states. This is the essence of the proposal of the
repeated-measurement-based purification scheme [6], the ap-
plicability and effectiveness of which have been examined in
various cases [7].

When one considers a possible implementation of such a
theoretical scheme to experiments in the laboratories, it is
necessary to examine its robustness against various imper-
fections to be encountered in the experiments, which may be
expressed as a sort of decoherence from the environment.
According to the analysis in Ref. [8], the projected dynamics
of the quantum system suffers from the decoherence effect
and it is shown that such an effect can deteriorate the ability
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of the purification scheme to such an extent that no (non-
trivial) pure state is able to be extracted in the limit of infi-
nite number of projections. While this is somewhat an antici-
pated and discouraging result, the numerical estimations of
the purity of the state to be extracted for a qubit system,
which is coupled with another qubit that is subject to re-
peated interrogations and is immersed together with the latter
in a common bosonic bath, show that there are parameter
regions where states with high purities can be extracted [8].
On this basis we have studied the possibility to extract a
quantum state with a higher purity under a dissipative envi-
ronment by this purification scheme, even though it cannot
survive in the limit of infinite number of measurements be-
cause of a kind of no-go theorem [8]. This paper is devoted
to explore further such a possibility of extracting a dominant
pure state at a finite number of measurements under a dissi-
pative environment, as well as to point out its robustness
against a dephasing environment, at infinite number of mea-
surements.

It is desirable to obtain an explicit expression of the re-
duced density matrix for such investigations, though in the
previous study [8] the ability of the purification scheme is
discussed exclusively in terms of purity. Since solving ana-
Iytically the projected dynamics with decoherence, that is the
evolution described by a master equation supplemented with
projections, is in general quite difficult, we confine ourselves
to a simplest possible case, that is, two mutually interacting
qubits, immersed in a common bosonic bath. We analyze the
reduced density matrix of one of the two qubits when the
state of the other qubit is regularly projected to one and the
same state, according to the spirit of the purification scheme
[6]. It is shown in the next section that if the bosonic envi-
ronment causes only dephasing effects on the qubits, the pu-
rification scheme is robust enough to ensure one to extract a
pure state, provided an appropriate state is confirmed on the
other qubit at suitable intervals, just as in the ideal case. On
the other hand, if the environment brings about a dissipative
effect on the two-qubit system, it is quite difficult to solve
the projected reduced dynamics in a compact form. How-
ever, in Sec. III it is shown that one can still estimate the
behavior of the state analytically for a large, but finite num-
ber of measurements N. After an explicit expression of the
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projected density matrix for one of the qubits is derived in a
closed form in Sec. III A, its asymptotic behavior for large N
is presented in Sec. III B. Even under a dissipative environ-
ment, one can find a possibility of extracting a dominant pure
state when the number of measurements N is large, but not
extremely large, provided the dissipation is weak enough.
However, it is to be noted that in the limit of infinite number
of measurements, only a mixed state, except a trivial pure
(ground) state, can survive, in accordance with the general
theorem shown in [8]. We close the paper by giving the
summary and discussions in Sec. IV. A few Appendixes are
added to clarify some details that are not shown in the text.

II. PURIFICATION UNDER DEPHASING
ENVIRONMENT

Consider a quantum system composed of two mutually
interacting two-level systems (qubits), X and S, immersed in
a common bosonic bath. Assume that the dynamics is given
by the total Hamiltonian of the form

Hrp=Hxg+ Hyan + Hins (1)

where Hamiltonians for the two-qubit system and for the
bosonic bath read as

® Q
Hyg= EO’EX) + EO'ES) + g(o{rx)a(_s) + O'(_X)O'E_S)), (2)
Hyyn = f dkogaga, (3)

and the interaction Hamiltonian
Hy, = Ezf dk[h(k)a; +H.c.] (4)

causes dephasing on the system. Here the notations are stan-
dard, Ug):(a)(ci)iia'yi))/Z (i=X,S), etc., and =Y +0,
and the interactions with the bath are assumed to be symmet-
ric between X and S and are given by the same function A(k),
for simplicity. Since the above Hamiltonian Hyg is diagonal-
ized,

Hyg=E5|2)2| + Eol0)O0| + E,| + X+ | + E_|- )~

)

where

12)=x® NDs=[T1).
0y=111),
| =y=[V1 + (0 - Q)2E,|1])
+ 15 (0= Q)2E,| | DIN2,

1
E2=E(w+9)=—Eo,

JE—
E,=\V(w-Q)Y4+g*=-E_, (6)

and the interaction is rewritten in terms of these eigenstates
as
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Hin = (12)(2] = |0)0]) f dk[2h(k)ay +H.c.], (7)

the usual procedure [9] yields the master equation for the
system

Pxs=— i[ﬁxs,sz] + ’Y[(|2><2| - [0)0]) pxs(12)¢2 - [0)¢0])

- %{|2><2| + |O><O|,sz}] ) (8)

with the Hamiltonian H vs» Which is still diagonalized as in
(6) but with an energy shift AE,

Ey=E,+AE, Ey=Ey+AE, E.=E.. 9)

The (dephasing) constant y and the energy shift AE are given
by the spectral density as usual [9]. A remarkable point is
that the structure of the master equation is not affected by the
temperature as in the dissipative case (see Sec. III), and the
temperature only influences the values of the decay constant
and of the energy shift. The master equation (8) is solved
[10] in the following form [11]:

pxs(t) = 2 K; pXS(O)K;}-, (10)

i=0,+
where the three operators are given by
K0= e—iEzt—yt/2|2><2| + e—iEOt—yt/2|0><0|

+ e B 1) (4 | + e 7B = W=

s

K, =cosh yt - 1(6‘i§2t_7t/2|2><2| + e_ii"t_wz|0><o|)’

K_ = \sinh yi(e-E2=72|2)(2| - e~ Ea=72(0)0]). (1)

Observe that these operators are all diagonal and the envi-
ronment causes no transitions between different levels. Only
the phases between different levels are affected by this type
of interaction with the environment and this is the reason
why it is called a dephasing interaction.

According to the spirit of the repeated-measurement-
based purification scheme [6], we measure qubit X to con-
firm that it is in the same, particular state, while we do not
touch the other qubit S, even though it is affected indirectly
through its interaction with X. This process is repeated many
times at regular intervals and we are interested in what hap-
pens to the state of qubit S, which also suffers the dephasing
effect from the bath in addition to the projective actions on
X. It has been shown in [8] that for a pure state to be finally
extracted in this kind of process with projections and deco-
herence, it must be one of the simultaneous eigenstates of all
the relevant projected operators and furthermore its eigen-
value for the projected dynamics must be the largest in mag-
nitude, preferably close to unity. In our case of dephasing
environment, it is easy to find such simultaneous eigenstates
of the projected operators, as will be shown below.

Let us consider to measure the up state |1 )y regularly at
t=n7 (n=1,2,...), since we already know that this type of
measurement results in an optimal purification of qubit S in
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the ideal case [7]. The relevant projected operators Vi
=(T|K;| T)x read as (the subscript S shall be suppressed in
the following)

Vi) = x{TIKol x

w-{

b}

sin E+T>|l><l

= e B2 YN ] (cos E,7+i
.

s

Vi = x{TIK,|1)x = Veosh y7- Le B2 1)(7

Vi = K[y = sinh yre B2 1)1 (12)

It is clear that both the up and down states (of qubit S) are
the simultaneous eigenstates of all the above projected op-
erators and the eigenvalues and eigenstates for the projected
dynamics, which is given by the following map:

plkn) = 2 Vipplk— 17V, (13)
i=0,+
are read from
'_%L Vil IVEG

= (|e‘“§27‘7’7/2|2 + [Vcosh y7— 16"A1§27_W2|2

[ —i~ =T
+ [Nsinh yre 2R (T = [TXT] (14)
i =0 :
ViglIXLIVig = |cos E,7+i Sp S E.7| |1)X]]
i=0,% +
= (&1L (15)
> VT(i)|T><l|V}L(i)
i=0,+
= -Q
= e"Ez"‘W'/z(cos E,.T- inE+ sin E+T)|T><J,|
=By, (16)
2 Vil DT Vi)
-~ -Q
= e’Ef-W(cos E. T+ 2" i E+T)| XTI
2E,
=P (1. (17)
Starting from a factorized initial state, pyg(0)

=|1)x(T|® p(0) [12], the density matrix is given by

PTT(O)

(e—igzr—yr/Zg*)Np”(O) )
(eiEZT_W/zf)Np”(O)

(Nﬂ=(
g 1€2Vp,,(0)

(18)
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Observe that the up state | T )(1| is the eigenstate belonging to
the eigenvalue unity and that there are no y’s left in its rela-
tion (14). It means that the dephasing has no effect on the
ability of the purification scheme. The other eigenstates be-
long to eigenvalues smaller than unity if sin £, 7# 0, just as
in the ideal case with no decoherence. The above relations
clearly show that we will be able to purify qubit S to the up
state with no loss of probability, unless cos E, 7= * 1, irre-
spective of its initial mixed state, when the qubit X is repeat-
edly confirmed to be in the up state. The repeated-
measurement-based purification scheme is thus shown to be
robust enough against the dephasing effect, at least when
| 1)y is measured. On the other hand, it is easy to demonstrate
that the only two possible pure states that can be extracted
under dephasing environment are |T) and ||). Indeed, the
projected operators y(¢|K|d)x, V ¢ are always diagonal in
the basis {|7),||)}, and the operator K, admits one of such
two states as an eigenstate only when | 1)y or || )y is mea-
sured. It is worth stressing the possibility of extracting a pure
state, i.e., | T), even under dephasing in certain conditions.

II1. PURIFICATION UNDER DISSIPATIVE
ENVIRONMENT

Consider next a dissipative environment and assume that
it interacts with the two qubits, X and S, through the interac-
tion Hamiltonian

Hy = f dkh(k) (S ap+3_a)), S.=dP+dP. (19)

For the sake of simplicity, we shall set w= [13], though
generalization would be straightforward. The system Hamil-
tonian reads as

[l

Q N/
Hyg= 523 + g(o-ErX)(T(_S) + U(_X)O'Ers)) = E Ejli)(i
i=2,0,+

(20)

where eigenenergies and eigenstates are somewhat simpli-
fied,

2y=111),
0y=111),
| =) =(11) = [LDN2,
E,=Q=-E,,

E.= *g, @1

and the interaction Hamiltonian is rewritten as
H,.= f dkth(k)[(|O)(+ |+]+ ><2|)a,i+ Hcel]. (22)

When the bosonic bath is at temperature 7=0, the master
equation is derived under the usual conditions [9]
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- 1
pxs =— i[Hys, pxs] + 7<| +)(2pxs|2)(+ | - E{|2><2 ans})

1
+ 7<|0><+ |pxs| +X0[ = §{| +)(+ ,pxs})- (23)
The decay constants vy,_,, and vy, (we assume {)>g),
given by the on-shell form factors, are assumed to be the
same y=1vy, ,,=v, o, just for simplicity. The Hamiltonian

Hys is still diagonalized by liy (i=2,0,%) in (21),

gxsz 2 Ei|i><i
i=2,0,+

, E,=E,+AE,, E,=E,+AE,,

EO = Eo, E_ = E_. (24)

We follow the recently developed technique [10] to obtain
the solution of the master equation (23) in the following
compact form:

pxs(t) = eMpys(0)e™ " + (1 = e ") Bypys(0)B)
+ (1= ¢ = yte™")ByB, pys(0) B} B}
+ yte”"'B, pxs(0)B], (25)

where
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eAt: e—igzt—yt/2|2><2| + e—ii+t—yt/2| + ><+ |
+ e H010)(0] + e )= | (26)
and

By= |0><+

. Bi=+)2]. 27)

Notice that one can think of a similar master equation that
describes the dynamics of the two qubits X and S, in inter-
action with a common bosonic bath at temperature 7=0
through the same coupling (19), but with a different mutual
coupling from (2). For our purpose, however, it is desirable
to make things as simple as possible, for, as will be seen
below, even the above seemingly simplified dynamics (23)
can bring us to quite involved expressions for the reduced
density matrix of S when the state of X is periodically pro-
jected on one and the same state. Therefore, in this paper, we
exclusively consider the dynamics (23) and endeavor to dis-
close the asymptotic behavior of the projected reduced den-
sity matrix for system S.

If the system X is to be repeatedly measured at r=nt
(n=1,2,...) to confirm that it 1is in the state
|@)xy=a|T)x+|1)x [the normalization factor (1+|a|?)~"? is
tentatively omitted here for notational simplicity], the rel-
evant operators for the dynamics of qubit S read as follows:

= 1 - , 1
wale )y = e ol 1X1] + Ee”E+”’/2(a*|l> + Il L+ T + e 0L+ 56"E-T(a*|l> =ML =(1D

|a|26—ii2r—yr/2 + le—ig+r—'yf/2 + le—iE_T 2(e—ig+r—y1'/2 _ e—iE_T)
2 2 2
| e, o - (28)
_(e—iE+7'—'yT/2 _ e—iE_‘r) _(e—iE+’r—y'r/2 + e—iEJ') + e—iEOT
2 2
|
X 0O O The projected reduced density matrix p(7) of qubit S is given
(alBol)y = _E|l>(a’<l| +(1]) = 1 a|=c, by the following map:
/ /— _ _‘_
X 2 2 p(7) = Vp(0)V' + (1 - e Cop(0)C
(29) + (1= 7= y1e ") C,p(0)Cl + y7e™7"Cop(0)C}.
(32)
0 0
x@lBoBla)y=al [ (1] = a 0 =C(, (30) A. Projected reduced density matrix
It is not difficult to confirm that the down state || ) can be
a simultaneous eigenstate of all the above relevant operators
if @=0. This corresponds to the case where qubit X is con-
ﬂ/_ 0 firmed to be in the down state and qubit S is projected to the
a . \2 B down state || ){|| with probability 1. This fact has already
Kal|Bi|a)y= E(a‘ [D+D)XT = a2 =G been pointed out in Ref. [8]. Furthermore, one can easily see
_E 0 that for nonvanishing «, these relevant operators do not have
\!

a common eigenstate and therefore no pure state can be ex-
(31) tracted in the limit of infinite number of measurements, ac-
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cording to the general theorem [8]. Nevertheless we are in-
terested in the asymptotic behavior of the projected reduced
density matrix p(N7) after N successive measurements, in the
hope of finding a way out of, or bypassing such a “no-go”
theorem.

In order to find the asymptotic form of the projected dy-
namics when the projection is repeated many times, observe
first that the above operators Cy, C; which are expressed as
(now the normalization constant is recovered)

1 16
\'2(1+|a|2)< )( e Ci= +| |2< )( 1.0)
(33)

in the up-down basis, enforce the system to be in a pure
(down) state

0
(1)(0,1)=|l><l|zpu, (34)
while the operator C,, which can also be expressed as
a
C ——( )(1 0), (35)
2231+ e\

drives the system to another pure state
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1
1 +]af?

( )(1 a) = || = py, (36)

irrespectively of the state the system had lived in just before
projection. This means that in general the projected dynam-
ics drives the system to a mixed state, which would be made
more apparent if it is written in the following form (apart
from normalization):

p(7) = Vp(O)V' + F(p(0))p; | + G(p(0)pys,  (37)

where the positive constants F and G read as

l—e¢?
F0) = a0
|af”

+ m(l —e =y )1 [p(0)[1)  (38)

and

|af®

GOO) =571 f_‘W)

yre " (1]p(0)]1), (39)
respectively.

It is not difficult to see that after N repetitions of the
projected dynamics, the state of the system S, apart from the
normalization, is driven to [py= p(0)]

N-1
pr = p(ND) = V¥p(O)VN + 2 [F(p) VN p) VNI 4 Gl V!, VIV AT, (40)
k=0
The coefficient F(py) satisfies
(1 T) % % | |2(l_ = _YT)
Flo = 51 @ el + S s )
1- , (1-e = yre™
( e| |2) *|VNp(0)V*N|a*>+|a|( (1i|a|2)ZTe U(TIVNp(O)VTNlﬂ
< (1 N—1—k[ |\|2 (1= e~ yre™™) N—1—k[ |\|2
+2F(pk)<2(1 | |2)|< a [V D + (U +]aP)? [TV )
1 2l = e "= yre~?
3 o S v EU =TT ). )
Similarly, we have
| yre™ "
Glpy) = 2tla |2)<TIPN|T>
|a|2We ” |af*yre < |of*yre™”

_ N N
. |2)<T|V p(0)V |T>+§)F(pk>2(l

|<T| VI DI + 2 Glpy)

20+ ||2)I<TIV’V“"‘IoZ">|2. (42)
k=0
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It is now clear that these coefficients satisfy the recursion
relation of the following form:

F(pN)}_N‘I [F(pk)}
{G@N) =2 v G | o @)

where two-by-two matrices Ay_;_; and two-component col-
umn vectors by would be evident from the previous expres-
sions. If a parameter x is introduced, its formal solution is
easily found through an identity relation

) o -1 o
> x”{F(pn) } = < 1-x, xk.Ak> > x'b,,  (44)
n=0

= LG(p,) k=0

that is, the coefficients F(p;) and G(p;) are given as those of
the kth power x* on the right-hand side. Plugging these val-
ues into (40), we obtain the explicit expression of the density
matrix of qubit S at N7.

We assume the diagonalizability of V and introduce the
eigenvectors of V,

{F(pg ] s

G(py) 0=Cky,....kp,n=k
C+ky+ - +kp+n=k

AklAkz te Akgbn

k k=€ k=l-ky k== —ko_y
=0 k1=0  ky=0 k=0 ash;

1=ij=0+1

Observe that the indices &, ..

(Aalbl)kl T (Aa(b()ke(A

PHYSICAL REVIEW A 77, 042114 (2008)

V|ul> = )\i|1/li>, <v,~|V= )\i<vi

2
) E |Mi><vi| =1, <Ui|uj> = Gjjs
i=1

(45)

to expand it as

2
V=2 Nifup)v,|. (46)
i=1

The elements of the two-by-two matrix 4, and the column
vector b are then expressed as

(A= 2 AHC™D),  (b)i= 2 (A d™),, (47)
a,b a,b

where
Aah = )\a)\z (48)

and the explicit expressions of (C“b)ij and (d*’); are found in
Appendix A. The above identity relation (44) tells us that the
coefficients F(p,) and G(p;) are explicitly given by

k=C—k\—==kgpa by . .. raghg jag, by
a€+lb€+l) C C d ' (49)

.,k only appear as the exponents of the eigenvalues. The summations over these indices are not

difficult to perform and each summation results in a similar expression. Actually, since we can prove by induction (see

Appendix B),

k=€ k=l—ky  k—l—ky=—kq_y B X
DT s I N R T X1 + X¢
1 Y1 =
k=0 kp=0 ke=0 " (ear = x0) (g = xeop) o (e = x1) (g = Xgp) (g = xg-p) -+ (g = xy)
+ XIIC
(rp = xe) (= x) - (o = xp)
€+1
- (50)
w1 (x,, — x,)
n#m
1=n=€+1
we arrive at
k€41 k
Aoy )
|:F(pk) :| — 2 E E ( Hmbm Calbl ---C”fb{’dahlbhl_ (51)
Glp) | 2o mmr agbp I1 Ay, b, —Nap)
I=a,f={(+1 n#m
I=n=(+1

Notice that py in (40) is expressed in terms of the eigenvectors |u;) and [v;) as
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N-1
2 (AU)N|M ><U |p(0)|vj><uj| + 2 E Alj)N_l k|u ><uj|(<v |pll|vj> <U |pa |vj>)|:G(pk)) :| (52)
i,j k=0

Plugging the explicit forms of F(p,) and G(p;), (51) into (52), we are left with the following terms to be evaluated:

N-1 N-1 ko 0+l
S (A U)N—l k[F(pk)} > (Aij)N‘l—kE E > (A amh"’) Cb1 ... cahegacnbes (53)
=0 Glp) | o (=0m=1 anbp T a,, -A,,)
I=a.f=(+1 n#m - n
1=n=€+1

The summations over k and ¢ can be interchanged EN lEk O—E EN «¢ and that over k is performed to yield

N-1 €+1 N, € N
_ E 2 E 1 (Az]) (Aamhm/Az]) (Aamhm) Calbl .. Caébfda“lb“l, (54)
=0 m=1  anbg 11 (Ag,p, = Nap,) A=Ay b,
1=a,B=(+1 n#m
I1=n=€+1

This is the explicit form of the second term on the right-hand side (rhs) of (52) and brings us to the exact expression of py
=p(N7).

B. Asymptotic behavior of the projected reduced density matrix

We are now in a position to evaluate the asymptotic form of py for large N. The particular form seen in (54) implies
that the dominant contributions are due, in general, to those terms with the same set of indices {ij}={a,b,;}={ab,}=""-"
={a,\b¢.1}, for in such a case there are order-N terms contributing constructively. This can be understood by looking at the
original expression (49). See Appendix C for more explanations. The dominant contributions to the second term on the rhs of
(52),

N—1
E 2 (Az/)N—l k|u ><u/|(<v |pu|v > <U |pa |v >)[ (pk) :|

i,j k=0 (k)

= [uy )y [ (v ]y [o ) Vil ) My + [u2) | ((0al ) |02), (Vs par|v2)) Mo + 1y Yo (v |y [02), (V1 [parlv2)) M2 + Hee.,
(55)

are found in the above (column) vectors M,;,

N-1 N-1 k=€  k—l—kj—+=k¢_,

N-1
My EA%* Ao+ > > 2 2 AT at

0=0 k=C+1 k;=0 k=0
N—1 k-1
= (A = Ag) (AN =AYb + 2 E( )Aﬁvfl‘f(cll)fd“, (56)
k=1 €=0
the second term of which is evaluated to be

N-1 k-1 cl Cl\ V-1 o1 Cl\N-1

2 E( >AN—1—((CII)€d11=_AN(CII)—1(1+_>|:1_(1+_) :|d11_AN—ZCII<1__) [1_<_) :|d11.

aoes ! Ay Ay ! Apy Ay

Similarly, we have
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N-1 N-1 N-1 k=  k—l—kj——k¢_, A\
Moy~ 2 N AGp+ 2 2 2 2 AQ;”(J) "t
€=0 €=0 k=€+1 k=0 k¢=0 A22
| Cll Cll
+ N-1 11\ N-1 o 11\ N-1
- _ Ay Ay C Ay C
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For weak dissipation y7<<1, the matrix elements of C% (and
A) are of the order of y7 or higher [see (Al)], while the
maximum (in magnitude) eigenvalue \, is expected to be of
order unity \;~O(1) with corrections of order y7. In this
case, the dominant contributions to M jj are estimated to be

Mll -~ (N_ 1)A11V1_1d11, Mzz -~ Allvl_ldll,

M~ (N=1)A'd", (60)

Therefore, if the above py (52) is suitably normalized, the
state is approximated as a pure state

py ~ |u)us| + O(1/N,

MY, 61)

for a large, but not extremely large N under which the above
approximation is valid.

Notice that the validity of the above expression (60) and
therefore that of the ensuing relation (61) are limited.
Actually for a larger N, Nyr>1, the approximation
(1+x)N~1+Nx with x=0(y7), on which the expression (60)
has been based, is no longer valid. Instead, since

(1 +x)N= eN In(1+x) __ eN(x—x2/2+"'), (62)
we expect, for a larger N, say 1/y7<N<1/(y7)?,
My, ~ Aflvl‘le(N‘l)(C”/Al1)(0“)‘1d“,
My ~ Al]\’]—le(N—l)(C“/A”)dll’
My, ~ AI]VZ—I(612)—1e(N—l)(Clz/Alz)dlz' (63)

Even though the coefficient M, multiplying the term
|u;)(u;| gives the major contribution, the others coefficients
are of the same order as the former and never decrease as we

C12)N—1:| c12\-! C12 \N-1
l+— d?- AN 1 -— ) [1-(— dv.
Ay 2 Ay Ay

increase N. It is easily understood that a similar expression
can be found for an even larger N. That is, we are unable to
reach a pure state by increasing the number of measurements
(projections) N, which is in accord with the theorem shown
in [8].

A few comments are in order at this point. The pure state
|uy){u,| approximately extracted above in (61) for an inter-
mediate N is not an eigenstate of the projected dynamics
(37). Actually it is possible to prove that no pure state can be
an eigenstate of such a positive dynamical map, provided
that it includes more than two (in the case of two dimen-
sions) projections that (are necessarily not orthogonal and)
project to different pure states. Nevertheless, it is still pos-
sible to consider such a situation where effects of all but one
such projections decrease more quickly than that of one par-
ticular projection and as a result for an appropriately large N
the dynamical map effectively becomes single dimensional,
i.e., an effective manifestation of purification. This is the
case in (61). Second, in the strong-dissipation limit (y— )
many simplifications are expected to occur in the general
form, but the essential points are intact. The density matrix
py takes exactly the same form as the rhs of (52) supple-
mented with (55). It is easily seen that G(p;)=0, V k and
the column vector appearing in (55), C%1P1---CaPeqaes1be
has only the upper component

(CUP1) o+ (CUP0)y (deniPest),

Ca1b1 ... caebegaenbert = [
0

(64)

The asymptotic form of the density matrix is easily evaluated
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If we neglect differences between (C'');; and (C'?),, and
(d'), and (d'?),, the above expression tells nothing but that
the state relaxes to the down state p ;=[] )(]|. On the other
hand, if the matrix elements, (C'");; and (d''),, are greater
than the others, (C'?);, and (d'?),, the formers overwhelm the
latters as N increases and the density matrix will relax to a
mixed state

oy — (v, |P11|Ul> + |”2><M2|<02|Pu|02> +p-
(66)

If the opposite case were possible, we would have been
given another matrix

Jua 1 )uto| + 1 )ty |

<M2|’41>+<M1|”2> ’ (67)

PN —
but it turns out that this is impossible, for this matrix can be
shown to have a negative eigenvalue (the trace of the square
of this matrix is shown to exceed 1!) and therefore it will
never show up in our physical process. In all cases with
strong dissipation, no nontrivial pure state is shown to be
extracted, even at an intermediate stage with a finite number
of measurements. Notice that these observations are actually
consistent with the exact result; in the strong-dissipation
limit y— o, the operator C, becomes irrelevant [see (32)]
and since the operators Cy and C; project qubit S to the down
state, the simultaneous eigenstate should be the down state
(a=0), for which the operator V becomes diagonal. This
means that [u;))—|/(1)) and py—p|,.

Finally, it is to be noticed that the dissipative environment
also affects the yield, that is, the probability of obtaining the
target pure state. Actually, the probability of obtaining the
above pure state (61) is considered to be almost equal to the
success probability, which is given by the normalization fac-
tor of py in (52), if the latter is dominated by the pure state as
in (61), and this factor is of order ~(1+Nyn)AY, for an
intermediate N, e.g., | <N<I1/vy7. On the contrary, the
dephasing environment causes no effect on the yield.

IV. SUMMARY AND DISCUSSIONS

We have shown in this paper that the repeated-
measurement-based purification scheme is robust against
a dephasing environment and the up state of qubit S,
[1)(T|, can be realized asymptotically without any loss of
probability, when qubit X in (rotating-wave) interaction
with the former is repeatedly confirmed to be in the up
state, | 1)y, just as in the ideal case. In order to reach the
final pure state with fewer steps, we adjust parameters,

say, the interval between measurements 7, and minimize
|cos E,m+i(w—Q)(2E,)™" sin E, 7

(0-Q)°

s

2 -2
cos” E .7+ sin“ E,. 7
+ 4Ei +
4g> -0)?
=1- g2 2sianJ_ C 2) 7»
(w-Q)" +4 (w—Q)" +4g
(68)

the equality of which is attained when cos E, 7=0, realizing
an optimal case. This condition is the same as that for the
ideal case.

The reason why the dephasing does not affect the ability
of this kind of purification scheme may be understood in the
following way. The dephasing environment surely disturbs
the phases of both qubits but causes no transitions between
up and down states. On the other hand, our purification
scheme is dependent on the probability of finding a quantum
system in some definite state and the change in its phase has
no relevance to this scheme. This is a naive interpretation of
why the ability of this purification scheme is not affected by
the presence of dephasing environment, when the state | 1) is
measured.

We have next considered the case of dissipative environ-
ment and examined the ability of the purification scheme,
though it is already known [8] that no (nontrivial) pure state
can be extracted in this case according to the general theo-
rem. When the qubit X is repeatedly confirmed to be in a
definite state, the target system S, in (rotating-wave) interac-
tion with X, is forced to be in a definite state, while the
surrounding environment constantly drives the system to the
equilibrium. It seems that a kind of competition between two
tendencies, one forced by the projection and the other relax-
ing to an equilibrium state, results in an approximate extrac-
tion of a dominant pure state at an intermediate stage with a
large but not extremely large number of measurements. For a
weak damping case, we are able to find an asymptotic ex-
pression of the state of qubit S, which shows that the domi-
nant contribution is given by one of the eigenstates of the
operator V (belonging to the largest eigenvalue in magni-
tude), which is a kind of projected evolution operator incor-
porating partly dissipative dynamics and reduces to the usual
unitary operator supplemented with projection when there is
no dissipation. Of course, if we repeat the measurement in-
definitely, the dissipative dynamics would swiftly overwhelm
the effect of projection (purification) and the system would
never be driven to a (nontrivial) pure state, which is in ac-
cord with the general theorem.

042114-9



NAKAZATO et al.

It is worth mentioning that in actual situations with vari-
ous causes of decoherence, one must be careful about and
aware of the presence of such nonideal elements and should
not perform measurements indefinitely, for there is a possi-
bility that an optimal result can be attained at a finite number
of measurements, as in our simplified model, even though a
general criterion seems to be quite difficult to be obtained at
present.
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APPENDIX A: ELEMENTS OF C“ AND d*

Here we show the elements of C*” and d*® explicitly
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APPENDIX B: DERIVATION OF THE RELATION (50)

It is not difficult to perform the first, say, two summations
over k, and k,_; on the left-hand side of (50),

) k ko_ 14
=2 2 xll...xeﬁll(
k=0 k—l—ky— k4

— E xll<1...

k=(=1) k= —kg_,
Xl

kg_1=0
x
Xfi‘fzz( -
kg_r=0 T\ (e

Xe = Xe+1 Xe+1 — Xy
k=(€=2) k= —k¢_p =2k = ke (=2 k= —kg s
(-1 ¢ 0+1
+ . (B1)
—xpp) (o =x) (= Xp) (e = xpo1)  (ppy = X0 (xpsy = Xpy)

These expressions are already quite suggestive. Actually we easily perform the summation of the following form to obtain

k=l—ky= =k Kl — - —k k—m—ky— =k
m ka ( 'xm+1 1 m x€+1 1 m )
k=0 et = Xea) per = %) =+ (Kt = Xns) (rper = x0) (rr = Xg-1) ** (Xpar = Xppe1)
{—m {—m
Y YA ST S| X1 (+1
=-Xx, + +
(ot = Xea1) = (et = Xp) (eper=2x¢) ++ (xpeg = 2,)
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(xm+1 _x€+l) e (xm+l _xm) (x€+l —Xg) e (x€+l _xm)

The quantity in the large parentheses in the first line of the rhs can be written as
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Since there can be no singularities at x;=x; (i,j#m) and the quantity in the last large parentheses is a polynomial of
(€—m)th order all in x4, ...,X,.;, one can easily deduce its form as

S (e = x0) (eppy = Xo-) oy = Xp2) =+ (Xpgy = Xppgn) X (= xp-1) (Xg = Xp) =+ (Xp = Xpp1) X w00 X (Xpg0 = Xpppr)-
(B4)

The remaining function f(x,,) can be fixed, for example, by the behavior around x.,,=x,, to be f(x,)=(~1)*"x""" This
means that the first term in (B2) is also expressed as

k=(m=1)—ky—=+=k,,_1
]:n_e_kl_..._km71+l f(-xm) _ Xm ) (BS)
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- X

The validity of (50) is now evident.

APPENDIX C: DOMINANT TERMS IN THE SUMMATIONS (54)

The fact that the dominant contributions in (54) are due, in general, to those terms with the same set of indices {i;}
={a,b,}={asb,}=""-={ap, D¢} is understood by observing that the expression (54) is nothing but the result of the summa-
tions of the terms with different powers of complex numbers and that no cancellations are possible among those terms with no
relative phase, while strong cancellations are expected to occur among other terms with different phases. Indeed, (54) is
nothing but the result of the summations of the form

N—1 k=€ k—C-k;  k—l—kj—+—k¢_|
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the absolute value of which is expected to be maximum when all complex variables x,x;, ... ,xy,; are in phase. Since in the
present case the absolute values of A, , ’s are bounded |A, , |=<|A;|=|\;]> (We assume that there is no degeneracy |\
>|\,| and that the eigenvalues \; have a nonvanishing relative phase), dominant contributions come from those terms with
Xy=+""=xp4,1=MAy;, when x=A;; or x=A,,, and otherwise with x;=---=x,,;=x. We can thus easily extract the dominant
contributions. Notice that when x=x,="--=x,,,, the above summations,

N-1 k=€ k=C=kj—-—kg_y N-1-€ N=-1-€-k  N-1—€—k—=k|——ky_,
w3 =% % X = 33 ()
k=€ k=0 k¢=0 k=0 k=0 k=0 0=k.ky,....kp | =SN-1-C
ktky+ - +kg  =N-1-€

express nothing but the number of distributions of N—1—¢ identical balls into €+2 boxes allowing empty boxes, that is, yCy, .
Furthermore, the k={ case is exceptional for in this case the summations over all a; and b; in (49) are trivially done.

[1] See, for example, B. d’Espagnat, Conceptual Foundations of Busch, P. J. Lahti, and P. Mittelstaedt, The Quantum Theory of
Quantum Mechanics (Benjamin, New York, 1971); in Quan- Measurement (Springer-Verlag, Berlin, 1991); M. Namiki and
tum Theory and Measurement, edited by J. A. Wheeler and W. S. Pascazio, Phys. Rep. 232, 301 (1993).

H. Zurek (Princeton University Press, Princeton, NJ, 1983); P. [2] S. Pascazio and M. Namiki, Phys. Rev. A 50, 4582 (1994).

042114-11



NAKAZATO et al.

[3] B. Misra and E. C. G. Sudarshan, J. Math. Phys. 18, 756
(1977). For reviews, see, for example, D. Home and M. A. B.
Whitaker, Ann. Phys. 258, 237 (1997); P. Facchi and S. Pas-
cazio, in Progress in Optics, edited by E. Wolf (Elsevier, Am-
sterdam, 2001), Vol. 42, Chap. 3, p. 147; K. Koshino and A.
Shimizu, Phys. Rep. 412, 191 (2005).

[4] H. Nakazato, M. Namiki, and S. Pascazio, Int. J. Mod. Phys. B
10, 247 (1996), and references therein.

[5]R. J. Cook, Phys. Scr., T T21, 49 (1988); W. M. Itano, D. J.
Heinzen, J. J. Bollinger, and D. J. Wineland, Phys. Rev. A 41,
2295 (1990).

[6] H. Nakazato, T. Takazawa, and K. Yuasa, Phys. Rev. Lett. 90,
060401 (2003).

[7] H. Nakazato, M. Unoki, and K. Yuasa, Phys. Rev. A 70,
012303 (2004); L.-A. Wu, D. A. Lidar, and S. Schneider, ibid.
70, 032322 (2004); B. Militello and A. Messina, ibid. 70,
033408 (2004); Acta Phys. Hung. B 20, 253 (2004); G.
Compagno, A. Messina, H. Nakazato, A. Napoli, M. Unoki,
and K. Yuasa, Phys. Rev. A 70, 052316 (2004); B. Militello,
H. Nakazato, and A. Messina, ibid. 71, 032102 (2005); M.
Paternostro and M. S. Kim, New J. Phys. 7, 43 (2005); K.
Yuasa and H. Nakazato, Prog. Theor. Phys. 114, 523 (2005);

PHYSICAL REVIEW A 77, 042114 (2008)

K. Yoh, K. Yuasa, and H. Nakazato, Physica E (Amsterdam)
29, 674 (2005).

[8] B. Militello, K. Yuasa, H. Nakazato, and A. Messina, Phys.
Rev. A 76, 042110 (2007).

[9] C. W. Gardiner and P. Zoller, Quantum Noise (Springer-Verlag,
Berlin, 2000); H.-P. Breuer and F. Petruccione, The Theory of
Open Quantum Systems (Oxford University Press, Oxford,
2002). See, also, P. Facchi, S. Tasaki, S. Pascazio, H. Naka-
zato, A. Tokuse, and D. A. Lidar, Phys. Rev. A 71, 022302
(2005).

[10] H. Nakazato, Y. Hida, K. Yuasa, B. Militello, A. Napoli, and
A. Messina, Phys. Rev. A 74, 062113 (2006).

[11] E. C. G. Sudarshan, P. M. Mathews, and J. Rau, Phys. Rev.
121, 920 (1961); K. Kraus, Ann. Phys. 64, 311 (1971).

[12] This assumption is not restrictive, since we can always prepare
the total system in this class of states by performing a mea-
surement on X to confirm it in the state | )y.

[13] The condition Q=w is readily and naturally follows, if, for
instance, the two qubits are realized by two spins with the
same magnetic moment. Another example would be given by
two identical atoms in a linear trap.

042114-12



