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In this paper, the theory of coherence frame is developed. Two kinds of coherence frame are
classified. Under coherence frame, the entanglement is conserved in the entanglement swapping
process, without entanglement sudden death and birth. The einselection method for the preferred
basis problem in the entangle process is shown as incomplete.
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Entanglement, the foundation of quantum dynamics
and quantum information processing (QIP), is realized
as a special kind of quantum correlation [1]. Many semi-
nal arguments and concepts have been induced by entan-
glement in various contexts, e.g., the EPR paradox with
hidden variable theory [2, 13], the collapse for measure-
ment [4], the superselection rule (SSR) [5] etc. Recently,
the method of coherence frame (CF) (or quantum ref-
erence frame) [6] is widely concerned in QIP, e.g., clock
synchronization, phase reference etc. It proves that the
method, einselection [7, 18], to resolve the preferred basis
problem, and the method, the Aharonov-Susskind exper-
iment [9], to challenge the SSR are based on the method
of CF. In this Letter, we focus on the theory of CF re-
lating to entanglement transfer and conservation.

The CF problem rises when the representation can not
be easily decided, which is traditionally seldom analyzed
[10]. For single-body system, e.g., spin S /2, only one
representation can exist in reality at one time. If under
the representation of S'w, the measurement on Sy or S'Z
is meaningless. Yet, for double S}/, system, any com-

ponent of the first spin S; commutates with that of the
second spin Sy [10]. Thus, {51, S5} forms the complete
set of commuting observable (CSCO). In the entangled
state |®) = (| T24a) + | 1212))/V2, spin 51 (S2) is under
the S, (S,) representation, the z-component of S; and -
component of S5 can be simultaneously defined. Another
way to extend representation is to consider the time evo-
lution, leading to the method of decohered history, i.e.,
framework [11]. Under one framework, the representa-
tion may differ in various sections of the history, e.g., S,
and S can be measured successively for single spin.

The theory of CF mainly involves the many-body and
macroscopic superposition and dynamics, for which, the
SSR was developed earlier |5]. Lacking one CF, leading
to decoherence, is equivalent to SSR. Also, the method
of SSR is shown similar with density matrix for mixed
state [53]. Note that there are two cases for SSR. Case
(1): SSR for isotropic particles, e.g., electrons, which is
the ensemble. Case (2): SSR for particles not isotropic,
e.g., electrons and protons, which is the mixture. The
Hilbert space is the direct sum of that of each kind of
particle, and the density matrix is block-diagonal. As
shown in Ref. [9], it is possible to introduce coherence

to the mixture. Thus, the difference of the two cases is
merely apparent, and we need only refer to the first case
for simplicity. Below, we discuss the relation of CF with
SSR and density matrix in detail.

The density matrix is p = >, ps|i) (Wi, >, pi = 1,
|th;) is the state vector for the subsystem. In the spirit of
SSR, the state vector of the whole ensemble can be [12]

|¥) = 27i|¢i>a (1)

where the parameters 7; are complex, with |v;|? = p;.
The density matrix can be re-written as

p= 1N = D bl ) (il (2a)
7 Z%%|¢i><¢j|a (2b)

with [(¢;]1;)] > 0, the nonorthogonality condition.

The illegality of the form in Eq. (2B) is ensured by
the SSR; if not, the coherence in the ensemble will be
considered redundantly. Physically, the form in Eq. (2a))
is a kind of coarse-graining, since each sector [¢;) can
be further decomposed as the superposition of orthog-
onal eignstates [12]. This indicates that the coherence
due to nonorthogonality is localized and globally inacces-
sible. To surpass SSR, the CF and special interactions
are needed to entangle the sectors together, as a result,
the localized coherence will transfer globally and realize
the coherence delocalization [13]. In the entangled state,
parties can be the CF of each other, respectively. Trac-
ing out one party, equivalent to SSR physically, leads to
the apparent decoherence and classical state. Note that
when SSR applies, the state is not necessarily classical.

To develop the complete theory of CF, primarily, we
propose that CF should be clarified into several cate-
gories since there exist different quantum coherence and
entangle processes. Briefly, we separate two kinds of CF:

(I). Primary coherence frame: quantum field, vacuum,
environment (like noise, phonon, etc).

The role of the primary CF in some cases may be trivial
then can be ignored. This type plays the similar role as
space-time in classical mechanics.

(IT). Measurement-type coherence frame: various inter-
acting systems under specific conditions.



This type includes all kinds of CF beyond the primary
type, in principle. In practice, this type mainly refers to
the parties in the entangled or nonlocal states.

For clarity, we take the well known double-slit inter-
ference experiment for example. The electron ensemble
shows fringes under the structure of double-slit. The pri-
mary CF of electron is the electromagnetic field, which,
together with electron, form the entangled state

) = 1|} fi) + c2|r)| fr), (3a)

where |I(r)) (|fir))) stand for the eignstates of electron
(field) at the left and right slits, a2 + a3 = 1. Physi-
cally, the electromagnetic field is the continuous variable
system, i.e., |fi) = |fr) = |f), thus, the state reduces to

[9) = (eall) + az|r))|f), (3b)

it is clear that the state of electron is superposed leading
to the interference. The CF in this case is trivial, that it
does not delocalize the coherence of electron to the field.

If we introduce measurement, which will interact with
the electron thus become one of the parties of the global
state. The state under measurement-type CF is

|6) = (Bu)|Mi) + Ba|r)|My))[f), (4)

where |M(,y) are the states of the measurement, B? +
B3 = 1. The interfere process depends on the type of
measurement, e.g., weak measurement [14], under which
both the wave and particle properties can be observed.

The phenomenon for macroscopic objects, e.g., the
ball, however, is different [15]. Note that the CF for
this case should be the gravitational field relating to the
classical dynamics. The entangled state reads

X) = mlDler) +2lr)|er), (5a)

where |¢;(,)) stand for the eignstates of field at the left
and right slits, 7% +~2 = 1. Since states |¢;) and |c,) can
be distinguished via Newtonian mechanics, i.e., {¢|c,) =
0, the state of the ball should be density matrix

po = tre(1x) (x|) = Z I+ 3 1r)(rl, (5b)

which brings the classical results and the absence of in-
terference. In addition, this does not mean the movement
in gravitational field is classical, in contrast, the corre-
sponding effects of quantum coherence can be significant
on the larger scale in Quantum Cosmology [16].

Entanglement transfer under CF. Next, we explore the
basic entanglement transfer (re-distribution) process, a
kind of coherence delocalization, under CF. It is reason-
able to assume that for one system there exists at least
one CF, which leads to the bi-party entanglement. This
is similar with the so-called “pure universe” model for
other studies |17, 18]. Under the Schmidt representation,
the entangled state is

W) = ZMS?HE?% (6a)

where |sf) (|e!)) is the basis for the system (referred as)
A (CF). If [{e;|ej)| ~ 1, i.e., the disturbance and reference
effect of the CF to the system is trivial, thus, the CF can
be treated classically, which is a kind of classical limit
satisfying the correspondence principle [19].

Suppose, there exists another system (referred as B)
which will be entangled together with the system A. The
state of system B with its CF is expressed as

@) = ZWISJBHEf% (6b)

where |s§3> (|e§3>) is the basis for the system B (CF).
The general bi-party entangle process under CF takes as

(0)@) = Y cnlsi)lsd) D Bleilek),  (7)
k k

with w < min(n,m), the coefficients A;, 7v;, ag, Bk
guarantee the normalization rule. This process is sim-
ilar with the entanglement swapping process firstly re-
alized by Bell-type states |20]. The von Neumann pre-
measurement for the collapse model [4] ignores the roles
of environment and quantum openness [18, 21], i.e., ig-
noring the CF, which can be deduced by taking the clas-
sical limit of the swapping process.

Further, we study the entanglement transfer quantita-
tively. One central problem is that too many entangle-
ment measures exist especially for mixed state [22]. The
main physical reason is there does exist the mismatch be-
tween entanglement and density matrix. Entanglement,
as the many-body property, is defined referring to the
number of parties, while density matrix is defined refer-
ring to state instead of parties. As a result, the expression
entanglement in density matriz is not complete. Below,
we present our method of entanglement measure. Gener-
ally, density matrix can be two types: ensemble of single-
body system and ensemble of many-party system (with
or without noise), only the later type contains entangle-
ment. For the bi-party system, the ensemble-entangled
qudit [12] is written as

per = > peltbe) (W (8)
¢

= D pe Y XN (A5 @ |Bi) (B,
3 2]

with 32,(A5)2 = 1, depe = 1, |A;) (|By)) is the local

eigenstate of subsystem A (B), /\f is Schmidt coefficient.

When ¢ = 1, the state reduces to the pure entangled

qudit. The degree of entanglement [12] for the pure en-
tangled qudit state is defined as

E=>"|xllAl, (9)

i<j



which is the entanglement monotone [22]. This entan-
glement measure characterizes the distributed coherence,
different from information (entropy).

For the general mixed state p, the method of decom-
position is employed to extract its entanglement

p="pep +(1—7)p, (10)
with 7 € [0, 1]. The state p can be viewed as the result of
the initial state p.g disturbed by p’, thus, the entangle-
ment in p is defined as E(p) = 7E(p.g). We name state
per as the natural point of state p for convenience.

Physically, there exist problems of the entanglement
of formation E; 23], which relies on the decomposition
to entangled qudit. However, from Eq. (I0), there are
situations noise or product states (p’) are added, so that
Ef and the related concurrence do not directly quantify
entanglement. The detailed properties of this measure
have partly been discussed in Ref. [12].

For example, Werner state |p,) = 15214 2|0 ) (0| is
naturally the mixture of noise and singlet, the entangle-
ment is just z/2. For the X-type state with p14 = p}; =
w, pa3 = pis = z, the entanglement equals |w| + |z|.

For convenience, we model system A and B also their
CF (environment) « and 8 as qubit. Based on Eq. (@),
the initial state for the global four-party system is set as

IT) = [Yaa) @ [¥Bs) (11)

= (a1]si'el) + azlsses)) @ (br|sPel’) + bo|sPed)),

after swapping, which can also be expressed as

IT) = 1WA Yap) TV ap) bas) Hehs) Sas) 04 p) d0s)

(12)
where
[Wap) = silsi's?) £ salss's?), (13)
04ap) = tilst'sh) +talsy'sT),
[Wag) = wilefel) £ azleges),
6zs) = wletel) £yales'el),

the coefficients a;, b;, s;, ti, x;, and y; (i = 1,2) satisfy
the normalization rule, also, a1b1 = 25121, asbs = 25929,
a1bs = 2t1y1, asb; = 2tays. Under symmetrical condi-
tion, it reduces to the swapping for Bell’s state [20)].
From the definition in Eq. (@), the entanglement of
state, e.g., [aq) i8S |aiaz|. Tt is easy to find that the
entanglement during the swapping satisfies

E(|[Yaa))E([¢8s)) =
E(lWap)E(IVas)) + E([¢ap) E(1¢as))
+E(1¢4p) E(l655)) + E(1945)) E(1005)),
calculated as |CL1£L2b1b2| = 4|t1t2y1y2| = 4|81$2I1$2|,

which can be verified by the coefficients relation above.
If we view the entanglement of the four-party state |Y)

(14)

as the product of the entanglement of the bi-party state
[aa) and |¢pg), the relation in Eq. (I4) stands for a
kind of conservation of entanglement during the swap-
ping. If the initial state of the global state is other types,
it is easy to check that the conservation still exists. For
the general mixed state, based on the decomposition in
Eq. (I0), the entanglement is also conserved.

As the example, we study one actual system from Ref.
[24] relating to the entanglement sudden death and birth
(ESDB) [25]. The model contains the entangled cav-
ity photons affected by dissipation (i.e., CF). The initial
state is set as [@o) = (a|0)¢, |0)c, +B[1)e; [1)e,)|0)r,[0)rs,
the entanglement, amount to |« ], is distributed between
the two cavity photons. The reduced density matrix of
the two-cavity iS pe,e, [24], from Eq. ([IQ), it is direct to
get its natural point o, written by elements, 011 = o2/,
o4 = B¢ 7, 014 = 041 = aBE? ), others zero. The
parameter m = o + %€, € = /1 — x2 = exp(—kt/2),
k is the decay constant. Thus, the entanglement of state
Peres 18 B(peyey) = |af)€2. Following the similar method,
the entanglement for the state of the two-reservoir is
E(pryry) = |aB|x?. Thus, the conservation reads

E(|q)0>) = E(p0102) + E(pT1T2) = |O‘ﬁ|

As time evolves, E(p¢,c,) of the two-cavity decreases
exponentially, while E(p,,,,) of the two-reservoir in-
creases exponentially. There is no ESDB, i.e., the lo-
calized and distributed coherence translate mutually.

Preferred basis problem. From the method of CF, we
discuss the preferred basis problem (PBP), which has
been studied via the einselection approach |7, 18]. We will
show, yet, the method of einselection is incomplete.

This method is described via the Stern-Gerlach exper-
iment, as shown in the Fig. 1 of Ref. [7]. The system is
represented by the spin states (up and down) along some
directions. One atom is put near one channel to serve
as the apparatus to interact with the spin, causing en-
tanglement. In this measurement, the PBP means that
there is no physical difference between states

(1) = (Id)|U) —ilu)| D))/ V2,

o) = (IST)AT) = S7)IA7))/V2,
where |S*) = (|u) £1|d))/Vv?2, |A*) = ([U) £ |D))/V2,
|u) (up), |d) (down), |S*) are the states of the spin S,
|U), |D), |A*) are the states of the atom A.

The main ideas of einselection are as follows. Suppose

the pre-measurement between S and A, and one special
interaction between A and F, the global state vector is

|p) = (—icluDp)—s|uDd)+c|dU p)+is|dUS))/v/2, (17)

with |u), |6) the states of E, ¢ = cos A(t), s = sin A(t),
A(t) depends on the coupling periodically.

Introduce |E*) = (|u) +1i|6))/v/2, for the special case
A(t) = /4, the state reduces to the GHZ-type

|¢) = (IAUE™) — iluDE*))/ V2.

(15)

(16)

(18)



Operators |U)(U|, |D){D| can project out the two
branches of |@), yet, not the case for |[A*)(A*|. Thus,
states |U) and |D) instead of |AT) are the pointer states,
i.e., the environment (E) of A serves to singlet out the
pointer state of A to entangle with S.

The einselection method is flawed, however. One rea-
son is that the demonstration of pointer state depends on
the special case A(t) = w/4; in contrast, pointer state,
robust to the noise, should not depend on time, i.e, the
other basis, |A*), of the apparatus cannot act due to
the action of E. Yet, it is obvious to check that when
A(t) =0 or Z, A can be written in [A*) basis, which is
in conflict with the spirit of einselection.

Another reason is the collapse in the bi-party model for
measurement [4] is not physical, i.e., the branches in the
entangled state only manifest the potential results of .S
corresponding to different states of A. The apparatus is
a kind of inner observer. By introducing E, similar with
the physical collapse theory [26], einselection improperly
changes entanglement from bi-party to tri-party type.

Indeed, the PBP can be resolved by the CF method.
We re-express the PBP into two aspects:

(I). Whether the entangled state between one system S
and another system A can be written in infinite ways as

W) = ailSi)|A;) = ij|s;.>|A;> =, (192)

3

(IT). Whether the entangled state can be written as

[0) =D ilSlAi) =D 815))147) =+, (19b)

where |S;), |A4;), - - satisfy the superposition principle,
and a;, b;, o;, B; satisfy the normalization rule.

PBP(I) concerns the problem of the definite form of the
actual basis, which is similar with the traditional version
of PBP; while PBP(II) concerns the problem of the exact
structure of the entangled state, i.e., how the basis of S
and A correlate with each other one-to-one.

Different forms in PBP(I) have special CF, relating to
different physical conditions. The states |1;) and [¢)2) in
Eq. (@) correspond to different states of CF (see Eq.
[@). The configuration space, whose effect to the coher-
ence is trivial though, plays the role of primary CF for the
spin state (up and down), and decides the representation
of the system. As a result, PBP(I) is only one pseudo
problem. Note that it indicates when the CF is trivial,
the entangled state shows symmetry under rotation.

For PBP(II), the reason for the non-equivalence of var-
ious forms is that the parties in the entangled state play
the CF of each other, respectively. The rotation of the
basis of one party will change the structure of the state,
thus change the reference relation between S and A. The
detailed form of the entangled state also depends on the
interaction within and the practical arrangement, e.g.,
the generations of the two type Bell’s basis are different.

Last, we note that our method of CF is consistent with
the recently developed method of relational Hilbert space
[6], according to which, there exist external (also classi-
cal) and internal CF. Under the internal CF, to extract
the coherence of the system only, the Hilbert space is
mapped onto Hg ® Hrer, where Hg plays the role of
the classical CF, and H,¢;, the relational Hilbert space,
is the space for the system with a slight difference from
Hs, which can be ignored in the classical limit. That is
to say, the CF should always be treated internally, while
in practice, some CF is trivial then can be ignored.

In conclusion, we mainly developed the theory of co-
herence frame in this paper. We showed that the entan-
glement is conserved in the swapping process, and the
entanglement sudden death and birth does not exist. We
also demonstrated that the preferred basis problem can
be resolved more naturally by the method of coherence
frame than the einselection method.

* Electronic address: [wdsn1987@gmail.com
[1] R. Horodecki, P. Horodecki, M. Horodecki, and K.
Horodecki, Rev. Mod. Phys. 81, 865 (2009).
[2] A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47,
777 (1935).
[3] J. S. Bell, Rev. Mod. Phys. 38, 447 (1966).
[4] J. von Neumann, Mathematical Foundations of Quantum
Mechanics (Princeton University Press, 1955).
[5] G. C. Wick, A. S. Wightman, and E. P. Wigner, Phys.
Rev. 88, 101 (1952); Phys. Rev. D 1, 3267 (1970).
[6] S. D. Bartlett, T. Rudolph, and R. W. Spekkens, Rev.
Mod. Phys. 77, 555 (2007).
[7] W. H. Zurek, Phys. Rev. D 24, 1516 (1981).
[8] W. H. Zurek, Phys. Rev. D 26, 1862 (1982).
[9] Y.Aharonov and L.Susskind, Phys. Rev.155,1428(1967).
0] C. Cohen-Tannoudji, B. Diu, and F. Lalog, Quantum Me-
chanics (Wiley, New York, 1977).
[11] R. B. Griffiths, J. Stat. Phys. 36, 219 (1984).
[12] D.-S. Wang, quant-ph/1101.5002.
[13] W. H. Zurek, Rev. Mod. Phys. 75, 715 (2003).
[14] V. B. Braginsky and F. Ya. Khalili, Rev. Mod. Phys. 68,
1 (1996).
[15] R. P. Feynman and A. R. Hibbs, Quantum Mechanics
and Path Integrals (McGraw-Hill, New York, 1965).
[16] J. J. Halliwell, Phys. Rev. D 39, 2012 (1989).
[17] S. Popescu, A. J. Short, and A. Winter, Nature Phys. 2,
754 (2006); lquant-ph/0511225.
[18] D.-S. Wang, quant-ph/1101.0503.
[19] N. Bohr, Atomic Theory and the Description of Nature
(Cambridge Univ. Press, New York, 1934).
[20] J.-W. Pan et al., Phys. Rev. Lett. 80, 3891 (1998).
[21] H. D. Zeh, Found. Phys. 1, 69 (1970).
[22] M. B. Plenio and S. Virmani, Quantum Inf. Comput. 7,
1 (2007).
W. K. Wootters, Phys. Rev. Lett. 80, 2245 (1998).
. E. Lépez et al., Phys. Rev. Lett. 101, 080503 (2008).
. Yu and J. H. Eberly, Science 323, 598 (2009).
. C. Ghirardi, A. Rimini, and T. Weber, Phys. Rev. D
34, 470 (1986).

[1


mailto:wdsn1987@gmail.com
http://arxiv.org/abs/quant-ph/0511225

