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The objectivity of quantum measurement is treated as an emergent phenomenon with /N observers
who can agree to the same result of measurement, and meanwhile, they can identify their records
with each other. In this many-observer world (MOW), an objective quantum measurement is dealt
with as a multipartite [(N + 1)-body] quantum correlation among the measured system and N
observers when its bipartite reductions are the same classical correlations. With this conceptual
clarification, we find that, an objective quantum measurement is implemented if and only if the
MOW is initially factorized in a pure state and then the total system can evolve into a generalized
GHZ state with respect to the orthogonal basis preferred by each observer. Especially, such objective
quantum measurement is recast in ideal classical correlation when the observer world is macroscopic

for N — oo.

PACS numbers: 03.65.Ta, 03.67.-a

I. INTRODUCTION

In physics, the objectivity is used to describe the obser-
vation (or measurement) without personal bias; in prin-
ciple all observers should agree to the same observation
about the output from an experiment or a theoretical
model. In the Copenhagen version of quantum mechanics
interpretation (QMI), however, the objectivity of mea-
surement seems not to be guaranteed since a measure-
ment by an observer could causes an dramatical change
of quantum state [1]. This is because Copenhagen inter-
pretation treats the measuring apparatus (or observer)
as a purely classical term, and thus leads to the wave-
function collapse (WFC).

Many physicists [2-5], however, felt weird that the ap-
paratus (or observer) is composed of indispensable ingre-
dients in quantum prescription, but it does not abide by
quantum mechanics. Therefore, the “built-in” interpre-
tations are proposed without postulating the pure classi-
cality of measuring apparatus joyed by the WFC, e.g., de-
coherence approaches [1, 6-9], consistent history [10, 11],
and the many worlds interpretations (MWI) [12, 13].
To go much beyond these approach, quantum mechanics
even was interpreted as an effective theory coming from
some underlaying theory, e.g., Bohm’s hidden variable
approach [14, 15], 't Hooft’s deterministic and dissipa-
tive theory [16-19], and Adler’s trace dynamics theory
[20, 21].

In this paper, we develop a “built-in” approach for
quantum measurements with many (V) observers that
only obeys the Schédinger equation without entailing
any postulation like WFC. In the many-observer world
(MOW), the measurement in quantum mechanics is
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treated as a dynamic process to generate the same bi-
partite classical correlations, which can be reduced form
the (N + 1)-body correlation of the entirety formed by
the measured system plus MOW. In this sense our ap-
proach does not seems much different from the quantum
Darwinism approach based on the decoherence theory, in
which the each independent fractions of environment can
behave as an observer [1, 6-9], but in our approach, the
objectivity of quantum measurement is rigorously clar-
ified when we further require that the consequences of
measurement by an observer can be witnessed by the
others, and then different observers measuring the same
object can agree to the same result.

With this rigorous clarification in basic concept, we
find that if and only if the initial state of the MOW is
pure state and the coupling between the system and the
MOW is of non-demolition, an unitary evolution of the
entirety (formed by the system plus N observers) can
reach a generalized GHZ state. Then, in the macroscopic
limit with N — oo, its bipartite reductions become the
same classical correlation with respect to the preferred
basis so that an objective quantum measurement results
from a dynamic process without referring the postulate
of wave function collapse (WFC). This finding uncovers
two facts: 1. Our approach mathematically describes
the simultaneous emergence of objectivity and classical-
ity, which is robust for the sequential measurements by
different observers; it is the macroscopic characters of
observers as well as the MOW that guarantee the two
basis vectors of MOW correlated to different states of
the system are orthogonal with each other; only when
N — 00, an ideal measurement can be accomplished in-
stantaneously; 2. Our approach are essentially “built-
in” since it can not refer anything out of our quantum
entirety. Here, the classical-quantum boundary distin-
guishing system and observers rests with the macroscop-
icality of MOW if it is regarded as coarse-graining of the
infinitely many observers.



II. QUANTUM MEASUREMENTS WITH TWO
OR MORE OBSERVERS

In order to present our objective approach to measure-
ment in quantum mechanics we revisit the QMI based on
decoherence. Here, an quantum measurement or observa-
tion is completed by two steps: (S1) The non-demolition
coupling of the system S to the apparatus (observer) D
unitarily leads to a pre-measurement, a quantum entan-
glement between S and D with respect to a given basis
{Is)|s = 1,2,...,1} for the Hilbert space of S, and the
coupling prefers the specific observable A of S to be mea-
sured, where A|s) = as|s); (S2) The environment E sur-
rounding S selects the preferred basis |s) so that the pre-
measurement becomes a quantum measurement, which is
precisely defined as a classical correlation emerging from
the quantum entanglement for pre-measurement.

Let |d) and |e) be the initial states of D and E re-
spectively. In measuring the system S initially prepared
in a superposition, the state of total system (universe )
S + D + E will evolves into a partially entangled state

[9) = (D esls) ®ds)) @ le), (1)

from the initial product state |¥(0) = |15(0))®|d) ® |E).
Here, |ds) = Us(D)|d) is a states of D correlated to each
system state |s) and Us(D) is the S-state dependent evo-
lution matrix. In S2, the environment will become en-
tangled with the system so that the total system reaches
a GHZ type state

0) =" cls) © [dy) © es), (2)

where the environment |e;) = Ug(FE)|e) are orthogonal
with each other, i.e., (es|less) = d5,5. By tracing over the
variable of F, the correlation between S and D occurs
with the representation of the reduced density matrix
psp = Trg|V)(¥], that is,

PSD :Z|CS‘2|SadS><S7ds|7 (3)

where |s,ds) = |s) ® |ds). The above separable state
implements a quantum measurement with the help of
environment F. Usually, we do not need to require
the states {|ds)|s = 1,2,...} being orthogonal with
each other. One could distinguish the systems states
{Is)|s = 1,2,...,1} so long as (dy|ds) # 1, i.e, the ob-
server’s corresponding states are not identical. Of course,
an ideal quantum measurement requires the observer’s fi-
nal states to be orthogonal, guaranteeing the objectivity
of obtained results (we will prove this point in the fol-
lowing).

It is noticed from Eq. (2) that when {|ds)|s = 1,2,...}
as {les)[s = 1,2,...} well as are orthogonal with each
other, we can not mathematically distinguishes between
the observers and environment since it displays a per-
mutation symmetry for |ds) and |es) exchange with each
other. Thus the current decoherence approach does not

clearly claim what is the boundaries among observer and
the environment. With this consideration, we can replace
the environment with an extra observer D’. Actually,
Zurek has stressed many times that the environment in
the decoherence approach has been recognized as a wit-
ness of the measurement, which essentially plays the role
of another measuring device or observer; an large envi-
ronment with redundancy of degrees of freedom can be
divided into several portions, which could be regarded as
observers.

With the above considerations we can define the quan-
tum measurement with two or more observers where the
total system is made up of a system S and two observers
D and D'. Let |ds) (|d})) for s = 1,2,...,1(I') forms a
basis of D (D’) space of the observer 1(2). Then a two
observer-quantum measurement is implement by a tri-
partite decomposition

|¥) = ch|5> ® |ds) ® |d;>7 (4)

Due to the observer-1 measuring the system, there also
exists a correlation between S and D’ described with the
reduced density matrix pgp = Trp|¥) (], or

pspr = 3 leslls. di) (s, ). (5)

if D’s states {|ds)|s = 1,2,...} are orthogonal with each
other. If the basis vectors |s) of S are orthogonal with
each other, the two observers can compare their obtained
results through a classical communication defined by the
reduced density matrix

pop = Trs| U)W = e ldy, i) {ds,dy].  (6)

We remark that: (1) in the above operation, taking
trace implies that the Born rule has been used to do some
average or coarse-graining; (2) the above arguments and
the the following discussions can be extended to the situ-
ations with more than two observers, and the N-observer
approach for quantum measurement will reveals the es-
sential relations of the objectivity to the emergence of the
classicality within the quantum world in the macroscopic
limit [22]; (3) We can use the tripartite correlations (3),
(5) and (6) to define an objective quantum measurement,
and thus the non-orthogonal vectors can not be distin-
guished objectively. In fact, if {|s)|s = 1,2, ..1} were not
orthogonal with each other, then there would not be per-
fect classical correlation like Eq. (6), namely, the reduced
density matrix

ﬁDD/ = pDD/ + Z CSC:/|ds7 d;/><ds, d;/‘<8‘3/>
s#s!

contains a coherent term ppp—ppps, which will blur the
perfect correlation of two observers to do the mutual con-
sulting about their observations. Thereafter we schemat-
ically illustrate a quantum entanglement (or a imperfect
classical correlation) in Fig.1(a) where the correspon-
dence of the states |ds) to |s) with a circle of blurred



Figure 1: (a)Premeasurement of a high spin like in the Stern-
Gerlach experiment represented by an quantum entanglement
between the splitting spatial wave packet states |ds) and the
spin states |s) (denoted by the blurred circle). (b) The quan-
tum measurement after decoherence. The states |s) and |ds)
are not entangled but become classically correlated, as clearly
depicted by the solid line circle.

lines. After the decoherence induced by environment or
another observer, the emergent classical correlation is de-
noted by a circle of solid line in Fig. 1(b).

III. OBJECTIVITY OF QUANTUM
MEASUREMENT

Without loss of generality, we consider the objec-
tivity in a “two-observer” measurement and the initial
state is represented by a density matrices p (p may be
mixed). We first define what is an objective quantum
measurement for the case with two observers; the “many-
observer” generalization is straightforward.

Let Hg, Hp and Hps be the Hilbert space of the sys-
tem S and two observers D and D’ respectively. For a
given basis vectors {|s)|s = 1,2,...,1} of Hg to be mea-
sured, if the state p of the three body entirety satisfies

l

Trpp =Y lesPls, ds)(s, dl, (7a)
s=1
l
TI‘Dp - Z |cs|2‘5a d;><5, d./9|7 (7b)
s=1
l
Trsp =Y leslds, di){ds, di], (7c)
s=1

namely, the classical correlation of S — D, S — D’ and
D — D' given by the bipartite reductions of p are the same
with respect to the preferred basis {|s)|s = 1,2,...,1},
then we say the two observers can together accomplish an
objective measurement or the measurement by different
observers possesses an objectivity.

Intuitively, the first two lines of the above three equa-
tions show that two observers can see the same results
of observation, while the correlation between D and D’

Figure 2: Correlation of three body S, D, D’. The overlapped
areas represents their correlation.

in the third line acquires a mutual consultation for their
observations. Schematically, we illustrate the quantum
objectivity in the Fig.2: the overlapped areas represent
the quantum entanglements pair by pair among S, D
and D’. In areas of SN D, SN D’ and DN D', there ex-
ist three bipartite correlations. These diagrammatically
shown results mean that in the areas SN D N D', where
these correlations can become perfectly classical (we will
prove as follows), the two observers can see the same re-
sults and also able to compare them with each other.

In the above definition of quantum objectivity, we
do not priori request that states {|ds)|s = 1,2,...},
{|d})|s = 1,2,...} as well as {|s)|s = 1,2,...} are or-
thogonal with each other. We will prove that their or-
thogonality can be implied by an additional requirement:
by preparing the observers initially in proper states, the
state of the total system will evolve into a pure state
in the form of tripartite Schmidt decomposition with
respect to the orthogonal states |ds), |d,) and [s) for
s = 1,2,..., which gives perfect classical correlation
of two parties among s, D and D’ formally defined by
Eqgs. (7a-7¢). In this situations, the objective quantum
measurement is so ideal that the maximum information
can be extracted.

To make the form of p concrete as well as the inter-
action of S with D and D’, we will prove the following
propositions.

Proposition 1: Satisfying Egs. (7a-7c), the density op-
erator p generally reads

P = Zpsr‘sa ds,d;><7", drad;‘; (8)

ST

where pgs= |cs|?, i.e.,

p=>lesl?ls, da, dl)(s, ds,d,|

+ Zps7'|87 d57 d/s><r7 dT" d;"|?
SET
For s # r, there is no any special constraints on pg,., and

they can take arbitrary complex numbers, as long as p is
positive semi-definite.



The proof of Proposition 1 is given in the appendix A,
and now we only demonstrate its implications with an
example :

p = |al?]0,0,0)(0,0,0] + |B?[1,1,1)(1,1,1]
+£[0,0,0)(1,1,1| +£7(1,1,1)(0,0,0 (9)

Obviously, it satisfies Egs.(7a-7c). When ¢ = af*,
p = |¥) (¥] is just the GHZ state with |¥) = «/|0,0,0) +
BI1,1,1) and it thus implement an objective quan-
tum measurement satisfying Tryp = |a|?]0,0)(0,0| +
|8]2]1,1)(1,1| for z = S, D, D'. We notice that, in this
example, because |1) and |0) are orthogonal with each
other, the measurement is so ideal that the pointer states
can be well distinguished. However, Proposition 1 is not
specific for orthogonal states of D and D', but the or-
thogonal basis of |ds) and |ds) can guarantee the perfect
objectivity of the measurement as we will show as follows.

Proposition 2: We assume that the tripartite state
Eq. (8) comes from the following unitary evolution

(0) @ ppp ()T, (10)

namely, the final state p is the result of the dynamic
evolution driven by the interaction of S to D and D',
then the objectivity of quantum measurement implies:

1) The initial state of observer ppp/(0) = pp(0) ®
ppr(0) is a pure state,

2) {|s)}, {|ds)} and {|d,)} are respectively orthogonal
basis sets.

Proof: Since Eq.(8) should apply for any initial state,
we choose ps(0) = |so)(so|. In this case, we have [ = 1
and p in Eq.(8) should only contain one term, i.e.,

p= |50’ d807 d;0><807 dsoa d;o" (11)

p=Up(0)U" = Ulps

Thus, p is a pure state and so is p(0) = UTpU. Since
p(0) = ps(0) ® pp(0) ® pp(0), its purity also implies
that pp(0) and pp/(0) must be pure states.

Next we choose a pure state ps(0) = |¢)(¢| as the ini-
tial state of S. The state of the total system p after
premeasurement,

p="Ul¢)(¢| ® ppp (0)UT

is also pure since we have proved that ppp/(0) is a pure
state. Thus p can be rewritten as p = |U)(¥|. For a gen-
eral pure state [U) = 3 Qs 55551, ds,,d,) (here
{Is1)}, {lds,) }, {ld%,) } do not have to be orthogonal sets),
we have

p = § 0815253,’)“17’27”3‘817dszad53><rlvd’l“27d7’3|7

where Cs,sys5,m1rars = Qsysgss Qpqpyry-  COmparing with
the form of Eq. (8), we have Cy, 5,557, rors 7 0 only when
$1 = 89 = s3 and r; = ro = r3. To satisfy this condition,
the pure state |¥) must have the form of

W) =" edls, da, d). (12)

S

Tracing over the degree of freedom of the first observer,
we have

Trp U)W = e,

ST

crldylds)]s, d)(r, dy|. (13)

Comparing it with Eq.(7b), we obtain
<d7’|ds> = 657’7 (14)

namely, the basis {|ds)} is orthogonal. With the same
reason, {|d.)} is also orthogonal. The above argument
can also be used to proved that {|s)} is orthogonal. [ ]

According to Proposition 2 proved above, to realize an
objective quantum measurement we can prior request the
total system is initially prepared in a pure state. Then
we can explicitly determine the form of this pure state
and its corresponding coupling to carry out the dynamics
of the objective quantum measurement. The result can
be claimed as follows.

Proposition 3: If and only if the pure state of the to-
tal system after a measurement is an tripartite Schmidt
decomposition

0) = els) @ 1ds) @ |do), (15)

with respect to the given preferred basis {|s)|s =
1,2,...,1} of Hg, then it can implement an objec-
tive quantum measurement satisfying Eqs. (7a-7c) with
{lds)|s = 1,2,...} and {|d})|s = 1,2,...} orthogonal
with each other.

The sufficiency of the above proposition is obvious.
We calculate the reduced density matrices of Eq. (15) di-
rectly, and they do have the form of Egs. (7a-7c). The
proof of the necessity is given in the appendix B . We
remark that the above proposition 1 can be regarded as
the generalization of Proposition 3 into the case with the
initial state being mixed where the tripartite Schmidt
decomposition is replaced by the density matrix.

It follows from the above proposition 3 that the tri-
partite Schmidt decomposition of the final state is nec-
essary and sufficient to realize an objective quantum
measurement. To generate such GHZ type state from
a product state with respect to the preferred basis
{Is)|s = 1,2,...,1}, defined by the system Hamilto-
nian ﬁs H5| ) = E,|s), the coupling Hamiltonian
H= HS + HSD + HSD/ should be of the non-demolition
type. Here, the coupling parts Hgp and H sp’ commute
with each other and [Hs, Hsp) = 0, [Hs, Hsp/] = 0,.

Thus HSD , HSD/and HS have the common eigen-vectors

{Is}|s =1,2,...,1}, i.e.,
ﬁSD|S> = hs(D)|S>7
which defined the basis vectors of D and D’

|ds) = exp[—ihs(D)t]|d),
|d5) = exp[—ihs(D") t]|d"),

Hgpi|s) = ho(D')|s)



Actually, it is shown from the above proposition and
its deduction that Egs.(7a-7c) define a quantum non-
demolition (QND) measurement, that preserve the phys-
ical integrity as well as the objectivity: If one measures
the system with respect to the very preferred basis |s),
the measurement does not change the probabilities of the
system in |s), while only changes the off-diagonal terms of
the reduced density matrix; the subsequent measurement
will acquire the same probability distribution. Further-
more, to stress how the Eqs. (7a-7c) explicitly reveals the
objectivity of the quantum measurement, we consider a
special case that the observer D’ cannot distinguish two
system states |s = 1) and |s = 2). That means the ob-
server has the same response for measuring the different
states. Namely, the unitary transformation U(D’) for
measuring cannot split the observer’s state according to
the superpositions of |s' = 1) and |s' = 2), i.e.,

UD)|s" = )@|d') = |1,dy)
UD)|s' = 2)@|d) = |2,d))

It leads to the tripartite Schmidt decomposition

l

|¥) = (e1]1, di) + 2[2, da)) ® |d/1> + ch|57 ds, d/s>
5=3

which gives the reduced density matrix of S with D as

psp = |e1?|1, di)(1, di| + |c2|?|2, d2)(2, da
!

+Clc§‘17 d1><2v d2| +Z |CS‘2|57 dS><57 d$|
s=3

This implies that without the witness ( distinguishing
states 1 and 2 ) of D', it is impossible to realize a perfect
classical correlation between S and D.

Our proposed objectivity of quantum measurement is
actually equivalent to the unobservability of the world
splitting in MWI. In DeWitt’s model [13] of MWTI , the
measurement with two observers can be described by a
final state

W) =D cols)| Ay — ) @] As — 5, B— gAy)

S

where |s) can refer to a high spin state in the general-
ized Stern-Gerlach experiment, which moves the pointer
state of the observer-1 from |A;) to |A; — s). The sec-
ond observer has two parts of memory, and first part Ao
records the high spin by moving from |As) to |4y — s)
while the second part B measures the first observer by
moving from |B) to |B —gA;). We can imagine |4;) and
| BY are the spatial wave packets center in A and B respec-
tively (see Fig.3). According to DeWitt , who used the
“many-worlds” to vividly rename Hugh Everett’s “rela-
tive state formulation”, when wave packets |47 — s) (
|As — s) ) are so narrow that (A; — §'|A; — s) = e
for j = 1,2, the pointer state |A; — s) can distinguish
different spins so that the observer (j = D, D’) in the

$ =
o =

o

Figure 3: The measurement of the particle spin. The spatial
wave packet is utilized as the apparatus. The spin degree of
freedom is entangled with the spatial wave packet, and the
“world” is splitted into many branches.

b

s-branch [s)|4; — s) ® |As — s, B — gA) can not see
[sVA1 — ') @ |[As — s', B — gA;) for s # §'.

In our approach of objective quantum measurement,
when the width of the wave packets is very small, the
vectors represented by narrow wave packets will be or-
thogonal with each other. In this sense, we can obtain
the classical correlations, such as

p(s, A1, Ag) = Z les[?|s, A1 — 5, A — 5)(s, A1 — 5, Ay — 5]

p(s7Ai) = Z ‘Cs|2|s;Ai - 8><57Ai - $|7

S

(i=1,2)

These classical correlation clearly defines an objective
quantum measurement of high spin. It is worthy to point
out that the above arguments of objective measurement
could not refer to the MWI, but we can gain the same
conclusion as that in MWI.

IV. INFORMATION TRANSFER, LOCALITY
RECOVERY AND ORTHOGONALITY

We can examine the significance of the above proposi-
tions from the point of view from information theory.

We first notice that Proposition 1 is not specific for
orthogonal states, and the non-orthogonal |ds) and |ds/)
can not perfectly guarantee the objectivity of the mea-
surement. Actually, the quantum measurement can be
understood as a procedure to extract information from
the measured system by observer, and an ideal measure-
ment can maximize the the extracted information. Here,
for a reduced state

l
ps =Trppi(p) = Z |Cs|2|5><5‘
s=1

of system, the information entropy of the measurement

H(ps|S) = =) (slpsls) In(slpsls) = = D les|* Infes|?



is defined [12, 13] with respect to a given orthogonal basis
S ={|s)]s = 1,2,...N}. When we treat the measure-
ment as a special unitary evolution p(t) = U(t)p(0)UT(¢).
Then, the measurement must decrease information en-
tropy, i.e., H(ps(t)|S) < H(ps(0)|S). The information
transferred can be qualified by the mutual information,
e.g.,

Is.p = H(ps) + H(pa) — H(psa)

where H(p) = —Tr(plnp). For the density matrix to
guarantee the quantum objectivity we have

I(SD;t) = H(pa)

for pg = >~ |es|?|ds){ds| . According to Hugh Everett and
others, the maximum quantum information can transfer
from the system to the observers when

I(SD;t) = H(ps(0)[S5)

Now we show that the quantum information trans-
ferred from the system to the observers is maximized only
when |ds)(]ds/)) are orthogonal; Furthermore, only when
the initial state of the total system is a factorization

p(0) = 3 cuciIs)rl @ pp @ po

then ps.= cscy, i.e., the final state of the total system is
a pure state — a tripartite Schmidt decomposition

|\IJ> = ch|$> ® |d9> ® |d/9>’ (16)

Actually, for information transferring, we first calculate

I(SD;t) = —TrppgInpg = Z (d|paln pa|d)
d

= Z |CS|2 Z<d|d5><d5| In pa|d) = Z |es|*(ds| n palds)
s d s

that is (ds|In pg|ds) = |cs|?.
This point can be proved with the help of the following
theorem [? |: for any density matrix p = Y p;p;, we have

H(p) < Zpi Inp; + ZmH(pi),

where the equality holds if and only if the support of
p;are orthogonal to each other.

Since {|s)} is an orthogonal basis, we have H(ps) =
H(psq) = . |cs|?In|es]?, and thus the mutual informa-
tion is Is.p = H(ps) + H(pa) — H(psa) = H(pa). For
pa = Y. |cs|?|ds){ds], it follows from the above theorem
that

H(pa) < Z || I feg |* + Z |es|*H (|ds)(ds|)
= les?Ines]?,

where the equality holds if and only if |ds) are orthogonal
to each other. Therefore, the mutual information Ig.p
achieves its maximum only when {|d;)} is an orthogonal
set.

Next we needs to re-examine whether or not there still
exist some curious quantum properties predicted accord-
ing to wave function collapse or its based protocols in
quantum information. The new starting point is our ob-
jective definition of quantum measurement. For example,
can an objective quantum measurement lead to the indis-
tinguishability of the non-orthogonal states? If we want
to “distinguish” two non-orthogonal states |s1) and |s3).
Now we refine the performance to “distinguish” |s1) and
|s2) as an objective quantum measurement to determine
c1 and co. Generally, suppose that the state we need to
“distinguish” is |p) = > ¢s|s), where {|s)} forms a basis
(need not be orthogonal) of S, and the initial state of the
two observers together is |T') =|d,d’). Thus, the initial
state of the total system reads

2(0) = S culs) @ 7).

S

The total system is isolated, and its time evolution obeys
quantum mechanics, thus the measurement process can
be described by an unitary evolution:

0) = U9(0) = D eslés), (17)

S

where |¢ps) = Uls) ® |T). We hope |¥) can satisfy the
three requirements of objectivity by Egs.(7a-7c). It fol-
lows from Trp/ W) (U] = 3! |es|?]s, di) (s, ds], that

l
ps = Tepp [ U) (W] = les|*[s)(s] (18)

s=1

According to the Born rule, the reduced state of .S after
the measurement reads as ps; = trp|¥')(V'], i.e.,

Ps = ZCSC:’TYD|¢S><¢S’|' (19)

If only the coefficients of cscf, with s # s in Eq.(19)
vanish, that is,

TI‘DD/ |¢s><¢s’| = 5ss/As- (20)

we can reach the form

pe= 3 ledPTenp|6:) (0:l- (21)

ss’

However, we will point out that if |s) and |s") are non-
orthogonal to each other, the above requirement Eq.(20)
could not be satisfied. In fact, if we suppose Eq.(20)
holds, we have

<¢s’ ‘¢s> = TrsTrpp: ‘¢s><¢s’| = HS(dss’As) =0, (22)



since dgsr = 0 for s # s’. On the other hand, as a unitary
evolution conserves the inner product, we have

(ds']ds) = (s'| @ (D] - |s) @ |D) = (s|s) #0,  (23)
which leads to a conflict and thus proves our claim.
Furthermore, Eq.(23) tells us that the inner product,
(ps'|¢s), does not depend on the measuring apparatus,
or observers, or environments. Thus, we also exclude
the possibility that (¢s |¢s) may tend to zero under the
thermodynamic limit.

Finally,we point out that the above definition of quan-
tum measurement refined with objectivity is actually
the celebration of the significance implied by DeWitt’s
model as well as the argument about quantum non-
locality given in Ref.[23]. In Ref.[23], Frank Tipler as-
sociated measurement of two local spins in a Bell state
|BY = (| 1) — | I1))/V/2 with two remote local unitary
transformations U, and Uy at two positions = and y that
are space-like separated, so that [U,, Uy] = 0. Let |D(x))
and |D(y)) be the local state of the observers at « and
y. Then we first perform the local measurement U, and
then carry out U,. This performance gives

%0 ) ® Dy (x), D
1) ® Dy (), Dy(v)

The performance of measurement about spins in re-
versed order can also result the same result, that is,
U.U,|B, D(x), D(y)) = U,U.|B. D(x), D(y)). This
means that the effects of two measurements are not cor-
related causally and there does not exist causality of
two measurements. According to Tipler, there needs the
third observer who can carry out the third measurement
U(z,y) to compare the two local observations, and tell
them whether or not they measured the spin in the same
direction. Here, as we stressed, it is just this measure-
ment that induces the classical correlations of the local
spin states and local observers without any long range
correlation-quantum non-locality. Let

Ulz,y)|Dy/y(2)) @ |D) = |Dyyy(x)) @ [D(T /1))
U(z,y)|Dy/,(y)) @ D) = [Dryy(y)) @ [D(F /1))

where |D) is the initial state of the third observer and
|Dy),) are its state correlated to |Dy, () (@ = z,y).
Then it follows from |¥) = U(z,y)U(z)U(y)|B) ®
|D(x), D(y)) @ |D(z,y)) that

S0 D) L D) Dy(a): L Dy ()

+1 1 Dy(2); 1 Dy(y) {4 Dy(x); t Dr(y)]

where we have defined | 1 Dy;) D)) = | 1) ®
|D+(x), Dy(y)) et al, and Trz|...] means taking trace
over the third observer. Obviously, due to the third ob-
server witnessing the two local measurements at = and
y and then results in a classical correlation, where the
occurrence of the local classical correlation |D4(x)) and
| 1) is obviously independent of the measurement made
by the observer at y, and vice versa.

U,U,|B) ® |D(z), D(y)) = (¥)

p = Tra[|[ W) (P[] =

V. CLASSICALITY FROM MACROSCOPICITY:
CENTRAL SPIN MODEL

In the above arguments we use the two observer mea-
surement as an illustration. We have shown that only
if |ds) and |d}) for different s are orthogonal with each
other, the quantum measurement is objective. Now we
will prove that if they are not orthogonal with each other,
we can still implements the objective quantum measure-
ment by using N non-ideal observers in the macroscopic
limit that N — oo. This means that the classicality
of quantum measurement emerges from the macroscop-
icity of the observer if we coarse-grain the collection of
these NV observers as two macroscopic observers. We have
perceived that Copenhagen QMI was challenged by ask-
ing where is the classical-quantum boundary, e.g., the
Schrédinger’s cat paradox. The following argument will
answer this question in a natural way and explain what is
the substantial difference between a quantum system to
be measured and its observer, both of which still abode
to the basic of quantum mechanics.

We need not to require a strict objectivity that N ob-
servers D) D@ D) gbtain the same result when
they simultaneously measure the system to form entan-
glement

(24)

N
V)= clsyo ] 1P,
s Jj=1

where the single particle states |dg])> (s = 1,2,...,1)
are orthogonal with each other. Now we only consider
the generic case that \(dgj )|d8)>| < 1. For very large
N, we can make a coarse-graining for the set of ob-
servers D = {DW DA . D™} into two macro-
scopic  sets, D = {D(l) D(Q) ., DM} and D' =
{D+1), D(2)7 ..., DY If n is also macroscopically
large, the N + 1-particle state (24) can resort to the
Schmidt decomposition (15) by writing down

n N
d.) = [[ ®ldY), [T @ld ) (25
Jj=1 j=n+1
Then it is easy to show that, in most cases
(dsldi) = [Py — 0
Jj=1
N
(@ldy) = ] @P1d;”) =0 (26)
Jj=n+1

in the macroscopic limit both n — oo and N — oo.
Therefore, with coarse-graining, we reduce the quantum
measurement with N observers, into the two-observer
measurement. It is worthy to emphasize the objectivity
of N-observer measurement is guaranteed by the macro-
scopicity of the two “effective” observers D and D’ from
coarse-graining, which results in Eq. (26), and in turn
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Figure 4: Central spin model. The spin environment is di-
vided into two parts as two macroscopic devices D; and Ds.
In the splitted two worlds after measurement, even if the
states of each single spin are not orthogonal (1 |[R1(-g) DI
Rge) (t)| 1) # 0, the two states of Dz are still nearly orthogo-
nal, i.e., (D® ()| D® (£)) >~ 0 [see Eq. (32)], which guarantees
the objectivity of the macroscopic measurements by D; and
Ds.

gives a perfect tripartite classical correlation. In this
sense, we can safely say the objectivity emerges in a quan-
tum word because its observers possess the macroscop-
icity in large N limit, namely, the observers consists of
macroscopically many blocks, each of which behaves as
an observer, and need not to entangle with the system
perfectly. In short, the difference between the system and
observer lies on the macroscopicity of the observers.

In the following, we use a central spin model to
demonstrate the objectivity in quantum measurement
[7, 22, 24]. We show that the condition of objectivity
is more feasible to be satisfied when the measuring de-
vices consist macroscopically many degrees of freedom.

The quantum system to be measured is a central spin
which has two states |e) and |g). The central spin is sur-
rounded by another N spin-i particles, and the Hamil-

2
tonian of the total system reads

N
H = Ele){el + ) _(wio] +gi6

i=1

where &7 = | 1):(T [~ i(d | and 67 = [ 1s(} |+] Dt |
are the Pauli matrices for the i-th spm.

The N spins in the “environment” are separated into
two groups denoted as D; and Dy (see Fig. 4), which con-
tains Ny and N spins respectively (In the above discus-
sions, we have N1+ Ny = N). We have their Hamiltonians

i)+ le) |Zm 7, (27)

as,
Ny
2 ~z ~T
Hpy = (w1.i67,; + 91i67,),
i—1
N>
& Az AT
Hpy = E (w2,j03 j + g2,j05 ;)-

Jj=1

We regard D; and D, as two macroscopic apparatus,
each of which contains many even infinite degrees of free-
dom. An objective measurement requires that each two
parts of S, Dy and Dy must be classically correlated, as
we have discussed above. We will see that this is easily
guaranteed by the macroscopicity of the two apparatus
D1 and Dg.

We assume that the initial state of the total system is

[T(0)) = (cglg) + cele)) ® [D1) @ |D2),  (28)

where |D; 5) are the initial state of the apparatus, and

N1 Nz
D) = @11, 1D2) = Q)11

The total system evolves according to U(t) = exp[—iHt],
and reaches

(U (t)) =cglg) ® | D (t)) @ D (1))
+cee Be) @ |DS (1)) ® DSV (1)), (29)

where \D(e &) (1)) are the corresponding states of the two
macroscopic apparatus, namely,

® RY)( (30)

for « = g, e, and R( )(t) = exp[— szfl)t] is a rotating
operator for the i-th spin of D,, generated from the single
effective Hamiltonians

|D(O¢) (1)) =

|D(Ot) (1)) =

(&) Az AT
Hd i = Wn,i0p + In,iOn >

H(e) (Wn,i + Nn, l)anz + 9n, 10nz (31)

By the requirement for the objectivity of measure-
ment, the tripartite state Eq.(29) must have a GHZ
form Eq.(15) to guarantee that each pair of S, D; and
D, are classically correlated [see Eqs. (7a-7c)]. This re-
quirement is satisfied if and only if the Loschmidt echo
B = ‘<D<g>( )\D;e>(t))| = 0forn=1,2[24]. In the

above example, it has a factorized form,
By = | (0P (1) D (1)] = H [t IRE @ B0 1)

= H(l —sin? u&t - sin? ¢&)(1 — sin? p&t - sin? ¢2),

(32)
where we denote
/%(ze)z [(Wnyi + i) + 92, 2 93, Sln¢(e) _ g’l(le,; ’
n.i
Nifi = [w 7211 +gr2t,i]%7 Sin¢>£§2 = % (33)
n,i
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Figure 5: The decay of the Loschmidt echo Fp with time ¢
[see Eq. (32)]. We set ,usbg_)i =1 as the energy unit. Other pa-
rameters are ,uile‘)i = 1.2, gn,; = 0.2. When the particle number
N becomes large, The Loschmidt echo Fr quickly decays to
zero, and only revivals at certain time, which becomes negli-
gible when N — oo.

In the above product Eq. (32), each term is no greater
that 1. Therefore, in the thermodynamic limit N; o —
oo, i.e., both Dy and Dy consist infinite spins the
Loschmidt echo automatically decrease to zero within a
quite short time (see Fig.5). When F ~ 0, each two of
the tripartite system S, D; and D, become classically
correlated as we mentioned before [see Egs. (7a-7c)]. At
this moment, we can say that the measurement results
obtained by D; and D, are objective, because they can
check their results with each other and reach an agree-
ment.

It should be noticed that in the above example, even
if the states of each single spin are not orthogonal (7

|[R§g)(t)]T . REe)(t)\ 1) # 0, the two states of D) are

still nearly orthogonal, i.e., (D%g)(t)|D§Le) (t)) =~ 0 [see
Eq. (32)], and this orthogonality naturally becomes ex-
act in the thermodynamic limit N; o — oo. That means,
the objectivity of the measurement is guaranteed by the
macroscopicity of the measuring devices Dy and Ds.

VI. CONCLUSION AND REMARKS

In this paper, we shows that, when two (or more) ob-
servers classically correlated to the same preferred ba-
sis of the system, the quantum measurement is thought
to be objective. For a two(or many)-observer quantum
measurement, two observers are also required to com-
pare their observations with each other. This compar-
ison is implemented by some communication, which is
also exactly described as the inter-observer classical cor-
relations. By refining quantum measurement by stressing
objectivity, the quantum puzzles, such as the EPR para-
dox, et al, no longer emerge as the very nature of quan-
tum mechanics. We have presented three mathematical

propositions to support our conclusion. Here, the quan-
tum locality is restored by modeling two/many observers
according to quantum mechanics without any classical
ingredient needed.

The emergence of classicality in quantum measurement
is closely related to the defined objectivity we require for
refining quantum measurement. The classical reality also
is clearly described by the triple correlation in avoiding
the abstract concepts of information theory. It is selected
by the environment from the quantum world to survive
as an objective existence. In our approach we only sin-
gle out the measured system from the quantum world,
and all others including observers and environments are
placed coequally. Undoubtably, these findings shows that
some of quantum puzzles only due to the vague defini-
tion of measurement in quantum mechanics, which was
obviously blurred by some purely imaginary issues, such
as the wave function collapse. In this sense our approach
is just accommodated by MWI where each world branch
exists democratically, and thus each object in this branch
also exists equally.

These arguments in favor of the hypothesis that the ob-
servers and environments are macroscopic. We have illus-
trated this observation with the central spin model. Here,
we can also envision the N-observer world is grouped as
one (or several) macroscopic observer(s), each of which
also contains macroscopically many individuals and pos-
sess effectively orthogonal basis. This idea well accommo-
dates to the quantum Darwinism interpretation (QDI) of
quantum mechanics by Zurek et al [9, 25]. Here, the envi-
ronment with redundant memory can behaves an witness
to acquire the pointer states without disturbing the clas-
sical reality of these states. One can regard our macro-
scopic observer as the redundant environment in QDI,
and only certain stable states can be measured repeat-
edly. Those states with more quantum coherence are
obviously unstable in this environment. In this means,
the QDI actually gives a preliminary supporting evidence
for our approach.
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Appendix A: Requirement of objectivity

Proposition: If the two-body reduced density operators
of the universe (composed by S, D and D’) satisfies



l
TI"D’P - Z |CS|2‘Sa d8><$7 dSl»

(A1)
s=1
l
Trpp =Y _lesl’ls, d)(s, dy, (A2)
s=1
l
Trsp = |col?|ds, d}){ds, d], (A3)

s=1

where {|s)}, {|ds)} and {|d})} are linearly independent
vector sets (not necessarily orthogonal) for Hg, Hp and
‘Hp respectively. Then the density operator of the uni-
verse p must have the from of

p= Zpsr|3a dsv dlg><ra dr7 d;~|

s,r

(A4)

To prove this proposition, we first introduce the fol-
lowing lemma:

Lemma: If A is a positive n X n matrix and B is a
nonnegative n X n matrix, and TrAB = 0, then B = 0.

Proof: For B > 0, we choose B diagnosable in a given
orthogonal base {|n)}, i.e.,

Bln) = An|n). (A5)
Then,
0 = TrAB = (n|AB|n)
= > Au(n|An). (A6)

Since B > 0 implies A\, > 0 and A > 0 implies (n|A|n) >
0, we only have A,, =0 so that B=0. B

Now we come back to prove the proposition. Let vector
sets {|s)}, {|ds)} and {|d.)} be the basis for Hg, Hp and
Hp respectively. Thenp can be generally written as

p= 20818253-,T17‘2T3|81a d827 d;3><7’1, d’fz) d;‘3|’ (A7)

and the reduced state of the SD subsystem is

TrD’p = Z 051528377"17‘2% <d{13 |d;3>|$1’ d52><7”17 dT2 |
(A8)
Compare this equation with Eq.(A1), we have

o\
E : 0318283-,7‘1T2T3 <d73 ‘d53> = 5817‘1 5527‘2 55152 Qg

5373

(A9)

and a; = |¢;|? for I > j; and a; = 0 when j > [. Thus,
hereafter we can restrict our analysis to the generic case
1< 51,892,583 <1

We define the [ x [ square matrices C(s182;7172) by

[0(5152; 7“17”2)}53,7-3 = 051525377‘17“27'3a
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and another [ </ matrix A is defined by A, ., = (d;,|d.,).
Notice that A is positive. For V|¢) = > As|d), we have
0 < (ly) =3, A%+ Aps - As, and thus the above equa-
tions gives

Tr[C(s182; 7172) A] = 517y Osgry Isy5 sy 1. (A10)

For s = r1 and sy = 7o, the matrix C(s182;5152)
is non-negative since it is a principal sub-matrix of
the non-negative matrix Cl,s,55,rrors-  Lhus, when
s1 # S2, we have Tr[C(s1s2;8182)A] = 0, which im-
plies C(s182;5182) = 0 according to the lemma. There-
fore, the diagonal elements Cj, s,s5,5,5055 7 0 only when
$1 = s2. With the same reason, by considering Eqgs. (A2,
A3) we can prove that C,syss,5,5055 7 0 only when
§1 = S§2 = S§3.

For non-diagonal elements Cy, s, 55 r1rors, the necessary
condition for non-vanishing Cf, s,sq,rrars 1S 1 = S2 = 83
and r; = r9 = r3. Otherwise, for example, if s; = 55 = s3
is not satisfied, since it follows from the above discussion
that Cy,s,64,518055 = 0, the determinant of the following
sub-matrix would be non-positive

( 03132337813283 08132837T1T2T3 )
)

T17T273,515283

(A11)

T17T273,717273

but it should be non-negative because it is a princi-
pal sub-matrix of [Cs, syss,rrors]- Lherefore, if we de-
note Cgs,rrr 85 Por, we will get the required form as in
Eq.(A4). &

We notice that, for a mixed state p, the orthogonality
of {|s)}, {|ds)}, {|d.)} are not guaranteed automatically.
For example, for a tripartite state

p= ZPS‘Sa ds, d;><$a ds, d;|» (A12)

we can verify

Tepp =3 pls, de(s, dol - S (@ dNdLId,)
= > polss di)s, dol - DL (d L)
= Zps\s, ds)(s, dsl,

Trpp = pils. d.){s, .|,

Trsp =Y pslds, di)(ds, d}.

Here, we do not require that {|s)}, {|ds)}, {|d})} must
be orthogonal.

Appendix B: Tripartite Schmidt decomposition

In this appendix we give the proof of Proposition 3
in details. We consider its necessity: only if the total



system in measurement evolves into a special pure state
that is the tripartite Schmidt decomposition with respect
to the given preferred basis {|s)|s = 1,2,...,1} of Hg,
then an quantum measurement is objective defined by
Egs. (7a~7c) . To this end we consider a bipartite pure
state | ap). If we have known pa = Trp(|vap) (Yag|) =
> leil®|Ai) (Ai| (here {|A;)} does not have to be or-
thonormal), then |¢45) must have the form
= e’ |A;) @ |B;)
1

[YaB) (B1)

where {|B;)} is an orthonormal set, and 6; can be cho-
sen arbitrarily. This is because the bipartite state |t ap)
always can be written as

|Yap) = Z@ij |As) ® |B;) = Z%‘ |4;) ® |B;) (B2)

where {|B;)} is an orthonormal basis, and

Z j &7«7 |B
B;) = 2= . |eul? ;| (B3)
‘ Z]' ‘O‘ZJ |2 | | Z J |
Thus the reduced density matrix of system A is
A= lail?[Ai)(A;
+ 3 o (By|By) |A:) (4] + hec. (B4)
i#£]
Since we have known pa = >, |c;|*|4;)(A;], we must

have o; = ¢;e'% and (B,|B;) = 0 . Therefore |1)4p5) has
the form of Eq.(B1). Notice that here {|A4;)} does not
have to be orthonormal, while {|B;)} is orthogonal.
Now we prove the necessity of the above proposi-
tion, namely, if the bipartite correlations in |Vsppr)
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satisfy the classical correspondence Egs. (7a-7c), then
|Pspp/) must be a tripartite Schmidt form, and
{I$)}, {lds)}, {|d.)} must be orthogonal basis.

Proof: We first treat S and D as a whole, thus (¥ sppr)
can be regarded as a bipartite state S + D + D’. From
the above discussion and Eq.(7a), |¥spp/) must have
the following tripartite Schmidt form

Wspp) =Y csls, do) @ |d), (B5)

S

where {|d,)} is an orthogonal basis, and we have ab-
sorbed the arbitrary phase in |d.).

Now we will prove {|s)}, {|ds)}, {|d})} must be orthog-
onal sets. With the same reason, Eq. (7b) guarantees that
|¥spps) also has the form

Wspp) =Y cdls) ®|ds) @ |dL), (B6)

S

where {|d.)} is an orthogonal basis.
The above Egs. (B5, B6) should be equal, thus we must
have

chlsy ds7 J;> = ZCS‘S’ CZS’ d;)

= ZCS<dT|JS><J’;|d/s> “Is, dr, d~é>’

s,r,t
which requires (dy|ds)(d}|d.) = ysd¢s. Since ‘(dT|JS)

(d)|d.)| < 1, we must have (d,|dy) = (d}|d’) = 1 when

we set r = s = ¢, that is, |d) = |d), |d,) = |d.). There-
fore, {|ds)}, {|d})} must be orthogonal sets. With the
same reason, combining Eqgs. (7a, 7c) we can also prove
that {|s)} must be an orthogonal set. [ ]
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