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Balance of information in bipartite quantum-communication systems:
Entanglement-energy analogy
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We adopt the view that information is the primary physical entity possessing objective meaning. Based on
two postulates stating that~i! entanglement is a form of quantum information corresponding to internal energy
and ~ii ! sending qubits corresponds to work, we show that in the closed bipartite quantum-communication
systems, the information is conserved. We also discuss the entanglement-energy analogy in the context of the
Gibbs-Helmholtz-like equation connecting the entanglement, of formation, distillable entanglement, and bound
entanglement. Then we show that in the deterministic protocols of distillation, the information is conserved.
We also discuss the objectivity of quantum information in the context of information interpretation of quantum
states and algorithmic complexity.
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I. INTRODUCTION

It is astonishing that after over 60 years of study, t
quantum formalism has only recently revealed us new p
sibilities due to entanglement processing being a root of s
new quantum phenomena as quantum cryptography with
Bell theorem@1#, quantum dense coding@2#, quantum tele-
portation @3#, quantum computation@4#, etc. It shows how
important it is to recognize not only the structure of t
formalism itself, but also the potential possibilities encod
within.

In spite of many wonderful experimental and theoreti
results on entanglement, there are still difficulties in und
standing its many faces. This seems to be a reflection of
basic difficulties inherent in the interpretation of the quant
formalism as well as quantum-classical hybridism in our p
ception of Nature. To overcome the latter, it has been po
lated that the existence of a unitary information field is
necessary condition ofany communication~or correlation!
@5–7#. In addition, the information interpretation of the qua
tum wave function has also been considered@6#. It rests on
the generic information paradigm, according to which t
notion of information represents a basic category, and it
be defined independently of probability itself@7–10#. It im-
plies that Nature is an unbroken entity. However, accord
to the double, hylemorphic nature of the unitary informati
field, there are two mutually coupled levels of physical re
ity in Nature: logical ~informational!, due to the potentia
field of alternatives, andenergetic, due the field of activities
~events! @11#. From the point of view of the generic informa
tion paradigm, the quantum formalism is merely a set
extremely useful informational algorithms describing t
above complementary aspects of the same, truly exist
unitary information field. It leads in a natural way to a
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analogy between information~entanglement! and energy be-
ing nothing but a reflection of unity of Nature.

Following this route, one attempts to find some use
analogies in the quantum-communication domain. Nam
physicists believe that there should exist laws governing
tanglement processing in quantum-communication syst
that are analogous to those in thermodynamics.

A short history of this view has its origin in the papers
Bennettet al., who announced a possible irreversibility o
the entanglement distillation process@12,13#. Popescu and
Rohrlich @14# have pointed out an analogy between distil
tion formation of pure entangled states and the Carnot cy
and they have shown that entanglement is an extensive q
tity. The authors formulated the principle of entangleme
processing analogous to the second principle of thermo
namics:Entanglement cannot increase under local quant
operations and classical communication. Vedral and Plenio
@15# have considered the principle in detail and pointed
that there is some~although not complete! analogy between
the efficiency of distillation and the efficiency of the Carn
cycle. In Refs.@16,17#, the entanglement-energy analogy h
been developed and conservation of information in clo
quantum systems has been postulated in analogy with
first principle of thermodynamics:Entanglement of com
pound systems does not change under unitary processe
one of the subsystems@16#. An attempt to formulate the
counterpart of the second principle in a way that is consis
with the above principle has been done~since in the original
Popescu-Rohrlich formulation, entanglement was not c
served!.

The main purpose of this paper is to support t
entanglement-energy analogy by demonstrating that in
closed bipartite quantum-communication system, the inf
mation is conserved. The paper is organized as follows
Sec. II, we describe a closed quantum-communication bip
tite system. Section III contains a formal description of t
balance of quantum information involving notions of phys
cal and logical work. In Sec. IV, we introduce the concept
useful logical work in quantum communication. In Sec.
we present the balance of information in teleportation.
©2001 The American Physical Society10-1
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Sec. VI, we discuss the entanglement analogy in the con
of the Gibbs-Helmholtz-like equation connecting entang
ment of formation, distillable entanglement, and bound
tanglement. In Sec. VII, we present the balance of inform
tion in the process of distillation. In the final section, w
discuss the objectivity of quantum information in the conte
of information interpretation of quantum states and algor
mic complexity.

II. CLOSED QUANTUM-COMMUNICATION SYSTEM:
THE MODEL

Consider a closed quantum-communication~QC! system
U composite of systemS, measuring systemM and environ-
mentR,

U5S1M1R, ~1!

where each system is split into Alice and Bob pa
SX ,MX ,RX ; X5A,B.

It is assumed that Alice and Bob can control the syst
SX , which does not interact with environmentRX . The MX
system consists ofmX qubits and continuously interacts wit
environmentRX . As a result, the systemMX , playing the
role of ‘‘ancilla,’’ is measured on a distinguished bas
ux1x2•••&, xi50,1 @18#. In this sense, the measurement
understood here asthe process of irreversible entangleme
with some environment, and the role of systemRX is to en-
sure this irreversibility. Note that in the above approach,
evolution of the system is unitary: we abandon the von N
mann projection postulate. Acting on one part of the e
tangled system, we have no way toannihilateentanglement.
The latter can change only by means of the interaction
both entangled subsystems. It may be thought that we
destroy entanglement, e.g., by randomizing the rela
phases on the subsystems of interest. However, if the re
tion of the wave packet isnot regarded as a real physic
process, then the above operation must be considered a
tangling the subsystem with some other system by mean
a unitary transformation. Thus the entanglement will n
vanish, rather it willspreadover all three subsystems.

The operations Alice and Bob can perform in our Q
system are as follows:~i! quantum communication: Alice
and Bob can exchange particles from the systemSX ; ~ii !
classical communication: Alice and Bob can exchange p
ticles from the systemMX . Note that the number of qubits o
the systemsSA and SB can change but the total number
qubits of the systemS is conserved~similarly for M ). Be-
sides, Alice and Bob can perform a unitary transformat
over the systemMX1SX , X5A,B.

We would like to stress once more that in our approa
the measurement represents an irreversible entangle
rather than the ‘‘projection’’ of the state. To see this, co
sider the case in which Alice and Bob share a singlet s
and Alice performs a measurement on it. The initial state
the systemMA1SA1SB (MA represents Alice’s ancilla
while SA andSB correspond to the particles forming a sing
state! is
02231
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uC&MASASB
5u0&MA

uCA
singlet&

5u0&MA

1

A2
~ u0&SA

u1&SB
2u1&SA

u0&SB
). ~2!

Then Alice performs the unitary operationU on subsystem
MA1SA . This operation corresponds to the interaction b
tweenMA andSA and can be represented by a C-NOT gate.
As a result, the whole system is in the state

uC8&MASASB
5

1

A2
~ u0&MA

u0&SA
u1&SB

2u1&MA
u1&SA

u0&SB
).

~3!

Furthermore,MA can be irreversibly entangled with the e
vironment systemRA ~which models the irreversibility of the
measurement!. But RA is still on Alice’s side, hence we hav
entanglement between systems (RA1MA1SA) and SB un-
changed and equal toE51 e-bit ~e-bit is a unit of entangle-
ment: it is defined as entanglement of a two-qubit sing
state!.

Of course, there are some interpretational problems if
imagines that Alice ‘‘reads out’’ the result of the measur
ment, as then we encounter problems coming from the p
sible extension of the model by the projection postula
However, for practical reasons~i.e., as far as a quantum in
formation qualitative description is concerned! informational
processes such as, e.g., quantum teleportation do not re
reading the data. Moreover, it must be noted that in the
sence of the projection postulate, the above model can
viewed as being consistent with a ‘‘many worlds’’ interpr
tation @19#.

III. CONSERVATION OF QUANTUM INFORMATION:
FORMAL DESCRIPTION

To determine the balance of information in the clos
systemU, we adopt two basic postulates@16,17#: ~i! en-
tanglement is a form of quantum information correspond
to internal energy;~ii ! sending qubits corresponds to wor
In accordance with the postulate~i!, the information is a
physical quantity that, in particular, should beconservedin
closed quantum systems, similar to energy. The second
tulate allows us to deal with communicationprocesses~in
thermodynamics, work is a functional of process!. To obtain
the balance, we must define our ‘‘energy’’ and ‘‘work
quantitatively. To this end, consider systemX described in
the Hilbert spaceH, dimH5d being in a state%X . We
define theinformational content IX of the state%X as follows
~cf. @20#!:

I X5 log2 dim H2S~%X!, ~4!

where dimH5d andS(%X)[S(X) are the dimension of the
Hilbert space and the von Neumann entropy of the sys
state, respectively. Note thatI X satisfies the inequality 0
5I X

min<I X<I X
max5 log2 dim H, where I X

min and I X
max are the

information content of the maximal mixed state and pu
state, respectively. Thus it is a well-defined quantity th
measures the informational content of the system%X .
0-2



in
m
n

th
a

i
so
l
t
th
rm
ot

ca
en

ce

e
b

e

–

e

m

tent

al
ng
ic
ne

ub-

ies,
e

le
m

ub-
on-

wo
ose

t,
1,

f
0.

nd
le-
of

l
ex-
en-

m-
-
l-
ot
hat
icle
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Formula~4! requires some explanation as usually one
terprets the von Neumann entropy as a measure of infor
tion. In fact, there is no contradiction. Imagine for a mome
that we admit the projection postulate, i.e., Alice knows
concrete result of the measurement. Then the von Neum
entropy measures the information gainafter the measure-
ment, while formula~4! corresponds to the informationprior
to the measurement, and this information, in particular,
maximal if the system is in a pure state. This is the rea
that we use the term informationalcontent, as it has actua
rather than potential~i.e., related to future measuremen!
character. Below we shall see that, after we abandon
projection postulate, the above formula allows us to perfo
a balance of quantum information in a consistent way. N
that the Hilbert space dimension used in formula~4! is
present also in the definitions of other notions~see below!, in
particular in the case of useful logical work~Sec. IV!. It
plays, to some extent, a role similar to that in channel
pacities theory or error correction codes, in which the dim
sion of an ‘‘error-free’’ subspace is a central notion.

Consider now the QC systemU, being in the initial pure
statec in , described by the general Alice-Bob Hilbert spa
scheme as follows:

HA

^ ^ HB

HA8

J c in , ~5!

whereHA^ HA8 and HB are the Hilbert spaces ofSA1MA

1RA and SB1MB1RA , respectively. Then in accordanc
with Eq. ~4!, the information contents of the Alice and Bo
subsystems are defined as follows:

I A5 log2 dim~HA^ HA8!2S~A1A8!, ~6!

I B5 log2 dim HB2S~B!, ~7!

where dim(HA^ HA8) and dimHB are the dimensions of th
corresponding Hilbert spaces whileS(A1A8) andS(B) are
the von Neumann entropies of the subsystems.

Now, after transmission of the systemA8 to the receiver
~Bob!, the Alice-Bob Hilbert space scheme is given by

HB

HA ^ ^

HA8

J cout ~8!

and the total systemU is in the final statecout.
Now, in accordance with the above ‘‘sending qubits

work’’ postulate, we considerphysical workperformed over
the systemU being aphysical transmissionof particles. Con-
sequently, we defineWp as the number of sent qubits of th
systemA8,

Wp5 log2 dim HA8 . ~9!

Note that after transmission of the systemA8 to Bob, there is
an increase of the information content of his subsyste
Then we say that the systemU performed thelogical work
02231
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Wl that is defined as an increase of the informational con
of the Bob~in general the receiver! system,

Wl5I out
B 2I in

B , ~10!

whereI in
B5I B, I out

B 5I B1A8. Then one can regard the physic
work as sending ‘‘matter’’ and the logical work as sendi
‘‘form,’’ which is consistent with the assumed hylemorph
nature of the information field. Subsequently, we can defi
the initial and final entanglement of the systemU as

Ein5S~B!5S~A1A8!, Eout5S~A!5S~B1A8!,
~11!

where obvious relations between the entropies of the s
systems hold. Now, in accordance with the first postulate,Ein
and Eout are simply initial and finalpotential information
contained in the total system. Having such defined quantit
it is not hard to obtain the following information balanc
equations:

Ein1Wp5Eout1Wl ~12!

or equivalently

I in
A1I in

B12Ein5I out
A 1I out

B 12Eout5const. ~13!

Note that the latter equation is compatible with the princip
of information conservation expressed in the following for
~equivalent to the one in the Introduction!: For a compound
quantum system, a sum of information contained in the s
systems and information contained in entanglement is c
served in unitary processes@16#.

To see how the above formalism works, consider t
simple examples with ideal quantum transmission. Supp
Alice sends anunentangledqubit of the systemS to Bob.
Then the physical workWp is equal to one qubit. As a resul
the informational content of Bob’s system increases by
thus also the logical workWl amounts to one qubit. O
course, in this case both ‘‘in’’ and ‘‘out’’ entanglement are

Suppose now that Alice sends a maximallyentangled
qubit to Bob. Here, again, physical work is one qubit, a
there is no initial entanglement. However, the final entang
ment is onee-bit and logical work is 0, because the state
the Bob system is now completely mixed.

Now we see that, according to the balance equation~12!,
the differenceWp2Wl between the physical and logica
work is due to entanglement. Indeed, as in the above
ample, sending a particle may result in an increase of
tanglement rather than performing nonzero logical work.

IV. USEFUL LOGICAL WORK:
QUANTUM COMMUNICATION

The basic question arises in the context of quantum co
munication. Does the balance~12! distinguish between quan
tum and ‘‘classical’’ communication in our model? It fo
lows from the definition that the physical work does n
distinguish between these types of communication. But w
about logical work? Suppose that Alice sent to Bob a part
of the systemMA in a pure stateu0&. But in our model such
0-3
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HORODECKI, HORODECKI, AND HORODECKI PHYSICAL REVIEW A63 022310
a state does not undergo decoherence. Then the logical
Wl is equal to one qubit@21#. Needless to say, it is no
quantum communication. Hence the logical work is n
‘‘useful’’ in this case.

In quantum communication, we are usually interested
sending faithfully any superpositions without decoheren
Therefore, it is convenient to introduce the notion ofuseful
logical work as follows.

Definition. Useful work is the amount of qubits of th
systemS transmitted without decoherence,

Wu5 log2 dim H, ~14!

where H is the Hilbert space transmitted asymptotica
faithfully. The latter means thatanystate of this space would
be transmitted with asymptotically perfect fidelity. We s
that the work performed in the previous example was
useful, since as a result of the process, only the statesu0& or
u1& can be transmitted faithfully.

V. BALANCE OF INFORMATION IN TELEPORTATION

To see how the above formalism works, consider the b
ance of quantum information in teleportation@3,22#. Now the
systemSA consists of a particle in an unknown state and o
particle from a maximally entangled pair, whereas the s
ond particle from the pair represents theSB system. The
systemMA consists of two qubits that interact with enviro
mentRA ~Fig. 1!.

The latter is only to ensure effective irreversibility of th
measurement and it is evident that its action is irrelevan
the information balance in the case of teleportation. As o
knows, the initial state can be written in the following form

c in[c05cS
A8

unknown
^ cS

A9SB

singlet
^ u00&MA

, ~15!

FIG. 1. Model of the quantum-communication system.
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where cS
A8

unknown
is the state to be teleported,cS

A9SB

singlet
is the

singlet state of the entangled pair, andu00&MA
is the initial

state of the measuring system. It is easy to check that
initial entanglementEin of the initial state is equal to one
e-bit. Now Alice performs a ‘‘measurement,’’ which is th
local unitary transformation on her joint systemSA81SA9
1MA . As a result,c in transforms to

c15
1

2 (
i 50

3

cS
A8S

A9
i

^ cB
i (unknown)

^ u i &MA
, ~16!

wherecSA ,SA9

i constitutes the Bell basis,cB
i (unknown) is rotated

cSA

unknown, andu i &MA
is the state of the systemMA indicating

the result of the measurement (i th Bell state obtained!. Since
Alice’s operation is unitary, it does not change the init
asymptotic entanglement. Subsequently, Alice sends the
particles of the systemMA to Bob. In accordance with defi
nition ~6!, it corresponds to two qubitsWp52 of work per-
formed over the system. At the same time, the statec1 trans-
forms toc2 of the form

c25
1

2 (
i 50

3

cS
A8S

A9
i

^ cB
i (unknown)

^ u i &MB
. ~17!

Finally, Bob decouples the systemSB from the other ones by
unitary transformation, which of course does not change
asymptotic entanglement.

After classical communication from Alice, entangleme
of the total system increased to the valueEout52 e-bits. In-
deed, Alice sends two particles of systemMA to Bob, which
are entangled with particlesSA8 , SA9 . On the other hand, the
logical work performed by the system in the above proc
amounts toWl51. One can see that the balance equat
~12! is satisfied, and is of the following form:

~Ein51!1~Wp52!5~Eout52!1~Wl51!. ~18!

One easily recognizes the result of the logical work in t
transmission of the unknown state to Bob. Since it is fai
fully transmitted independently of its particular form, we o
tain also that useful logical workWu is equal to one qubit.
Hence in the process of teleportation, all the work perform
by the system is useful, and represents quantum commun
tion.

VI. THERMODYNAMIC ENTANGLEMENT-ENERGY
ANALOGY: GIBBS-HELMHOLTZ-LIKE EQUATION

So far we have considered the balance of information i
closed QC system. For an open system~being, in general, in
a mixed state!, the situation is much more complicated, bei
a reflection of the fundamental irreversibility in th
asymptotic mixed-state entanglement processing@12,13,23#.
Namely, it has been shown@23# that there is a discontinuity
in the structure of noisy entanglement. It appears that th
are at least two quantitatively different types of entang
ment: free, which means useful for quantum communicati
and bound, which means a nondistillable, very weak, a
0-4
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peculiar type of entanglement. In accordance with
entanglement-energy analogy, this new type of entanglem
is defined by the equality

EF5Ebound1ED , ~19!

whereEF andED are the asymptotic entanglement of form
tion @17,24# and distillable entanglement@12#, respectively.
Note that for pure entangled statesuC&^Cu we have always
EF5ED , Ebound50 @13#. Then in this case the whole en
tanglement can be converted into the useful quantum w
@see Fig. 2~a!# with E[EF(uC&^Cu). For bound entangled
mixed states, we haveED50, EF5Ebound. It is quite likely
that EF.0 ~so far we know only thatEf.0 @25#, whereEf
is the entanglement of formation defined in Ref.@26#! and
then all prior entanglement of formation would be com
pletely lost. Thus in any process involving only separable
bound entangled states, useful logical work is just zero
general, however, it can happen that the state contains
different types of entanglement:

Ebound5EF2ED.0. ~20!

States of such property have not been found so far, but
believed to exist@27# ~cf. @29#!. It can be viewed as an analo
to irreversible thermodynamic processes where only the
energy~which is not equal to the total energy! can be con-
verted to useful work. This supports the view@17# according
to which Eq.~19! can be regarded as a quantum informat
counterpart of the thermodynamic Gibbs-Helmholtz equat
U5F1TS, where the quantitiesEF , ED , andEbound corre-

FIG. 2. This diagram illustrates the balance of quantum inf
mation in the entanglement distillation process for~a! the pure
states case,~b! the general case, and~c! the bound entangled state
case.
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spond to internal energyU, free energyF, and bound energy
TS, respectively (T and S are the temperature and the e
tropy of the system!.

The above entanglement-energy analogy has led to
extension@30# of the ‘‘classical’’ paradigm of local opera
tions and classical communication~LOCC operations!
by considering a new class of entanglement process
called here entanglement enhanced LOCC operat
~EELOCC!. In particular, it suggested that entanglement c
be pumped from one system to the other, producing differ
nonclassical chemical-like processes. In fact, it allowed u
find a new quantum effect, namelyactivation of bound en-
tanglement that corresponds to the chemical activation p
cess@31#. Similarly, a recently discoveredcatalysisof pure
entanglement involves EELOCC operations@32#. As a result,
the second principle of entanglement processing~see the In-
troduction! has been generalized@33# to cover the EELOCC
paradigm:By local action, classical communication, and
qubits of quantum communication, entanglement cannot
crease more than N e-bits.

Now, it is interesting in the above context to consider t
problem of information balance in the cases in which s
tems are in mixed states.

VII. BALANCE OF INFORMATION IN
THE DISTILLATION PROCESS

So far in our balance analysis the initial state of the Q
system has been pure. Let us consider the more general
Suppose that the initial state of the systemS is mixed. We
have not generalized the formalism to such a case. We
however, perform the balance of information in the case
the distillation process@12# ~see in this context@33#!. This
task would be, in general, very difficult, because almost
the known distillation protocols arestochastic. As one
knows, the distillation protocol aims at obtaining singl
pairs from a large amount of noisy pairs~in the mixed state!
by LOCC operations. A convenient form of such a proce
would be the following: Alice and Bob start withn pairs, and
after distillation protocol, end up withm singlet pairs. Such a
protocol we shall calldeterministic. Unfortunately, in the
stochastic protocols the situation is more complicated: Al
and Bob get with some probabilities a different number
output distilled pairs:

Since we must describe the process in terms of a clo
system, we will not see the above probabilities, but only th
amplitudes. As a result, we will haveno clear distinction
between the part of the system containing distilled sing
pairs and the part containing the remaining states of no u
ful entanglement.

Consider, for example, the first stage of the Bennettet al.
@12# recursive protocol. It involves the following steps:~i!
take two spin-12 pairs, each in input state%; ~ii ! perform

-

0-5
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operationXOR^ XOR; and ~iii ! measure locally the spins o
the target pair@if the spins agree~probability pa), keep the
source pair, and if the spins disagree~probability pd), dis-
card both pairs#. After this operation, we have the followin
final ‘‘ensemble:’’

$~pa ,one pair in a new state%̃ !, ~pd ,no pairs!%.

If we include an environment in the description, the eve
‘‘no pair’’ and ‘‘one pair in state%̃ ’’ will be entangled with
states of measuring apparatuses~and environment! indicating
these events. Then we see that our total system beco
more and more entangled in various possible ways, so th
is impossible to perform the balance of information.

Fortunately, in a recent work Rains@33# showed that any
distillation protocol can be replaced with a deterministic o
achieving the same distillation rate:

% ^ n→%out.ucdistilled&^cdistilledu ^ % rejected,

wherecdistilled is the state ofm distilled singlet pairs while
% rejected is the state of the rejected pairs. In this case
system can be divided into two parts,

S5Sdistilled1Srejected, ~21!

whereSdistilled is disentangled with the rest of the univer
and Srejected is entangled withM, hence also with environ
mentR.

This possibility of a clear partition between two system
is crucial for our purposes. Now the whole balance can
performed in this case as follows. As an input, we have
state% with the value of asymptotic entanglement of form
tion E5EF(%). Because it is mixed, we can take its puri
cation ~adding some ancilla! that would have entanglemen
E8. This is the initial entanglement in the process we exa
ine. The operation of partial trace producing the state% out
of the purification can be composed of two local part
traces. Thus it cannot increase entanglement, so thatE8 is no
less thanE, and we have a non-negative deficitD[E82E
>0. We can therefore split the total initial entanglementE8
into E ~carried by the state%) andD, which is not accessible
to Alice and Bob. Now one can perform the distillation pr
cess, having no access to the ancilla. After the process
state of our whole system is still separated according to
formula ~21!, but now the stateSrejectedinvolves the degrees
of freedom of the ancilla. The balance of the information c
now be easily performed taking into account, in particul
that distillable entanglementED can be interpreted as a us
ful work ~14! Wu ~Alice can always teleport through sta
uCdistilled&^Cdistilledu if she wishes!. To make the balance fully
consistent, one should subtract from both input and ou
data the additional entanglementD coming from an exten-
sion of the system to the pure state. As the input phys
work ~connected with optimal distillation protocol! is the
sameregardless of the valueD and the kind of ancilla, the
whole balance is completely consistent. The input quanti
of E, D, plus Wp as well as the output quantitiesED5Wu ,
D, andEout5E(% rejected)5Eboundare depicted in Fig. 2~b!. In
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particular, if we deal with bound entangled states, then
corresponding diagram takes the form of Fig. 2~c!.

VIII. OBJECTIVITY OF QUANTUM INFORMATION:
INFORMATION INTERPRETATION

OF QUANTUM STATES

As we have dealt with the balance of information in qua
tum composite systems, it is natural to ask about the ob
tivity of the entity that we qualify. In this section, we discu
that question and related ones in the context of quan
information theory and interpretational problems of quant
mechanics. As one knows, the latter holds up very well
commonly accepted interpretation. As a result, the numbe
different interpretations continues to grow while there are
operational criteria~except, maybe, the Ockham razor! to
eliminate at least some of them.

It is characteristic that despite the dynamical developm
of interdisciplinary domain–quantum information, to o
knowledge there is no impact of the latter on interpretatio
problems. In this context, a basic question arises: Do qu
tum information phenomena provide objective evidence
the existence of ‘‘natural’’ ontology inherent in quantum fo
malism?

It is interesting that out of the recently discovered qua
tum effects, only quantum cryptography@34# provides the
answer ‘‘yes.’’ To see it clearly, consider quantum crypt
graphic protocol. A crucial observation is that the possibil
of sharing a secret key is due to the fact that we send qu
tum statesthemselves, not merely theclassical information
about them@35#. Clearly, the latter could be duplicated
which is the reason why all classical cryptographic schem
are, in principle, not secure. Therefore, the use of qubit
crucial if we want like to take any advantage of the nov
possibilities offered by quantum information theory.

Now, as there are experimental implementations of qu
tum information protocols@36#, it follows that quantum in-
formation is objective and can provide a natural ontologi
basis for interpretation of quantum mechanics. Thus we
rive at the following important conclusion. Quantum stat
carry two complementary kinds of information, the ‘‘class
cal’’ information, involving quantum measurements, a
‘‘quantum’’ information, which cannot be cloned.

Note that this is consistent with an information interpr
tation proposed earlier of the wave function in terms ofob-
jective information content@6#. On the other hand, it contra
dicts the Copenhagen interpretation, according to which
wave functions have no objective meaning and only reality
the result of a measurement. It is remarkable that the ab
information interpretation of quantum states is compati
with the above-mentioned unitary information field conce
which rests on the assumption that information is physi
@7,37,38# and can be defined independently of probabil
itself. The first axiomatic definition of classical informatio
‘‘without probabilities’’ was considered by Ingarden and U
banik @9#. A quantum version of the definition was intro
duced by Ingarden and Kossakowski@10#. On the other hand
Kolmogorow @8#, Solomonoff @39#, and Chaitin@40# intro-
duced the concept of classical algorithmic information
0-6
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complexity. Recently, the classical algorithmic informati
was incorporated into the definition of the so-called physi
entropy being a constant of ‘‘motion’’ under the ‘‘demon
evolution’’ @41,42#.

Quite recently, algorithmic information theory was e
tended in different ways to quantum states by Vitanyi@43#
and Berthiaumeet al. @44#. In fact, one can convince onese
that the approaches@43# and @44# correspond to the abov
complementary kinds of information associated with t
quantum state. Indeed, Vitanyi algorithmic complexity me
sures the amount of ‘‘classical’’ information in bits nece
sary to approximate the quantum state@45#. Needless to say
from the point of view of quantum cryptography such info
mation is useless. On the other hand, the bounded fid
version of quantum Kolmogorow complexity measures
amount of quantum information in a qubit string and it
closely related to quantum compression theory@46–48#.

IX. SUMMARY

In conclusion, we have developed the entangleme
energy analogy based on some natural postulates:~i! en-
tanglement is a form of quantum information being a cou
terpart of internal energy,~ii ! the process of sending qubits
a counterpart of work. We also assume that the evolution
the quantum system is unitary.

Based on the above postulates, we have considered
balance of quantum information for bipartite quantum co
munication systems, i.e., the systems composed of two
tially separated laboratories endowed with a classical in
mational channel plus local quantum operations. We h
introduced the notion of the informational content of t
quantum state being the difference between the maxi
possible von Neumann entropy and the actual one. Thus
have defined physical work as the number of qubits ph
cally sent from Alice to Bob. We have also defined logic
work as an increase in the informational content of the B
state. To obtain a proper description of quantu
communication processes, we have also introduced the
, a

s
,

e

e

02231
l

-

ty
e

t-

-

of

the
-
a-
r-
e

al
e

i-
l
b
-
o-

tion of useful logical work as the amount of qubits transm
ted without decoherence.

Those tools have allowed us to perform the detailed b
ances of quantum information in two important processes
quantum communication: quantum teleportation and disti
tion of quantum noisy entanglement. In particular, we ha
discussed the question of balance of quantum information
open systems. In the context of the balance scheme an
lated notions, we conclude that the irreversibility connec
with the existence of bound entanglement can be viewed
an analog to irreversible thermodynamic processes wh
only the free energy~which is not equal to the total energy!
can be converted to useful work. This allows us to interp
the equation for entanglement of formation as the quan
information counterpart of the thermodynamic Gibb
Helmholtz equation.

Finally, we have discussed the objectivity of quantum
formation in the general context of some recent achie
ments of quantum information theory including quantu
cryptography and recent propositions of classical and qu
tum algorithmic information. This leads us to the conclusi
that quantum states reflect properties of quantum informa
as an objective entity involving ‘‘classical’’ and ‘‘quantum’
components that correspond to recently introduced ‘‘cla
cal’’ and ‘‘quantum’’ algorithmic complexities. So the ba
ance performed in the present paper concerns objective q
tities rather than purely formal objects. We hope that
present informational approach to bipartite quantum comm
nication systems, when suitably developed, may lead t
deeper understanding of the quantum information proces
domain.
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