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We adopt the view that information is the primary physical entity possessing objective meaning. Based on
two postulates stating thé) entanglement is a form of quantum information corresponding to internal energy
and (i) 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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[. INTRODUCTION analogy between informatiofentanglementand energy be-
ing nothing but a reflection of unity of Nature.

It is astonishing that after over 60 years of study, the Following this route, one attempts to find some useful
quantum formalism has only recently revealed us new posanalogies in the guantum-communication domain. Namely,
sibilities due to entanglement processing being a root of sucRhysicists believe that there should exist laws governing en-
new quantum phenomena as quantum cryptography with th@nglement processing in quantum-communication systems
Bell theorem[1], quantum dense codin@], quantum tele- that are analogous to those in thermodynamics.
portation[3], quantum computatiofd], etc. It shows how A short history of this view has its origin in the papers of
important it is to recognize not only the structure of the Bennettet al., who announced a possible irreversibility of
formalism itself, but also the potential possibilities encodeoIhe e_ntanglement dls_tlllatlon procef$2,13. Popescu _an_d
within. Rohrlich[14] have pointed out an analogy between distilla-

In spite of many wonderful experimental and theoretica/i®n formation of pure entangled states and the Carnot cycle,

results on entanglement, there are still difficulties in under—and they have shown that entanglement is an extensive quan-
9 ' tity. The authors formulated the principle of entanglement

star.1d|n.g .|ts many faces. T his Seems to b_e a reflection of th8rocessing analogous to the second principle of thermody-
basic difficulties inherent in the interpretation of the quam“mnamicsEntanglement cannot increase under local quantum

formalism as well as quantum-classical hybridism in our pernerations and classical communicatioviedral and Plenio

ception of Nature. To overcome the latter, it has been posty- 5] have considered the principle in detail and pointed out
lated that the existence of a unitary information field is atnat there is soméalthough not complejeanalogy between
necessary condition cdny communication(or correlation  the efficiency of distillation and the efficiency of the Carnot
[5-7]. In addition, the information interpretation of the quan- cycle. In Refs[16,17), the entanglement-energy analogy has
tum wave function has also been consideff It rests on  been developed and conservation of information in closed
the generic information paradigm, according to which thequantum systems has been postulated in analogy with the
notion of information represents a basic category, and it cafirst principle of thermodynamicsEntanglement of com-
be defined independently of probability its€f—10]. It im- pound systems does not change under unitary processes on
plies that Nature is an unbroken entity. However, accordingne of the subsystenj&6]. An attempt to formulate the
to the double, hylemorphic nature of the unitary informationcounterpart of the second principle in a way that is consistent
field, there are two mutually coupled levels of physical real-with the above principle has been daisénce in the original
ity in Nature: logical (informationa), due to the potential Popescu-Rohrlich formulation, entanglement was not con-
field of alternatives, andnergetic due the field of activities served.
(events [11]. From the point of view of the generic informa- ~ The main purpose of this paper is to support the
tion paradigm, the quantum formalism is merely a set ofentanglement-energy analogy by demonstrating that in the
extremely useful informational algorithms describing theclosed bipartite quantum-communication system, the infor-
above complementary aspects of the same, truly existingnation is conserved. The paper is organized as follows. In
unitary information field. It leads in a natural way to an Sec. I, we describe a closed quantum-communication bipar-
tite system. Section Ill contains a formal description of the
balance of quantum information involving notions of physi-

*Email address: fizrth@paula.univ.gda.pl cal and logical work. In Sec. IV, we introduce the concept of
"Email address: michalh@iftia.univ.gda.pl useful logical work in quantum communication. In Sec. V,
*Email address: pawel@mif.pg.gda.pl we present the balance of information in teleportation. In
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Sec. VI, we discuss the entanglement analogy in the context |V
of the Gibbs-Helmholtz-like equation connecting entangle-

ment of formation, distillable entanglement, and bound en- 1
tanglement. In Sec. VII, we present the balance of informa- =|0)m, =([0)s,|1)s,—1)s,|0)s). (2
tion in the process of distillation. In the final section, we V2

discuss the objectivity of quantum information in the context
of information interpretation of quantum states and algorith
mic complexity.

=[O, [ VE™)

ASASB

Then Alice performs the unitary operatidh on subsystem
"M+ S,. This operation corresponds to the interaction be-
tweenM, and S, and can be represented by aNGT gate.

As a result, the whole system is in the state

Il. CLOSED QUANTUM-COMMUNICATION SYSTEM:

1
THE MODEL W ), 5,8~ E(|0>MA|0>SAI1>SB—|1>MA|1>sA|0>sB)-

Consider a closed quantum-communicati@C) system

U composite of syster, measuring systeri and environ- ©®
mentR, FurthermoreM 5 can be irreversibly entangled with the en-
vironment systeniR, (which models the irreversibility of the
U=S+M+R, (1) measurementBut R, is still on Alice’s side, hence we have

entanglement between systeni®,(-M,+S,) and Sg un-

) o ) changed and equal =1 e-bit (e-bit is a unit of entangle-
where each system is split into Alice and Bob partsment: it is defined as entanglement of a two-qubit singlet
SX=MX1RX; X:A,B Staté.

It is assumed that Alice and Bob can control the system  Of course, there are some interpretational problems if one
Sx, which does not interact with environmeR\. TheMy  jmagines that Alice “reads out” the result of the measure-
SyStem consists Gﬁx qu|tS and COﬂtinUOUSly interacts with ment, as then we encounter prob|ems Coming from the pos-
environmentRy . As a result, the systerMy, playing the sible extension of the model by the projection postulate.
role of “ancilla,” is measured on a distinguished basis However, for practica| reaso[fge_' as far as a quantum in-
[X1%2- - -), x;=0,1[18]. In this sense, the measurement isformation qualitative description is concernéaformational
understood here afie process of irreversible entanglement processes such as, e.g., quantum teleportation do not require
with some environmenand the role of systerRy is to en-  reading the data. Moreover, it must be noted that in the ab-
sure this irreversibility. Note that in the above approach, thesence of the projection postulate, the above model can be
evolution of the system is unitary: we abandon the von Neuviewed as being consistent with a “many worlds” interpre-
mann projection postulate. Acting on one part of the entation[19].
tangled system, we have no waydonihilate entanglement.

The latter can change only by means of the interaction of |1l. CONSERVATION OF QUANTUM INFORMATION:

both entangled subsystems. It may be thought that we can FORMAL DESCRIPTION

destroy entanglement, e.g., by randomizing the relative ) ) o

phases on the subsystems of interest. However, if the reduc- 10 determine the balance of information in the closed
tion of the wave packet isot regarded as a real physical SyStemU, we adopt two basic postulat¢6,17: (i) en-
process, then the above operation must be considered as dgnglement is a form of quantum information corresponding
tangling the subsystem with some other system by means ¢ internal energy(ii) sending qubits corresponds to work.
a unitary transformation. Thus the entanglement will not /N @ccordance with the postulate), the information is a
vanish, rather it willspreadover all three subsystems. physical quantity that, in particular, should benservedn

The operations Alice and Bob can perform in our QCcIosed guantum systems, s_imilar to energy. The seco_nd pos-
system are as followsi) quantum communication: Alice tulate allows us to deal with communicatigmocessegin

and Bob can exchange particles from the sys®&m (i) thermodynamics, work is a functional of procesBo obtain

classical communication: Alice and Bob can exchange part€ balance, we must define our “energy” and “work

ticles from the systerM . Note that the number of qubits of duantitatively. To this end, consider systétrdescribed in
the systemsS, and S can change but the total number of e Hilbert spaceft, dim7{=d being in a stateoy. We
qubits of the systenS is conservedsimilarly for M). Be- define theinformational contenty of the statepy as follows
sides, Alice and Bob can perform a unitary transformation(Cf- [20D):
over the systepMXJrSX, X=A,B. ' I «=log, dim H—S(ey), (4)
We would like to stress once more that in our approach
the measurement represents an irreversible entanglementere dinfH=d andS(oyx)=S(X) are the dimension of the
rather than the “projection” of the state. To see this, con-Hilbert space and the von Neumann entropy of the system
sider the case in which Alice and Bob share a singlet statstate, respectively. Note thay satisfies the inequality 0
and Alice performs a measurement on it. The initial state of=17"<Iy<I17*=log, dim #, wherel}"" and I{** are the
the systemMp+Sp+Sg (M, represents Alice’s ancilla, information content of the maximal mixed state and pure
while S, andSg correspond to the particles forming a singlet state, respectively. Thus it is a well-defined quantity that
statg is measures the informational content of the system
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Formula(4) requires some explanation as usually one in-W, that is defined as an increase of the informational content
terprets the von Neumann entropy as a measure of informaf the Bob(in general the receivgsystem,
tion. In fact, there is no contradiction. Imagine for a moment
that we admit the projection postulate, i.e., Alice knows the Wi=loy— I, (10
concrete result of the measurement. Then the von Neumann ,
entropy measures the information gaifter the measure- Wherel =18, 15,=18"4"_ Then one can regard the physical
ment, while formula4) corresponds to the informatigorior ~ work as sending “matter” and the logical work as sending
to the measurement, and this information, in particular, is‘form,” which is consistent with the assumed hylemorphic
maximal if the system is in a pure state. This is the reasomature of the information field. Subsequently, we can define
that we use the term informationabntent as it has actual the initial and final entanglement of the systéiras
rather than potentiali.e., related to future measuremgent
character. Bglow we shall see that, after we abandon the Ein=S(B)=S(A+A"),  Eq=S(A)=S(B+A'),
projection postulate, the above formula allows us to perform (11)

a balance of quantum information in a consistent way. Notgyhere obvious relations between the entropies of the sub-
that the Hilbert space dimension used in form@ is  sysiems hold. Now, in accordance with the first postue,
present also in the definitions of other notidese below, in  anq £ are simply initial and finalpotential information
particular in the case of useful logical woec. IV). It contained in the total system. Having such defined quantities,

plays, to some extent, a role similar to that in channel cajt s not hard to obtain the following information balance
pacities theory or error correction codes, in which the dimengqyations:

sion of an “error-free” subspace is a central notion.

Consider now the QC systel, being in the initial pure Eint Wp=Equt W, (12
statey,, described by the general Alice-Bob Hilbert space )
scheme as follows: or equivalently
Ho IS+ 18+ 2= 14,418+ 2E = const. (13
® ® Hg( hn, 5) Note that the latter equation is compatible with the principle
Har of information conservation expressed in the following form

(equivalent to the one in the Introductjorror a compound
where Ho® H, and Hg are the Hilbert spaces &,+M,  quantum system, a sum of information contained in the sub-
+ R, and Sg+ Mg+ R4, respectively. Then in accordance systems and information contained in entanglement is con-
with Eq. (4), the information contents of the Alice and Bob served in unitary processg$6].

subsystems are defined as follows: To see how the above formalism works, consider two
simple examples with ideal quantum transmission. Suppose
| A= 100, dim(HA® Har) = S(A+A’), (6)  Alice sends arunentangledqubit of the systenS to Bob.
) Then the physical workV, is equal to one qubit. As a result,
Ig=log, dim Hg—S(B), (7)  the informational content of Bob’s system increases by 1,

thus also the logical workV, amounts to one qubit. Of
course, in this case both “in” and “out” entanglement are 0.

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

where dim¢{,® Ha/) and dimHg are the dimensions of the
corresponding Hilbert spaces whiBA+A’) andS(B) are
the von Neumann entropies of the subsystems.

Now, after transmission of the systefvi to the receiver
(Bob), the Alice-Bob Hilbert space scheme is given by

He Now we see that, according to the balance equati@®
Ha © 9 1 ihon (8)  the differenceW,—W, between the physical and logical
Har work is due to entanglement. Indeed, as in the above ex-
ample, sending a particle may result in an increase of en-
and the total systertd is in the final statgp,. tanglement rather than performing nonzero logical work.
Now, in accordance with the above ‘“sending qubits —
work” postulate, we considgphysical workperformed over IV. USEEUL LOGICAL WORK:
the systenU being aphysical transmissioof particles. Con- QUANTUM COMMUNICATION
sequently, we defing/, as the number of sent qubits of the ) ) ) )
systemA’, The k_JaS|c guestion arises in th_e context of quantum com-
munication. Does the balan¢&2) distinguish between quan-
W, =log, dim Ha, . 9) tum and “classical” communication in our model? It fol-

lows from the definition that the physical work does not
Note that after transmission of the systé&hto Bob, there is  distinguish between these types of communication. But what
an increase of the information content of his subsystemabout logical work? Suppose that Alice sent to Bob a particle
Then we say that the systeth performed thelogical work  of the systenM , in a pure staté0). But in our model such
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S% o « the particle in unknown state where g2 """ is the state to be teIeported/,zifg:t is the
A A
Sa= + singlet state of the entangled pair, a[r(ilﬂ))MA is the initial

state of the measuring system. It is easy to check that the

Sh S VWWWWWWWWWWWVe - S initial entanglementg,, of the initial state is equal to one
e-bit. Now Alice performs a “measurement,” which is the
local unitary transformation on her joint syste®a, + Sy

. +M, . As a result,i, transforms to
My L3
° ; » i
=5 2 Vgg®us """ Bli,, (16
(. o] whereyss, s , constitutes the Bell basigii“"™"*"is rotated
ngzkno‘””, and|i)y, is the state of the systeM , indicating
R4 ¢ ¢ Rp the result of the measuremeith( Bell state obtained Since
. . Alice’s operation is unitary, it does not change the initial
asymptotic entanglement. Subsequently, Alice sends the two
: : particles of the systeriv, to Bob. In accordance with defi-

nition (6), it corresponds to two qubitd/,=2 of work per-
FIG. 1. Model of the quantum-communication system. formed over the system. At the same time, the sfatéans-
forms to ¢, of the form

a state does not undergo decoherence. Then the logical work 3
W, is equal to one q_ubi{21]. Needless to say, it is_ not lﬂz:l E (//iS,S”@@lf,,;g(unknown)@)|i>NI _ (17)
guantum communication. Hence the logical work is not =0 “a%a B
“useful” in this case.

In quantum communication, we are usually interested infFinally, Bob decouples the systeg from the other ones by
sending faithfully any superpositions without decoherenceunitary transformation, which of course does not change the
Therefore, it is convenient to introduce the notionuskful ~ asymptotic entanglement.

logical work as follows. After classical communication from Alice, entanglement
Definition Useful work is the amount of qubits of the Of the total system increased to the valtig,=2 e-bits. In-
systemsS transmitted without decoherence, deed, Alice sends two particles of systén, to Bob, which
are entangled with particles,, S,. On the other hand, the
W, = log, dim A, (14) logical work performed by the system in the above process

amounts tow,=1. One can see that the balance equation
(12) is satisfied, and is of the following form:

where H is the Hilbert space transmitted asymptotically

faithfully. The latter means thainy state of this space would (En=1)+(Wy=2)=(Eou=2)+(W;=1). (18

be transmitted with asymptotically perfect fidelity. We see . i ) i

that the work performed in the previous example was nofone easily recognizes the result of the logical work in the

useful, since as a result of the process, only the stﬁbeer transmission of t_he unknown stat_e to qu. Since it is faith-
|1) can be transmitted faithfully. fully transmitted independently of its particular form, we ob-

tain also that useful logical worllv, is equal to one qubit.
Hence in the process of teleportation, all the work performed
V. BALANCE OF INFORMATION IN TELEPORTATION by the system is useful, and represents quantum communica-

To see how the above formalism works, consider the balpon'

ance of quantum information in teleportatif@22]. Now the
systemS, consists of a particle in an unknown state and one
particle from a maximally entangled pair, whereas the sec-

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

ond particle from the pair represents tBg system. The So far we have considered the balance of information in a
systemM 5 consists of two QUbItS that interact with environ- closed QC system. For an open Syst@jaing, in generaL in
mentR, (Fig. 1). a mixed statg the situation is much more complicated, being

The latter is only to ensure effective irreversibility of the 3 reflection of the fundamental irreversibility in the
measurement and it is evident that its action is irrelevant tsymptotic mixed-state entanglement proces§irgy13,23.
the information balance in the case of teleportation. As ongyamely, it has been showi23] that there is a discontinuity
knows, the initial state can be written in the following form: in the structure of noisy entang|ement_ It appears that there
are at least two quantitatively different types of entangle-
— . _ unknown_  singlet ment: free, which means useful for quantum communication,
Yn=1v0= Vg Vs 100w, 19 and bound, which means a nondigtillable, very weak, and
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TS, respectively T and S are the temperature and the en-
tropy of the system

7 The above entanglement-energy analogy has led to the
extension[30] of the “classical” paradigm of local opera-
tions and classical communicatiofLOCC operations
by considering a new class of entanglement processing,
called here entanglement enhanced LOCC operations
(EELOCQ. In particular, it suggested that entanglement can
be pumped from one system to the other, producing different
nonclassical chemical-like processes. In fact, it allowed us to
find a new quantum effect, name#ctivation of bound en-
tanglement that corresponds to the chemical activation pro-
cess[31]. Similarly, a recently discoveredatalysisof pure
entanglement involves EELOCC operati¢Bg]. As a result,
the second principle of entanglement processseg the In-
troduction has been generaliz¢83] to cover the EELOCC
paradigm:By local action, classical communication, and N
qubits of quantum communication, entanglement cannot in-
crease more than N e-bits.

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

E D=

) spond to internal energy, free energyF, and bound energy
a) Eiq Wy >

E:=E tA

Wp—> E bound * A

E|n=E +A

FIG. 2. This diagram illustrates the balance of quantum infor-
mation in the entanglement distillation process fay the pure VII. BALANCE OF INFORMATION IN
states casdh) the general case, arfd) the bound entangled states THE DISTILLATION PROCESS

case. . . -
So far in our balance analysis the initial state of the QC

System has been pure. Let us consider the more general case.
muppose that the initial state of the syst&is mixed. We
have not generalized the formalism to such a case. We can,
however, perform the balance of information in the case of
_ the distillation proces$12] (see in this context33]). This
Er=Evound* Ep. 19 task would be, in general, very difficult, because almost all
the known distillation protocols arestochastic As one
knows, the distillation protocol aims at obtaining singlet
pairs from a large amount of noisy paiiis the mixed state

peculiar type of entanglement. In accordance with th
entanglement-energy analogy, this new type of entangleme
is defined by the equality

whereEg andE are the asymptotic entanglement of forma-
tion [17,24 and distillable entanglemefi2], respectively.

Note that for pure entangled statel)(’| we have always by LOCC ; A ot £ ‘ h
Er=Ep, Epoun=0 [13]. Then in this case the whole en- 2Y operations. A convenient form of such a process

tanglement can be converted into the useful quantum Worbé"OUId be the following: Alice and Bob start withpairs, and

[see Fig. 2)] with E=EL(|¥)(¥|). For bound entangled after distillation protocol, end up wit singlet pairs. Such a
mixed st;':ltes we ha\EDio EF:E.b & Itis quite likely protocol we shall calldeterministic Unfortunately, in the
) 1 ouna-

tochastic protocols the situation is more complicated: Alice
that Eg>0 (so far we know only thaE;>0 [25], whereE S ; o .
is theFentangIement of formati)c/)n deffined in REg6]) aan and Bob get with some probabilities a different number of

then all prior entanglement of formation would be com- output distilled pairs:
pletely lost. Thus in any process involving only separable or —Po>
bound entangled states, useful logical work is just zero. In —p,, oneoutput singlet

general, however, it can happen that the state contains two €n=0®Q® " ®Q0 — —p two output singlets
differenttypes of entanglement: e 2

n

no output singlets

Epound= EF—Ep>0. (20

Since we must describe the process in terms of a closed
States of such property have not been found so far, but agystem, we will not see the above probabilities, but only their
believed to exisf27] (cf. [29]). It can be viewed as an analog amplitudes. As a result, we will haveo clear distinction
to irreversible thermodynamic processes where only the frebetween the part of the system containing distilled singlet
energy(which is not equal to the total energgan be con- pairs and the part containing the remaining states of no use-
verted to useful work. This supports the vig¢Wr] according  ful entanglement.
to which Eq.(19) can be regarded as a quantum information Consider, for example, the first stage of the Bengetl.
counterpart of the thermodynamic Gibbs-Helmholtz equatior12] recursive protocol. It involves the following steps)
U=F+TS, where the quantitieEg, Ep, andE,,qcorre- take two spiny pairs, each in input state; (ii) perform
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operationXOR® XOR; and (iii) measure locally the spins of particular, if we deal with bound entangled states, then the
the target paifif the spins agredprobability p,), keep the corresponding diagram takes the form of Fi¢c)2

source pair, and if the spins disagrgeobability py), dis-

card both pairk After this operation, we have the following

final “ensemble:” Viil. OBJECTIVITY OF QUANTUM INFORMATION:

INFORMATION INTERPRETATION

{(pa,0ne pair in a new sta@), (pg,no pairg}. OF QUANTUM STATES

) ) ) o As we have dealt with the balance of information in quan-
If we include an environment in the description, the events;,m composite systems, it is natural to ask about the objec-
“no pair” and “one pair in stateg” will be entangled with tivity of the entity that we qualify. In this section, we discuss
states of measuring apparatusasd environmentindicating  that question and related ones in the context of quantum
these events. Then we see that our total system becom@gormation theory and interpretational problems of quantum
more and more entangled in various possible ways, so that ihechanics. As one knows, the latter holds up very well to
is impossible to perform the balance of information. commonly accepted interpretation. As a result, the number of
Fortunately, in a recent work Raih33] showed that any different interpretations continues to grow while there are no
distillation protocol can be replaced with a deterministic one operational criterialexcept, maybe, the Ockham ragdo

achieving the same distillation rate: eliminate at least some of them.
. It is characteristic that despite the dynamical development
0°"— 0our=| Yaistited{ Yaistied ® O rejected: of interdisciplinary domain—quantum information, to our

) o _ ) ) knowledge there is no impact of the latter on interpretational
where Jisiileq IS the state ofn distilled singlet pairs while  problems. In this context, a basic question arises: Do quan-
Orejected IS the state of the rejected pairs. In this case theum information phenomena provide objective evidence for

system can be divided into two parts, the existence of “natural” ontology inherent in quantum for-
malism?
S= Sistilled T Srejected (21) It is interesting that out of the recently discovered quan-

o _ ) tum effects, only quantum cryptograph$4] provides the
where Sisiiieq 1S disentangled with the rest of the universe gnsyer “yes.” To see it clearly, consider quantum crypto-
and Srejecteq IS €Nntangled withM, hence also with environ-  graphic protocol. A crucial observation is that the possibility
mentR. o . of sharing a secret key is due to the fact that we send quan-
~ This possibility of a clear partition between two systemsy,m stateghemselvesnot merely theclassical information
is crucial for our purposes. Now the whole balance can bepoyt them[35]. Clearly, the latter could be duplicated,
performed in this case as follows. As an input, we have th&yhich is the reason why all classical cryptographic schemes
stateg with the value of asymptotic entanglement of forma- are, in principle, not secure. Therefore, the use of qubits is
tion E=Er(¢). Because it is mixed, we can take its purifi- crycial if we want like to take any advantage of the novel
cation (adding some anciljathat would have entanglement possibilities offered by quantum information theory.

E’. This is the initial entanglement in the process we exam- Now, as there are experimental implementations of quan-
ine. The operation of partial trace producing the stateut  tym information protocol$36], it follows that quantum in-

of the purification can be composed of two local partialformation is objective and can provide a natural ontological
traces. Thus it cannot increase entanglement, s&h&no  pasis for interpretation of quantum mechanics. Thus we ar-
less thanE, and we have a non-negative defidit=E’—E  rjve at the following important conclusion. Quantum states
=0. We can therefore Sp"t the total initial entanglemEht carry two Comp|ementary kinds of information, the “classi-
into E (carried by the state) andA, which is not accessible cal” information, involving quantum measurements, and
to Alice and Bob. Now one can perform the distillation pro- “quantum’ information, which cannot be cloned.

cess, having no access to the ancilla. After the process, the Note that this is consistent with an information interpre-
state of our whole system is still separated according to theation proposed earlier of the wave function in termsob
formula (21), but now the stat&jecieqinvolves the degrees jectiveinformation contenf6]. On the other hand, it contra-
of freedom of the ancilla. The balance of the information candicts the Copenhagen interpretation, according to which the
now be easily performed taking into account, in particular,wave functions have no objective meaning and only reality is
that distillable entanglemerfit, can be interpreted as a use- the result of a measurement. It is remarkable that the above
ful work (14) W, (Alice can always teleport through state information interpretation of quantum states is compatible
|V gistiea){ W gistied if She wishes To make the balance fully with the above-mentioned unitary information field concept,
consistent, one should subtract from both input and outpuvhich rests on the assumption that information is physical
data the additional entanglemeftcoming from an exten- [7,37,39 and can be defined independently of probability
sion of the system to the pure state. As the input physicaitself. The first axiomatic definition of classical information
work (connected with optimal distillation protogols the  “without probabilities” was considered by Ingarden and Ur-
sameregardless of the valua and the kind of ancilla, the banik [9]. A quantum version of the definition was intro-
whole balance is completely consistent. The input quantitiesluced by Ingarden and Kossakowgk®]. On the other hand,

of E, A, plusW, as well as the output quantitid&s, =W, Kolmogorow [8], Solomonoff[39], and Chaitin[40] intro-

A, andE, = E(© ejected = Enouna@re depicted in Fig.@®). In duced the concept of classical algorithmic information or
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complexity. Recently, the classical algorithmic information tion of useful logical work as the amount of qubits transmit-
was incorporated into the definition of the so-called physicated without decoherence.
entropy being a constant of “motion” under the “demonic  Those tools have allowed us to perform the detailed bal-
evolution” [41,42. ances of quantum information in two important processes of
Quite recently, algorithmic information theory was ex- quantum communication: quantum teleportation and distilla-
tended in different ways to quantum states by Vitaj@8]  tion of quantum noisy entanglement. In particular, we have
and Berthiaumet al.[44]. In fact, one can convince oneself discussed the question of balance of quantum information for
that the approachd«t3] and[44] correspond to the above open systems. In the context of the balance scheme and re-
complementary kinds of information associated with thelated notions, we conclude that the irreversibility connected
guantum state. Indeed, Vitanyi algorithmic complexity mea-with the existence of bound entanglement can be viewed as
sures the amount of “classical” information in bits neces-an analog to irreversible thermodynamic processes where
sary to approximate the quantum stp4&]. Needless to say, only the free energywhich is not equal to the total energy
from the point of view of quantum cryptography such infor- can be converted to useful work. This allows us to interpret
mation is useless. On the other hand, the bounded fidelitthe equation for entanglement of formation as the quantum
version of quantum Kolmogorow complexity measures theinformation counterpart of the thermodynamic Gibbs-
amount of quantum information in a qubit string and it is Helmholtz equation.

closely related to quantum compression thel@gl§—4§. Finally, we have discussed the objectivity of quantum in-
formation in the general context of some recent achieve-
IX. SUMMARY ments of quantum information theory including quantum

) cryptography and recent propositions of classical and quan-
In conclusion, we have developed the entanglementym algorithmic information. This leads us to the conclusion
energy analogy based on some natural postuldtsen-  that quantum states reflect properties of quantum information
tanglement is a form of quantum information being a coun-zg an objective entity involving “classical” and “quantum”
terpart of internal energyii) the process of sending qubits is components that correspond to recently introduced “classi-
a counterpart of work. We also assume that the evolution of5|” and “quantum” algorithmic complexities. So the bal-

the quantum system is unitary. . ance performed in the present paper concerns objective quan-
Based on the above postulates, we have considered thigies rather than purely formal objects. We hope that the

balance of quantum information for bipartite quantum com-present informational approach to bipartite quantum commu-

munication systems, i.e., the systems composed of two Sp@jcation systems, when suitably developed, may lead to a

mational channel plus local quantum operations. We havggomain.

introduced the notion of the informational content of the
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possible von Neumann entropy and the actual one. Thus we

have defined physical work as the number of qubits physi- M.H. and P.H. thank Chris Fuchs and Pawetl Masiak for
cally sent from Alice to Bob. We have also defined logical discussions on quantum information. Part of this work was
work as an increase in the informational content of the Boldone during the ESF-Newton worksh@@ambridge, 1999
state. To obtain a proper description of quantum-The work is supported by the Polish Committee for Scientific
communication processes, we have also introduced the n&kesearch, Contract No. 2 PO3B 103 16.

[1] A. Ekert, Phys. Rev. Lett67, 661(199J). [8] A. N. Kolmogorow, Wiestnik AN SSRF5, 9 (1955; Probl.

[2] C. H. Bennett and S. J. Wiesner, Phys. Rev. L&%. 2881 Inf. Transm.1, 1 (1965.
(1992. [9] R. S. Ingarden and K. Urbanik, Collog. M&, 131 (1962.

[3] C. Bennett, G. Brassard, C. Crepeau, R. Jozsa, A. Peres, afd0] R. S. Ingarden and A. Kossakowski, Bull. Acad. Pol. Sci., Ser.
W. K. Wootters, Phys. Rev. Letf0, 1895(1993. Sci. Tech.16, 61 (1968.

[4] D. Deutsch, Proc. R. Soc. Londd®0, 97 (1989; P. Shor, in  [11] In other words, a unitary information field logic and energy
Proceedings of the 35th Annual Symposium on Foundations of  play the role of substantia, form, and matter, respectively.
Computer Science, Santa FEEEE Computer Society Press, [12] C. H. Bennett, G. Brassard, S. Popescu, B. Schumacher, J.
New York, 1994; A. Ekert and R. Jozsa, Rev. Mod. Phg8, Smolin, and W. K. Wootters, Phys. Rev. Let6, 722(1996.
733(1996. [13] C. H. Bennett, H. Bernstein, S. Popescu, and B. Schumacher,

[5] R. Horodecki, inProceedings of the International Conference Phys. Rev. A53, 2046(1996.
on Problems in Quantum Physics: Ga#87 (World Scien-  [14] S. Popescu and D. Rohrlich, Phys. Rev58, 3219(1997.

tific, Singapore, 1988 [15] V. Vedral and M. Plenio, Phys. Rev. 87, 1619(1998.
[6] R. Horodecki, inProceedings of the International Conference [16] M. Horodecki and R. Horodecki, Phys. Lett. 244, 473
on Problems in Quantum Physics 1I: Gdse89 (World Sci- (1998.
entific, Singapore, 1990 [17] P. Horodecki, M. Horodecki, and R. Horodecki, Acta Phys.
[7] R. Horodecki, Ann. Phys(Leipzig) 48, 479 (1991). Slov. 48, 141 (1998.

022310-7



HORODECKI, HORODECKI, AND HORODECKI PHYSICAL REVIEW A63 022310

[18] W. H. Zurek, Phys. Today4 (10), 36 (1991). C. Brassard, irProceedings of the IEE International Confer-
[19] H. Everett, Rev. Mod. Phy9, 454(1957). ence on Computers, Systems and Signal Processing, Banga-
[20] S. M. Barnett and S. J. Phoenix, Phys. Rev44 535 (1991). lore (IEE, New York, 1984, p. 175.

[21] We still use qubits here as units, even though for classica[35] M. Horodecki, Ph.D. thesis, University of Gdskg 2000(un-
communication the more appropriate units are classical bits.  published.
However, in our approach the quantum system is closed, sf36] W. Tittel, J. Brendel, H. Zbinden, and N. Gisin, Phys. Rev.

that we always deal with qubit§perhaps sometimes deco- Lett. 84, 4737(2000; D. S. Naik, C. G. Peterson, A. G. White,
hered. A. J. Berglund, and P. G. Kwiat, e-print quant-ph/9912105; T.
[22] Analysis of the teleportation process without irreversible de- Jennewein, Ch. Simon, G. Weihs, H. Weinfurter, and A. Zel-
tection was first presented by S. Braunstein in Phys. Rev. A linger, Phys. Rev. Lett84, 4729(2000.
53, 1900(1996. [37] R. Landauer, Phys. Lett. 17, 188 (1996; Proceedings of
[23] M. Horodecki, P. Horodecki, and R. Horodecki, Phys. Rev. the Workshop on Physics and Computation PhysComp '92
Lett. 80, 5239(1998. (IEEE Comp. Sci. Press, Los Alamitos, CA, 1993
[24] The alternative name is the “total” entanglement as it was[38] D. P. DiVincenzo and D. Loss, e-print cond-mat/9710259.
used originally in[17]. [39] R. Solomonoff, Technical Report No. ZTB-138, Zator Com-
[25] Here E; denotes entanglement of formation, defined in Ref. pany, Cambridge, MA1960.
[26]. [40] G. Chaitin, J. Assoc. Comput. Mach3, 547 (1966.
[26] C. H. Bennett, D. P. Di Vincenzo, J. Smolin, and W. K. Woot- [41] W. H. Zurek, e-print, quant-ph/9807007.
ters, Phys. Rev. A4, 3824(1996. [42] As a matter of fact, our information-thermodynamics analogy
[27] In M. Horodecki, P. Horodecki, and M. Horodecki, Phys. Rev. is akin to the Zirek approachi41] to the operations performed
Lett. 84, 4260 (2000 we used the theorem on additivity of by the Maxwell demon as a kind of “demonic evolution”
relative entropy of entanglement on Werner states of [Ré&]. characterized by such special laws as the conservation of
However, quite recently explicit counterexamples to this theo- physical entropy. drek noted that the Shannon entropy and
rem were provided in K. G. M. Vollbrecht and R. F. Werner, Kolmogorow randomness behave a bit similarly to kinetic and
e-print quant-ph/0010095. potential energy. We are also looking forfarmal analogy
[28] E. M. Rains, Phys. Rev. &0, 179(1999. between quantum information and energy, work, and other
[29] For multipartite systems there is irreversibility even for pure thermodynamical notions. The demonic evolution in our case
stategC. H. Bennett, S. Popescu, D. Rohrlich, J. A. Smolin, is constituted by the operations of Alice and Bob over the
and A. S. Thapliyal, Phys. Rev. Ko be publisheg N. Lin- guantum-communication systems.
den, S. Popescu, B. Schumacher, and M. Westmoreland43] P. Vitanyi, e-print quant-ph/9907035.
e-print quant-ph/9912039 [44] A. Berthiaume, W. van Dam, and S. Laplante, e-print

[30] P. Horodecki, M. Horodecki, and R. Horodecki, Phys. Rev. gquant-ph/0005018.
Lett. 82, 1046(1999; P. W. Shor, J. A. Smolin, and A. W. [45] This concerns the first version of Vitanyi's paper. In the sec-

Thapliyal, e-print quant-ph/0005117. ond version, Vitanyi independently introduced a definition
[31] D. Jonathan and M. B. Plenio, Phys. Rev. L8, 3566 similar to that of Ref[44].

(1999. [46] B. Schumacher, Phys. Rev. 34, 2738(1995.
[32] H.-K. Lo and S. Popescu, Phys. Rev. L&8, 1459(1999. [47] R. Jozsa and B. Schumacher, J. Mod. G¥it.2343(1994.
[33] E. M. Rains, Phys. Rev. &0, 173(1999. [48] R. Jozsa, M. Horodecki, P. Horodecki, and R. Horodecki,
[34] S. Wiesner, SIGACT New45, 78 (1983; C. H. Bennett and Phys. Rev. Lett81, 1714(1998.

022310-8



